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R~sum~ On d6crit une m6thode de dosage du molybd6ne(VI) et du tungst6ne(VI) dans laquelle 
les 616ments 5. doser interviennent comme catalyseurs de la r6action d'oxydation des ions iodure, 
des ions thiosulfate ou de l'acide rub6anique par le peroxyde d'hydrog6ne. La r6action indicatrice 
est suivie par enthalpim6trie. On compare la limite de sensibilit6 (de l'ordre de 0,02 rag/1.) obtenue 
par cette m6thode fi celle des techniques habituellement raises en oeuvre en analyse cin6tique et 
on 6tudie les interf6rences. 

L'utilisation de la cin6tique chimique ~ des fins d'analyse quantitative conna]t actuelle- 
ment un regain d'int6r6t, li6 d'une part ~ la recherche de m&hodes d'analyse de traces avec 
une sensibilit6 de plus en plus grande, d'autre part/t  la mise au point d'une instrumentation 
bien adapt6e, grfice notamment aux dispositifs d'exploitation des donn6es num6riques 
/~ l'aide de calculateurs. Des revues bibliographiques r6centes attestent du renouveau de 
ces m6thodes et de tr6s nombreux dosages sont maintenant bas6s sur la mesure de vitesse 
de r6action.1-5 

Pour la plupart, ces m6thodes reposent sur l'utilisation de l'616ment ~t doser comme cata- 
lyseur d'une rdaction lente; le principe consiste toujours ~t relier la vitesse de la r6action 
c a t a l y s d ~ q u ' o n  appelle la rdaction indicatrice--~ la concentration du catalyseur. La limite 
de ddtection est fonction des propri6tds catalytiques, mais il est courant de doser des 
exp6ces/t des concentrations de l'ordre de 10 -3 ~t 10 -s  mg/l. (soit de l'ordre de 10 - s  
10- 10M). 

L'enthalpim6trie n'a 6t6 que peu utilis6e jusqu'~ pr6sent comme m6thode indicatrice in- 
strumentale en analyse cin6tique. Son caract6re universel peut cependant en faire une 
m6thode tr6s int6ressante puisqu'elle doit permettre de suivre la plupart des rdactions indi- 
catrices. C'est, en particulier, une technique bien adaptde aux r6actions qui mettent en jeu 
des phdnom6nes d'oxydo-r6duction, r6actions qui sont caract6ris6es par la mise en oeuvre 
de quantit6s de chaleur importantes. 6 

L'6tude que nous d6crivons concerne l'analyse du molybd6ne(VI) et du tungst6ne(VI), 
par catalyse des rdactions d'oxydation des ions thiosulfate ou iodure par le peroxyde 
d'hydrog6ne. Ces r6actiohs ont d6j/t fait l'objet d'6tudes absorptiom6triques ou 61ectrochi- 
miques, portant principalement sur la d6termination de la limite de sensibilit6 des dosages 
et sur l'6tude des interf6rences, v's Nous avons pour notre part recherch6 les possibilit6s 
de mise en application de l'enthalpim6trie pour suivre ces r6actions indicatrices et compar6 
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les l i m i t e s  de  d 6 t e c t i o n  o b t e n u e s  p a r  l ' e m p l o i  de  ce t t e  m 6 t h o d e  a v e c  cel les  r ~ s u l t a n t  de  

l ' e m p l o i  d ' a u t r e s  m S t h o d e s  i n s t r u m e n t a l e s .  

D e  plus ,  n o u s  a v o n s  e s say6  de  p r6c i s e r  les pos s i b i l i t 6 s  de  d o s a g e  d u  t u n g s t 6 n e ( V I )  e n  u t i -  

l i s a n t  c o m m e  r 6 a c t i o n  i n d i c a t r i c e  l ' o x y d a t i o n  de  l ' a c ide  r u b 6 a n i q u e  p a r  le p e r o x y d e  

d ' h y d r o g 6 n e .  

P A R T I E  E X P E R I M E N T A L E  

Technique des mesures enthalpim~triques 

Le montage exp6rimental sch6matis~ sur la figure I comprend essentiellement une cellule sensiblement adiaba- 
tique et un dispositif de mesure des variations de temp6rature ~ thermistance. 

Etant donn~es les faibles variations de temp6rature qu'il est n6cessaire de mesurer (de rordre de quelques cen- 
ti/~mes de degr8 au cours d'une r6action), le dispositif exp6rimental n~cessite un soin particulier. La cellule est 
un r6cipient du type vase Dewar d'une capacit6 utile d'environ 100 ml; l'ouverture est limit6e au diam/~tre mini- 
mum qu'impose le passage des diff6rents accessoires (thermistance, syst6me d'agitation, dispositif d'addition de 
r6actif et r6sistance chauffante pour l'6talonnage de la thermistance). La thermistance utitis6e a une rSsistance 
de 900 fl (~ 25 °) et un coefficient de temp6rature de - 0,025 ft.  f l -  t. deg- t ; elle constitue run des bras d'un pont 
de Wheatstone et fonctionne dans des conditions o0 le courant de d6s6quilibre du pont est proportionnel ~ la 
variation de la r6sistance. 6 

Le circuit d'6talonnage de la thermistance est constitub d'une resistance 61ectrique de pr/:cision, plac6e dans 
la cellule et d'une alimentation stabilis6e (chronoamp~rostat). La thermistance est 6talonn6e au voisinage de le 
temp6rature d'utilisation pour v~rifier la proportionnalit6 des variations de temp6rature aux variations de r~sis- 
tance, proportionnalit~ qui n'est v6rifi6e que dans de faibles intervalles de temp6rature. 

La cellule, ses accessoires ainsi que les diff~rents r~actifs sont totalement immerg6s dans un bain thermor6gul6 
dont la temp6rature est maintenue constante avec une pr6cision de 0,1 °. L'inertie thermique de l'ensemble est 
suflisante pour que les fluctuations de tempSrature n'exc6dent pas 0,001 ° dans la cellule pendant un intervalle 
de temps correspondant ~ ta dur~e d'un titrage. 
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Fig. 1. Schema du dispositif experimental. 
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La, rkaction d&ute au moment de Pinjection & l’un des dactifs dans la cellule. Ce rkactif est ajouti B la se- 
ringue, en une seple fois; la d&e de Pinjection est n@geable. devant celle du titrage et la fin de cette injection 
d&nit le temps t = 0 de Pexpkrience. 

Un agitateur 8,palettes assure un mklange rbgulier des constituants. 

REALISATION DES TITRAGES-RESULTATS EXPERIMENTAUX 

Oxydation des ions thiosulfate par H,Oz 

Mode opkatoire. Le molybdbne(V1) catalyse l’oxydation des ions thiosulfate par H,Oz, 
en milieu acide, suivant la reaction: 

S,O:- + 4Hz02 + 2SO:- + 2H+ + 3&O. 

L’exploitation des proprietes catalytiques du molybdene(V1) consiste a choisir des con- 
ditions experimentales telles que: dune part soit observable une relation de proportionna- 
lite entre la vitesse initiale de la reaction et la concentration du catalyseur; d’aatre part, 
la vitesse de la reaction non catalysee soit suffisamment petite. 

Alors que l’utilisation de solutions contenant les react& a des concentrations 
suptrieures a lo- 3M environ permet de satisfaire i la premierecondition, l’emploi de con- 
centrations inferieures a lo-‘M est impose par la seconde. 

Compte tenu de la necessite d’imposer un rapport de concentratjon_du thiosulfate de 
sodium et .du peroxyde d’hydrog&re corrcspohdant approximativement a la ‘stoechio- 
m&trie de la reaction; nous avons finalement r&lid un etalonnage an m@en de solutions 
de H202 5. 10w3M et de thiosulfate de sodium 2. 10b3M. De plus, le pH de la solution 
a CtC fix+ a une valeur voisine de 3,4, au moyen de tampon acide ac&ique-a&ate de 
sodium. 

L’introduction des reactifs dans la cellule Gcessite quelques precautions. Si l’on intro- 
duit d’abord l’eau oxygente et les ions thiosulfate, en ne commencant les mesures qu’au 
moment de l’introduction du catalyseur, on aboutit a des resultats errones; en effet, etant 
donnt le temps de mise en Cquilibre thermique, la vitesse de la reaction non catalyde ne 
peut plus dtre negligee. D’autre part, il est deconseiflt d’imtroduire en premier lien le thio- 
sulfate,et le molybd&neiVI): les reactions d’oxydation par l’eau oxygenee debutent souvent 
par la formation d’un peroxyde ou d’un complexe entre le catalyseur et l’oxydant, de sorte 
que, si cette premiere &ape est lente; la reaction dtbute par une p&ode d’induction. 

Nous avons, par consequent, op&rC de la facon suivante: la solution d’H,O,, tamponnte 
a pH = 3,4, est placee dans la cellule en presence du catalyseur ; lorsque l’equilibre thermi- 
que est pratiquement atteinf, le thiosulfate de sodium est ajoute et la reaction commence, 
provoquant’une elevation de temperature qui est enregistree. 

Re’sultats. Les courbes experimentales obtenues, dont un exemple est represent6 sur la 
figure 2, prtsentent trois parties: 

(1) une ligne de base, correspondant a la mise en 6quilibre thermique (dans la cellule: 
eau oxygenee et catalyseur a doser). 

(2) un decalage de la ligne de base au moment de l’injection de la solution de thiosulfate. 
Celle-ci est ajoutee rapidement en une seule fois; sa temperature peut etre ltg&ement dif- 
ferente de la temperature de la cellule; d’autre part, la dilution est tres endothermique 
(AH = 2,l f 0,5 kcal/mol).’ 

(3) une nouvelle partie lineaire caracteristique de la nouvelle mise en Cquilibre thermi- 
que; l’augmentation de temperature correspond au derouiement de la reaction indicatrice. 
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Fig. 2. Variation de teaip&ature au tours de la r&action d’oxydation des ions thiosulfate 
(2. 10e3M) par H,Oz (5.10-‘M), en prksence de molybdkne(V1) lO-‘jM. 

La vitesse de variation de la temperature mesuree (pente de la tangente au debut de la 
courbe) est en principe prportionnelle a la vitesse de la reaction. La droite d’etalonnage 
est obtenue en portant cette valeur en fonction de la concentration de catalyseur. 

Les points expkimentaux sont approximativement align&; Equation obtenue par la 
methode des moindres car& est la suivante: 

y = (4,9 _+ 99)x + (0,28 f O&)9) (1) 

ou y reprtsente la vitesse [lo4 x (deg/sec)] et x la concentration de molybdene(V1) 
exprimee en mg/l. 

Les limites d’incertitude correspondent a un taux de confiance de 95%. La variance resi- 
duelle, qui caracterise la dispersion des points autour de la droite moyenne, est tgale a 
3. 10e3. L&art-type de la valeur de l’essai a blanc, qui caractkrise la limite de detection 
de la mkthode, est voisin de 3 pg,A. (soit 3.10-s M). 

Oxydation des ions iodure par Hz02 

La reaction d’oxydation des ions I- en iode par Hz02 est egalement catalyske par le 
molybdene(V1) et peut done servir A la determination de ce dernier comme la reaction 
prectdente. 

Mode opbratoire. Nous avons observe que, pour une concentration de chaque rkactif 
superieure a 10m2A4, la vitesse mesuree est pratiquement celle de la reaction en l’absence 
de catalyseur, ce qui rend imprecise la determination de traces de celui-ci. 

D’autre part, lorsque les concentrations de H202 et d’iodure de potassium sont in- 
Rrieures a lo- 3M, la cinetique de la reaction n’est pas d’ordre zero par rapport a ces deux 
rtactifs meme pendant une courte periode apt-es le debut de la reaction (de l’ordre dune 
minute environ). 

Compte tenu de la necessite d’imposer un rapport de concentration voisin de la stoe-‘ 
chiometrie, nous avons finalement utilisk, pour realiser l’ttalonnage, des solutions con- 
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Fig. 3. Variation de tempkrature au tours de la rkaction d’oxydation des ions iodure (2. lo- 3AI) 
par H,O, (10m3M) en prksence de Mo(VI) A la concentration: (1) = 0; (2) = OJ2 mg/l.; (3) = 0,18 

mg/l. (La flkhe indique le moment de l’addition de I’iodure.) 

tenant H,Q, 10e3M et les ions iodure 2. 10e3M, les solutions conteriaient tgalement de 
l’acide sulfurique 0,08M. 

Re’sultats. Les oourbes expCrimentales (Fig. 3) sont comparables a celles obtenues dans 
le casde la reaction-d’oxydation des ions thiosulfate; le m;me mode d’exploitation s’appli- 
que done pour le tract de la droite d’etalonnage. L’equation obtenue..est ia suivante: 

y = (24 + 0,3)x + (406 * 0,03) (2) 

ou y et x ont la meme signification que dans Equation, (1). 
La reproductibilite de la rrkthode au niveau de la limite de d&ction (&art-type de la 

valeur de l’essai a Mane) est de l’ordre de 20 ,ug/l. 

Oxydation de l’acide rubdanique &zr H,O, 

L’oxydation de l’acide rubkanique (ou dithiooxamide), H,(NHCS),, conduit a un 
melange de substances dont la composition est ma1 connue. Cette reaction est lente, mais 
peut &tre rendue plus rapide en presence de tungst&ne(VI). 

L’expression de la vitesse v de la reaction, proposke par Pantaler : lo 

v = ~C~~~~~~~~,lC~~~~3C+IcW~~~II 
montre qu’il doit Qtre possible de fixer des conditions opkratoires permettant d’observer 
une relation de proportionnalite entre v et la concentratkn de tungstkne(VI). 

Mode ope’rutoire. L’acide rubeanique est tres peu soluble dans l’eau et se decompose en 
milieu acide, mais il est assez soluble dans l’tthanol cjusqu’a une concentration d’environ 
5. lo-’ M). De plus, l’expression de la vitesse de la reaction fait intervenk la concentration 
des ions hydrogene: comme ceux-ci sont probablement cbnsommes au tours de la reac- 
tion, il est necessaire de fixer leur concentration. Nous avons ainsi op&. daps un melange 
a 90% d’ethanol (en volume) et 10% dune solution aqueuse d’acide chlorhydrique pour 
imposer une concentration &gale a 0,l M. 
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Le choix des concentrations d'acide rub6anique et de peroxyde d'hydrog6ne est guid6, 
de la m6me faqon que pr6c6demment, par la n6cessit6 de limiter la vitesse de la r6acti0n 
en rabsence de catalyseur et de conserver une valeur constante aux concentrations de ces 
r6actifs pendant un temps suffisant (de l'ordre de quelques minutes). Nous avons par suite 
utilis6 des solutions d'acide rub6anique 2 .10-3M et de H202 5.10-3M. 

R~sultats. Les courbes enthalpim6triques repr6sent6es figure 4 sont analogues fi celles 
obtenues dans le cas de l'oxydation des ions thiosulfate et iodure; le m6me mode d'exploi- 
ration s'applique donc pour &ablir un 6talonnage. 

Pour comparer, nous avons 6galernent d6termin6 ici des courbes absorptiom6triques de 
titrage. Elles ont 6t6 obtenues/t 400 nm (maximum d'absorption de run des produits d'oxy- 
dation de l'acide rub6anique, la solution de r6f6rence 6tant une solution d'acide rub6ani- 
que). La variation d'absorbance en fonction du temps n'est pas lin6aire; le trace de la droite 
d'6talonnage a donc 6t6 r6alis6 en portant l'inverse du temps n6cessaire pour obtenir une 
absorbance donn6e en fonction de la concentration de catalyseur. 

Les caract6ristiques des droites d'6talonnage sont indiqu6es dans le tableau 1. 

~0.~ 

~0,0 2 
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i 
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i 
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I 
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[ I I I I 
0 I 2 3 Temps(m) 

Fig. 4. Courbes enthalpim6triques et absorptiom6triques d'oxydation d'acide rub6anique 
(2.10-3M) par H202 (5.10-  3M), en pr6sence de tungst6ne(Vl)/t la concentration: (1) = 0; (2) = 

I 0-  7M; (3) = 2 .10-  7M. (La fl6che indique le moment de l 'addition de ['acide rub6anique.) 
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Tableau 1, Variaiion de la vitesse de la reaction doxydation de l’acide rubknique par H,Or en foncrion de 
la concentration do molybdOne(V1). Caracteristiques des droites d’etalonnage obtenues par absorptiometrie et 

par enthalpimetrie 

Domaine d%talonnage, rag/f. 
Equation de la droite 

8&alonnage* 
Variance rksiduelle 
Ecart-type de la valeur de Pessai a 

blanc. w/l. 

Absorptiometrie Enthalpimetrie 

4.10-394.10-2 1,2.1@-~88.10-~ 
Y = (4,l f 45)x. lo5 Y = (Q,2O * 0,02)x 

+ (418 f 0,02) + (5,5 f 43) 10-s 
1p. lo- 5 tw7 
2.4. lO-3 2.6. 1k3 

* x reprksente la concentration de tungstene(V1) exprimke en mg/l. et Y la vitesse en min- 1 (absorptiometrie) 
ou deg/min (enthalpinrktrie). 

Etude &nter$?rences. L’activite catalytique manifestee par le tungstene(V1) pour la reac- 
tion d’oxydation de l’acide rubbanique par H,O, est assez spkcifique; nous avons en effet 
v&i% par enthalpim&rie l’absence d’interferences des ions suivants: alcalino-terreux, 
cobalt@, nickel(II), plomb(II), mangankse(II), titane(IV) et lanthane(III), a la con- 
centration de 1 ;ppm soit environ 10’ ‘34. Nous avons en revancbe mis en Cvidence, de 
la n&e facon, l’influence de traces de molybdk(VI), de vanadium(V) et de cuivre(I1). 

Le probleme de l’interference du cuivre(II) et du fer(II1) illustre les avantages qu’ofie 
I’utilisation conjointe de PenthaIpiiiWie et de l’absorptiomktrie’comme m&odes indica- 
t&es. 

I I 

n-3 2.lo -3 
ommmtim * odII)(M) 

Fig. 5. Influence de la concentration de cuivre(II)sut la-vitesse d’oxjdation de Tacide rubeanique 
(2. 10m3M) par HrO, (5. 10S3M). 

(At-variation relative apparente dkduite des mesures absorptiometriques [V, = vitesse en Pab- 
sence de Cu(II)]. (B)-courbes enthalpim&riques; concentration de Cu(II),: (1) = 0; (2) = 
1,6. 10SSM; (3) = IO-%; (4) = 4. 1W3ft4. (La flkclie indique le moment de l’addition de I’acide 

rubeanique.) 
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Fig. 6. Influence de Paddition de Fe(II1) 1O-‘M sur la vitesse de la rkaction d’oxydation de l’acide 
rukhanique (2. IO-‘M) par H,Ot (5.10-“M). (1) Addition de l’acide rubhnique. (2) Addition du 

fer(II1) 

Les ions cuivre(I1) forment avec l’acide rubeanique up, complexe qui absorbe fortement 
a 400 nm (coefficient d’extinction voisin de 4. lo3 l.‘mol” . cm- ‘); les mesures de vitesse 
de reaction par absorptiomttrie sont done perturbees par la presence de ce complexe et 
il n’est pas possible d’ttudier l’influence du cuivre(I1) sur la vi&se de la reaction indicatrice 
(Fig. 5). Par enthalpimetrie, nous avons, par contre, montre que la vitesse initiale depend 
de la concentration de cuivre(I1). 

Ces resultats indiquent que le rubeanate de cuivre(I1) est plus facilement oxydable par 
H,O, que l’acide rubeanique lui-meme et confirment~omme la formation de complexe 
le laissait prevoir-l’interference des ions cuivriques dans le dosage du tungstene(V1). 

L’etude absorptiometrique de l’influence du fer(II1) sur la vitesse de la reaction montre 
que ces ions interferent, comme l’indiquent les resultats du tableau 2. 

Tableau 2. Variation apparente relative de la vitesse V(d&erminBe par absorptiomktrie) de la rtaction d’oxyda- 
tion d’acide rubkanique 2. low3 A4 par H,02 5. 10e3 M, en fonction de la concentration de Fe(II1). V, = vitesse 

en l’absence de Fe(II1) 

[Fe(III)]M 0 lo-’ 5.10-’ 1o-6 1o-5 5.1o-5 
WO 1 0,96 0.74 960 463 466 

Cependant, les courbes enthalpimetriques mettent en evidence le fait que l’addition de 
fer(III), a la concentration lo-‘M, ne modifie pas la vitesse de la reaction (Fig. 6). 

Les ions ferrique n’interviennent done pas dans le dosage du tungstine(V1); les modifica- 
tions apparentes obserdes par absorptiometrie (et deja signalees par Pantaler)” ne sont 
done dues qu’a une modification du spectre d’absorption en presence de fer(II1). 

CONCLUSION 

L’analyse cinetique catalytique conduit a mettre en, oeuvre des techniques experimen- 
tales varites, les plus utiliskes actuellement Ctant l’absorptiometrie et l’amperometrie; l’en- 
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thalpim6trie n'a 6t6 que tr6s rarement envisag6e. Nos r6sultats montrent cependant que 
la mesure des vitesses de r6action b~ partir de variations de temp6rature permet le dosage 
de catalyseurs de reactions lentes dans un domaine de concentration et avec une sensibilit6 
tout fi fait comparables ~ ceux des m6thodes plus courantes. 

Ainsi, nous avons pu effectuer le dosage du molybdene(VI) catalyseur des r6actions d'oxy- 
dation des ions iodure ou thiosulfate par le peroxyde d'hydrog6ne, dans le domaine de 
concentration compris entre 0,4 et 0,06 mg/1. De m6me, le dosage du tungst6ne(VI), cataly- 
seur de la r6action d'oxydation de l'acide rub6anique par H202,  a 6t6 r6alis6 dans le 
domaine de concentration 4 .10-3  ~t 4 .10-2  mg/1., par absorptiomdtrie, et 10-2 ~ 8 .10-z  
mg/1., par enthalpimdtrie. 

En ce qui concerne la limite de sensibilit6, nous avons compar+, dans le tableau 3, nos 
r6sultats ~t ceux qui ont 6t6 publi+s pr6c6demment sur les m6mes dosages, sui~is fi l'aide 
de diff6rentes autres techniques exp6rimentales. 

Bien qu'il soit difficile d'6tablir les valeurs de cette limite de sensibilit6 dont la'd6finition 
varie selon les auteurs, fi partir des rdsultats expdrimentaux, on peut conclure fi une assez 
bonne concordance. 

Les r6cents travaux de Vajgand e t  a l .  1~ confirment sensiblement nos r6sultats darts le 
cas de l 'oxydation des ions iodure par H 2 0  2. 

Si les diff6rentes techniques conduisent b. des r6sultats comparables, le caract6re univer- 
sel de l'enthalpimdtrie m6rite cependant d'6tre soulign6, car il augmente notablement le 
champ d'application de la mdthode cin6tique d'analyse. 

L'enthalpim6trie est, par exemple, tr6s facile fi adapter au cas des milieux non-aqueux, 
et n'est pas perturbee, comme l'est l'absorptiom6trie, par les ph6nom~nes de pr6cipitation 
ou de fluorescence. 

La comparaison des r6sultats que nous avons obtenus par enthalpimetrie et par absorp- 
tiom6trie darts le cas de l 'oxydation de l'acide rub6anique par H202 illustre encore les 
avantages de l'enthalpim6trie dans l'analyse des interf6rences. 

Tableau 3. Dosages de molybd6ne(VI) et de tungst6ne(VI) par la methode cin6tique-catalytique; limites de sensi- 
bilit6 comparees des diff6rents syst~mes indicateurs. 

Limite de 
R6action Element M6thode indicatrice sensibilit6, 

indicatrice dos6 (r6f6rence) mg/l. 

H2O 2 + I Mo(VI) enthalpim6trie (1)* 2.10 2t 
absorptiom6trie 2 .10-  2 
absorptiom6trie (8) 10 2 
absorptiom6trie (12) 10 -2 ~t 3.10 -3 
amp~rom6trie ~t 

potentiel constant (13) 10- 2 
amp~rom6trie avec 

deux 61ectrodes 
indicatrices (7) 2 .10-  2 

enthalpim6trie (11) 10 - 2 
H202 + $202-  Mo(VI) enthalpim6trie* 3 .10-  3t 

turbidim~trie (1) 10- 3 
H202 + Hz(NHCS)2 WfVI) enthalpim6trie* 2.10 3 t 

absorptiom6trie* 2 .10-  3? 
absorptiom6trie (10) 4 .10-  4 

* Nos r6sultats. 
t Ecart-type de la valeur de l'essai ~ blanc. 
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Les limitations ~t l'utilisation de l'enthalpim6trie comme technique analytique en cin6ti- 
que-catalytique ne sont donc pas li6es & l'enthalpim6trie elle-m~me mais & l'utilisation de 
l'616ment £~ doser comme catalyseur. La contre-partie de la tr6s grande sensibilit6 est 
fr6quemment un manque de s61ectivit6 et des efforts sont actuellement faits darts la 
recherche de r6actions off l'616ment & doser agit s61ectivement comme catalyseur. 
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SumlnorrA conuolled-potential coulometri~ iodometric method previously &doped’ for the 
accurate detcrminanon of small amoums of nitrite has been extedaed for the. deteimination of 
nitrqtc after its reduction on a coppered cadmiumrerJuctoi. ‘l’he conditions for ~uaatitative reduc- 
tion have been investigated with tespect to type of reductor and pH. Nitrate-nittogcq in tbe range 
@Ql-100 wml may be determined with h$~ accuracy in less than 16 min, induding the re&ction 
step. The melhod has been applied a~rh good result to a large variety’of timpI? such as,meat 
products, juices and waste waters. 

Numerous methods have been proposed for the determination of small amounts of nitrate. 
Calorimetric methods are tnost cdmmonly used;and mos’t fall into one of ‘two cl&us: oxi- 
dation by nitrate of an organic compound with ipecific chiomophotic groups, such as 
strychnidine,’ diphenylbenzidine2 and diphenylaminesulphonic acid,’ or ‘by nitration of 
2,6-xylenol,4 3,4-xyleno15 or phenoldisulphonic acid.6 Neither type of reaction is com- 
pletely specific for nitrate. In most of these methods nitrite and organic matter, interfere, 
and in some of them the colour stability is rather poor. 

However, as nitrite can readily be determiied calorimetrically by u+ng different modifi- 
cations of the Griess reagent,’ several meth& have been proposed.for the determination 
of nitrate by reduction and subsequent determination as nitrite. Zinc’. and zinc>manga- 
neseg have been used as reducing agents but the difficulty of ensuring stoichiometric reduc- 
tion to nitrite, arising from the need for careful control of the reduction temperature, aci- 
dity and sequence of reagent addition makes these methods less attractive. Grau and 
Mirna” proposed cadmium for the reduction of nitrate to nitrite in alkaline medium and 
subsequent calorimetric determination of the nitrite formed. The cadmium reduction 
method was later improved by several workers ’ ‘-I3 by the use of reductor columns of dif- 
ferent designs. 

Morris and Riley14 studied the reductive action pf finely divided cadmium and found 
that the most satisfactory yields of nitrite (91 rt 1%) were obtained with amalgamated cad- 
mium. Gleasonls found that improved conversion was obtained when analyses were per- 
formed at a pH near 10. Wood et 01.‘~ introduced a coppered cadmium reductor which 
was later modified for use in automatic nitrate analysers.” In all ‘of these methods the 
nitrite is determined calorimetrically after diazotization, which makes the analysis depen- 
dent on rapid colour development and a stable coloured product. 

Tests on different types of reductors performed by Henriksen and Olsen’a have shown 
that the coppered cadmium reductor is to be preferred to the other kinds of cadmium 
reductors for many applications. 

27 
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This paper describes an accurate method for the determination of nitrate based on con- 
version into nitrite in a coppered cadmium reductor followed by a coulometric determina- 
tion according to a method described earlier by the authors.lg This method makes it poss- 
ible to perform accurate analyses, without sptiial pretreatment, on strongly coloured and 
cloudy solutions for which the cdorimetric methods often fail. 

EXPERIMENTAL 

Several procedures are proposed in the literature for preparing the cadmium used in the reductor columns. 
We tried three of the.most common methods in order to investigate whether the way of preparing the cadmium 
would give rise to different reducing abilities. 

(a) Prepare metallic cadmium by placing four zinc plates in a nearly saturated solution of cadmium sulphate 
and leaving the reaction to proceed overnight. Remove the growth of cadmium from the zinc plates and place 
the cadmium in a homoger&r for a fti minutes. Sieve and’retain the 20-2.5 mesh particles. Wash them with 
doubly-distilled water and store in 01 ~bydrochloric acid. 

(b) Place rwo cadmmm bars ofwgO; purity. IO0 mm long and 10 mm in diameter, in a 10% cadmium sulphate 
solution and at leas1 XHJ mm from each orhcr IO prebznr sbort-cirtxCting by the growth, Electrolyse for g-10 
hr between the two e&ttinm electrodes, using an external power supply. Treat the growth formed as in (a). 

(c) Sieve and retain the 2&mesh particles from coarse cadmium powder. Rinse with 2M hydrochloric acid 
and wash repeatedly with distilled water. Store in O.lM hydrochloric acid. 

Coppering the cadmium 

Shake about 6 g of the,previousIy prepared cadtisium with 100 ml of 2% copper sulphate solution (about 4 
g of the eoppered cadmiurq are required for each reduetor column). Wash thoroughly with distilled water until 
all copper particles are removed Store in distilled water. 

Cd- -Glass-wed 

Fig. 1. Coppered cadmium reductor. 
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Reductor column 

The reductor column shown in Fig. 1 is made of l-mm thick Pyrex glass and equipped with a Teflon plug 
making a gas-tight seal with an O-ring. The hypodermic needle used as a nitrogen inlet can be moved up for 
driving samples through under nitrogen pressure or down for deaeration of the solutions. 

Filling the reductor column 

Place a plug of glass-wool at the bottom of the column and hll the column with distilled water. Introduce 
the prepared cadmium granules slowly to prevent entrapment of air bubbles and aerial oxidation of the granules. 
Insert a glass-wool plug on top of the filling and let 50-100 ml of 2% ammonium chloride buffer pass through 
the column. The pH of the wash solution is adjusted to 85-9.0, which effectively buffers samples with pH between 
2 and 12. 

Procedure 

In order to avoid the risk of reducing any nitrate to a lower state of oxidation than nitrite, allow some hundred 
ml of distilled water to pass through the freshly prepared column before performing the nitrate determinations. 
After this, add 10 ml of the Hiash solution to the column reservoir and allow it to drain through until the solution 
stands about 05 cm above the cadmium filling. Then add a sample of 04-5 ml, depending on the nitrate content, 
to the column reservoir and when it has run nearly completely into the cadmium filling add 5-10 ml of wash 
solution to rinse the sample through the column. Collect the e&eat in a 10. or 25-ml calibrated volumetric flask 
and make it up to the mark with distilled water or buffer solution: 

To increase the flow-rate through the column, force the wash solutions through the column with compressed 
nitrogen. The optimum flow-rate for maintaining 100% reduction efficiency of the nitrate to nitrite was found 
to be 5-6 ml/min. To check the effectiveness of the reductor a sample with known nitrate content is tested twice 
daily. 

After the reduction step the sample is analysed as a nitrite sample by the coulometric method developed by 
the authors.” 

RESULTS AND DISCUSSION 

Test of columnfillings 

Three’reductors were set up, filled with coppered cadmium prepared according to the 
methods (a), (b) and (c), respectively. A series of nitrate reductions were performed with 
each reductor. The reductors prepared according to methods ,((i) and (b) showed a some- 
what greater tendency ,than that of the method (c) column to reduce the nitrate to a lower 
oxidation state than nitrite. The flow-rate in the two first reductors’decreased by about 
30% after some days’ use, but the flow-rate through the third reductor showed no signifi- 
cant decrease. This is probably due to the greater structural strength of the reductor filling 
prepared according to method (c), which prevented this filling from settling down to the 
same extent as the other two, especially when the flow-rate was increased by the appli- 
cation of compressed nitrogen. No significant. differences between fillings (a) and (b) were 
noticed. Consequently, the use of reductor fillings prepared according to method (c) is to 
be preferred. 

Variation of the reduction efficiency with pH was investigated for column (c). 
Ammonium chloride buffers adjusted to the,desired pH-values with appropriate amounts 
of ammonia or hydrochloric acid were prepared. Samples (1 ml) containing 1OOG pg of 
nitrate in doubly-distilled water were reduced on the reductor at various pH’s and then 
coulometrically analysed. The samples were all eluted with 2 x 4 ml of the buffer solution, 
collected in lo-,ml volumetric flasks and made up to the mark with distilled water. In order 
to establish whether the reduction of nitrate to nitrite is exactly 100% complete, samples 
containing 100.0 pg of nitrite were treated in the same manner. Table 1 shows the results 
of these determinations. There is a small variation (<O*l%, not shown in Table 1) in the 
reducing efficiency of the reductor under optimum conditions. 
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Table 1. Effect of pH on the reduction of nitrate and nitrite on a coppered cadmium reductor 

Solution 
PH 

l&6 
5 
4 
: 

1 

Nitrate reduced Nitrite 
to nitrite, reduced, 

% % 

100.0 0.0 
99.8 0.1 
99.1 0.8 
98 55 45 4 

22 83 

As can be seen from Table 1 the reduction of nitrate to nitrite is practically 100% com- 
plete between pH 5 and 10, which is in good agreement with the observations made by 
Henriksen and Olsen.‘* Follet and Ratcliff” reported that the nitrate solution must be 
buffered at pH 95-9.7 to ensure complete reduction to nitrite. The strong pH-dependence 
found by these authors has to some extent been explained by Hatcher.20 

The main reaction in the pH range 5-10 for the reduction of nitrate can be written: 

Cd + NO; + 2NH3 + 2NH,f + Cd(NH&+ + NO; + Hz0 (I) 

Below pH 5 the reduction proceeds to a lower oxidation state than nitrite. Possible reac- 
tions for the nitrate and nitrite species are 

and 

3Cd + 2N0, + 8H30+ - 3CdZ+ + 2N0 + 12H20 (II) 

Cd + 2NO; + 4H,0f + Cd*+ + 2N0 + 6H2O. (III) 

There is of course a competition between reactions (I) and (II) but the lower the pH 
the more reaction (II) will dominate. Analysis for the amount of cadmium ions leaving 
the reductor also confirms the assumption that nitrate and/or nitrite are reduced to even 
lower states than that of nitric oxide, especially at very low pH. An ammonium chloride 
solution buffered with ammonia to a pH of about 8-9, which can buffer samples with pH 
from 2 to 12, seems suitable for obtaining accurate conversion.of nitrate into nitrite in the 
reductor. 

Water is often proposed in the literature for washing out the nitrite from the reductor 
but the reductor capacity will then decrease owing to the formation of cadmium oxide and 
cadmium hydroxide on the surface of the metal. Dissolved oxygen in the water will also 
react and form cadmium hydroxide. The reductor must in such cases be treated with a 
complexing agent in order to renew the cadmium surface. 

In the reduction of nitrate to nitrite an equimolar amount of cadmium ions will be 
formed and eluted, together with the nitrite. Therefore a determination was performed to 
see if the cadmium ions could interfere with the iodine-iodide system used in the coulo- 
metric nitrite determination step. We oxidized l@O pmole of iodine, added 100 wale of 
cadmium ions and waited 10 min. The subsequent reduction of iodine gave exactly 10-O 
,umole, indicating the absence of interferences from the cadmium ions, which is in agree- 
ment with the standard electrode potentials. 

A series of samples containing known amounts of nitrate and nitrite were analysed both 
directly and after passage through the reductor. The first determination gave the nitrite 
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content of the sample and the second the sum of nitrite and nitrate. All samples were pre- 
pared horn pro analysi quality sodium nitrate and sodium nitrite and with doubly-distilled 
water. The wash solution for the reductor step was NH&l-NH, solution at pH 85. The 
eluates were collected in lO-ml volumetric flasks and made up to the mark with pH 8.5 
buffer. The results are given in Table 2. All results in the table are mean values of five deter- 
minations. The sample volumes were in the range 0.1-5 ml. The error in the determination 
of nitrogen after passage through the reductor was 57% in the lowest, l-2% in the middle 
and 0*2-0.4% in the highest concentration range. 

The accuracy in the determination of nitrite-nitrogen without the reductor was signifi- 
cantly better than that for the determination of total nitrogen. The lower accuracy of the 
determination of nitrogen with the reductor may arise from the dilution after passage 
through the reductor, caused by the wash solution required (a dilution factor of 2 is often 
a minimum) and from the conversion of nitrate to nitrite not always reaching 100.0%. 

Applications 

The-method has been used for the determination of nitrate and nitrite in a large variety 
of samples. 

Strongly coloured samples, for which the conventional calorimetric methods often fail, 
can be analysed by our method. A large number of coloured juices have been examined 
with very good results. Ascorbic acid, however, which is often added in large amounts to 
juices, especially to those intended for infants, caused some problem As ascorbic acid 
reacts with nitrite to form nitric oxide, it must be removed before the reduction step. This 
can be achieved by shaking the juice with active carbon (e.g. Darco G60), then filtering 
before analysis in the usual manner. If large amounts of ascorbic acid are present, up to 
10 hr shaking is needed in order to obtain >99% efficiency. 

Meat samples are prepared in the same way as described for the determination of 
nitrite.” The solution of protein-free filtrate is first passed through the reductor and the 
eluate is then analysed for nitrite. 

We have also tested the method for the determination of nitrate and nitrite in waste 
waters. Samples containing nitrate and nitrite in the range 0.1-20 ppm have been analysed. 
The determinations were done in parallel with analyses by a Technicon “AutoAnalyzer”. 
Table 3 gives the results of a series of measurements on some very polluted waste waters. 
There can sometimes be interfering cations, in very polluted waste waters, which can dis- 
turb the coulometric nitrite determination, but these may be removed by passing the solu- 
tions through a cation-exchanger in the hydrogen form. The rather large,discrepancy 
obtained for one of the samples in Table 3 is probably due to some substance interfering 
in the “AutoAnalyzer” determination. Otherwise the agreement is good. 

Table 2. Analysis of samples containing nitrate and nitrite 

Sample composition 
nitrate- nitrite- 

nitrogen, nitrogen, 
&ml 

Total 
nitrogen, 

&ml 

Nitrogen found 
without with 

reductor, reductor, 
&n[ 

Nitrate-nitrogen 
by difference, 

&ml 

0018 DO23 0.041 0.025 0.044 0.019 
0.088 0.115 0.203 0.113 0.201 0.088 
0.176 0230 @406 0.232 0.405 0.173 
1.76 2.30 4.06 2.30 404 1.74 
8.80 11.50 20.30 11.53 20.33 8.80 
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Table 3. Determination of nitrate and nitrite content in some waste waters 

Technicon 
“AutoAnalyzer”* 

Nitrate and nitrite-nitrogen, w/ml 
Cd/Cu-reductor + 

coulometryt Difference 

086 0.94 +012 
2.1 2.10 + 0.00 
5.5 540 -0.10 
8.6 9.06 + 0.46 

10.1 10.44 +@34 
16.4 12.31 -4.09 
19.1 18.45 -0.65 

* Single determination. 
t Triple determination. 

CONCLUSIONS 

The controlled-potential iodometric method for determination of nitrite can easily be 
extended to cover the determination of nitrate. A coppered cadmium reductor is used for 
the reduction of nitrate to nitrite. Since the method is based on coulometric determination 
the results are directly related to the quantity of substance and there is no need for a 
calibration curve. With 5-ml samples the concentration range 0.2-100 ppm is covered with 
high accuracy. Lower concentrations down to 0.02 ppm can be determined with the sacri- 
fice of some accuracy. The method has been applied to different kinds of samples, with 
very few interferences, many of which can in any case be eliminated. 

Acknowledgement-The authors thank Mrs. Lena Andersson for her great help with many of the experiments, 
and Miss Ingegerd Ehn for performing the analyses of waste waters on the Technicon AutoAnalyzer. 
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Summary-Iron in Mohr’s salt, electrolytic iron and iron ores has been determined by precision 
coulometric titration with electrolytically generated manganesefII1) fluoride, with biamperometric 
end-point detection. The titration curve indicated the irreversibility of the electrode reaction of 
manganese(III) fluoride. Total iron in several standard samples of iron ores was determined with 
standard deviations of about @012%. 

Precision coulometric titrimetry is a suitable technique for the direct determination of 
matrix constituents in samples, and has been used for about fifteen years for the evaluation 
of some standard reference materials (SRMs) for volumetric analysis, and of uranium com- 
pounds. Only a few papers, however, are to .be found in the literature, describing applica- 
tions to the analysis of technical samples. 

The determination of iron in iron ore also belongs to the analysis of matrix components. 
The accuracy of an ordinary analytical procedure is not enough to justify four significant 
figures in the result. Therefore, several SRMs are needed for checking the accuracy of ordi- 
nary procedures. 

The coulometric determination of iron has already been proposed by many authors. 
Several electrogenerated t&rants such as cerium(IV), chromium(W), vanadium(V), 
halogens, titanium(III), tin(I1) and uranium(V) have been used for the determination of 
iron.le3 The disadvantages of these titrants are as follows: the current efficiency for the 
generation of cerium(IV) is somewhat less than 100x, and the efficiencies for the other 
t&rants are not known with sufficient certainty for them to be suitable for precision coulo- 
metry. 

Manganese(II1) is a strong oxidizinl: agent. Many analysts have investigated this reagent 
and used it for the determination of iron. &lo In those studies, the relationship between 
current efficiency and current density has been measured and discussed for electrolytes of 
various composition. Buck’ mentioned that 99.7% or greater efficiency is obtainable with 
an electrolyte 0.4M in manganese(II1) sulphate and 4M in sulphuric acid with the current 
density between 0.4 and 3-7 mA/cm’ at a platinum electrode. Atkinson and Brydon” 
showed that the addition of phosphoric acid to the electrolyte somewhat increased the effi- 
ciency to 99.8%. Electrogenerated manganese(II1) is unstable in some electrolytes, which 
may make location of the end-point difficult. Such electrolytes are not suitable for use in 
high-precision analysis. 

Katoh and Yoshimori” have recently proposed an electrolyte contair@g fluoride. They 
showed that the current efficiency for the generation of the fluoride complex of manga- 
nese(II1) is high enough for precision coulometry. The optimum composition and con- 
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centration of the electrolyte were given as: manganese(I1) sulphate 0*5M, potassium fluor- 
ide @5M and sulphuric acid 0*5M. The advantages of this electrolyte were discussed, and 
when a current density of 2-9 mA/cm2 was used a current efficiency of more than 999% 
was obtainable. In the present investigation thq method was, used for f,he :a&urate deter- 
mination o’f iron in iron ore, for the determination of iron@) in Mohr’s salt (ferrous 
ammonium sulphate), total iron in electrolytic iron, and for the evaluation of standard 
samples of several iron ores. The electrode reaction of the fluoride complex of manga- 
nese(II1) is discussed in conjunction with the biamperometric titration curve, and the prob- 
able sources of error are also considered. 

EXPERIMENTAL 

The instrumentation for the coulometric generation of titrant and for end-point location was similar to that 
described previously.13 The i&drop through a standard resistor (1 ohm) was measured with a pdtentiometer. 
In this case, it could be expected that the standard deviation of the error in the measurement of the generating 
current was less than 0.02%. The Faraday constant was taken as 96487.2 C/mole. 

A column reductor (300 x 13 mm) containing cadmium was used for the reduction of iron(II1). A polyethylene 
beaker (about 400 ml) was used as the electrolytic cell. The cathode compartment was a polyethylene test-tube 
which had many fine holes drilled through the bottom. The hoies were plugged by a 10 mm layer of agar-agar 
gel saturated with I+assium sulphate at the bottom of the tube. The generator anode was platinum foil (about 
113 cm’) and the c@hode was a coiled platinum wire (about 1Ocm long). 

The end-point of the titration was located by a biamperometric procedure. Two platinum wires (0.5 mm dia- 
meter and 50 mm long) were used as the indicator electrodes, with an applied voltage of 580 mV. The indicator 
current was measured with a microammeter @&scale deflection 104). The indicator electrodes were frequently 
washed by dipping them into concentrated nitric acid for some time. 

All electrodes were plugged and supported with polyethylene tubes. 
The temperature of the electrolyte was maintained constant throughout the titration, because the current effi- 

ciency decreased significantly with increasing temperature.6 

Reagents 

The cadmium metal (S-10 mesh particles) for the column was better than 999% pure. Amalgamated cadmium 
(5% mercury) was also used. 

The composition of the anolyte just before the titration was 0*5M in maaganese sulphate, 0-W in potassium 
fluoride and @5M in sulphuric acid. The final volume of the anolyte was about 300 ml. 

All reagents were df analytical grade, and were used without further pu’rification. 

Preparation of sample solutions 

Electrolytic iron. About 1 g of commercial electrolytic iron was weighed into a decomposition flask fitted with 
a reflux condens&’ and dissolved in 20 ml of 1.5M sulphuric acid. After the dissolution was complete, IO ml 
of 10% hydrogen peroxide solution were gradually added to complete the decomposition, and the excess was 
boiled off. The insideof the condenser was rinsed with small amounts of @SM’sulphuric acid, the solution was 
evaporated to about 2Oml, and then most of the iron(M) was reduced to iron by heating with a few chips 
of metallic cadmium. The reduced sample solution was cooled and then transferred to a weight-burette. The final 
volume of the sample sdhttion in the burette was about 50 ml. 

Iron ore (standard samples). Approximately 05 g of iron ore was dried at 10~110” for 2 hr, cooled, and weighed 
on a microbalance. All weights were corrected to absolute weights, and all weighings were corrected for air 
buoyancy. 

The weighed iron ore was placed in a Teflon beaker, then decomposed without boiling, with 30 ml of 6M hy- 
drochloric acid, Any acid-insoluble residue was filtered off, and washed with dilute hydrochloric acid and with 
water until free from iron. The filtrate and washhgs,were evapor+d to small volume (not to fumes). 

The residue on the filter paper was ignited in a platinum crucible and siliceous materials removed by treatment 
with sulphuric and hydrotruoric acids. About 3 g of potassium pyrosulphate were added to the residue in the 
crucible and fused, and the cooled melt was extracted with small amounts of dilute hydrochloric acid. The extract 
was neutralized with aqueous ammonia, the excess of ammonia was boiled @and the solution Gltezed. The pre- 
cipitate on the filtet paper was washed several times with warm water, then dissolved in small amounts of 4M 
hydrochloric acid. The filter was washed several times with dilute hydrochloric acid and then with warm water 
until free from chloride. 
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The filtrate and washings were combined with the main solution. Five ml of 9M sulphuric acid were added 
to the combined solutions, and the mixture was evaporated repeatedly to fumes of sulphuric acid. The solution 
was diluted with water to give a sulphuric acid concentration of about @5&f. Nearly all of the iron(II1) was 
reduced by the addition of a few pieces of metallic cadmium as above. 

Coulomerik titration 

About 130 ml of 1.2A4 manganesc(I1) sulphate solution and 5 ml of concentrated sulpburic acid were trans- 
ferred to the titration cell. After the addition of 30 ml of 5M potassium fluoride, dissolved oxygen was removed 
from the anolyte by passage of oxygen-free nitrogen for about 30 min with vigorous stirring. Then the gas was 
allowed to flow over the anolyte, and was also introduced over the solution on the top of the column. The sample 
solution was transferred to, the funnel on the column and allowed to flow through the column at a rate of about 
1 ml/mm. Then the column was washed thoroughly with 0.5M oxygen-free sulphuric acid. The column was 
washed until about 300 ml bad collected in the cell. The sample solution was then electrolysed with a constant 
current of about 215 mA, corresponding to a current density of about 1.9 mA/cm2. Near the end-point of the 
titration, the generating current was cut off and the current between two indicator electrodes was measured with 
the microammeter. Then the sample solution was electrolysed for several seconds and the indicator current was 
measured again. This procedure was repeated until several minutes after the end-point, which was then located 
graphically. A blank determination should be done, the complete procedure being applied. 

RESULTS AND DISCUSSION 

Cathode compartment 

The plug of smcic acid gel used as the diaphragm for the assay of potassium dichro- 
mate14 was not satisfactory for the electrolyte containing fluoride. The diaphragm made 
of polyethylene tube and agaragar geP was adopted for the present purpose. 

Location of the end-point 

The end-point of the titration was detected by a biamperometric procedure. Figure 1 
shows an example of the titration curve. Although the indicator current was relatively 
small, the end-point could be located quite precisely. However, the indicator current de- 
creased gradually after the generating current had been switched off. The indicator current 
was, therefore, read just 1 min after switch-off. From this titration curve of “dead stop” 
style, it can be proved that the electrode reaction of manganese(III) fluoride is “irrevers- 
ible” and that of iron is “reversible” even in the presence of fluoride ion. The former con- 
clusion agrees with the conclusions drawn by Katoh and Yoshimori.” 

Assay of Mohr’s salt 

Iron(I1) in an analytical-grade sample of Mohr’s salt was assayed directly by ‘the pro- 
posed method. In this case, the sample was weighed (on a semimicrobalance) directly into 

Time, set 
Fig. 1. Typical titration curve. 
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Table 1. Determination of iron in Mohr’s salt 

Nominal 
Fe(U) taken, 

W 

279.98 
281.83 
282.37 
252.50 
289.05 
283.62 
267.29 
251.81 
290.83 
277.16 

Fe(U) found, 
W 

278.58 
280.14 
280.27 
25075 
287.02 
281.71 
265.42 
250.02 
289.19 
275.28 

Purity, 
% 

99.500 
9940, 
99.25, 
99.30, 
99.29, 
99.32, 
99.30, 
99.28, 
99.43, 
99.32, 

Mean = 99.34% 
Std. devn. = 0.077% 

the cell. The results obtained are shown in Table 1. The purity of this salt was less than 
its guaranteed minimum value.(995%). -The sources of the di&rence are both the oxidation 
of iron during the storage of the reagent and the variation of the water of crystalliza- 
tion in it. These results show that the present method is applicable to the direct assay of 
various reagents containing iron(I1). 

Determination of iron in electrolytic iron 

Total iron in a sample of commercial electrolytic iron was determined by this method, 
and the results are shown in Table 2. The results in Table 2 were significantly lower than 
the value ‘shown by the producer (99.9%). The main source of the error seems to be the 
presence of impurities adsorbed at the grain or crystal boundaries of the samples, since 
the metal was used without remelting. Furthermore, the results of each block of the sample 
differed appreciably. Thus this electrolytic iron does not meet the requirements for a stan- 
dard substance for analytical chemistry. 

Determination of total iron in iron ores 

Total iron in iron(II1) oxide and in six iron ores (standard samples certified by the Iron 
and Steel Institute of Japan) was determined by the proposed method. The results are 
shown in Tables 3 and 4. The standard values for these samples were determined titrimetri- 
tally with potassium dichromate. With only one exception, the values obtained by the 
proposed method were O.O3OG6% lower than the certificate values. 

Table 2. Purity tests of electrolytic iron 

Sample No. of Mean purity, S’R 
block detns. % % 

A 1 4 99.55, O@15 
4 99.635 0.08, 

B 5 99.21, 0.05, 
C 5 99.33, 0.02, 

* Standard deviation calculated from the range. 
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Table 3. Determination of total iron in a standard sample* (Iron 
oxide, total Fe 6999 f O.O55%j) 

Sample taken, 
W 

Total Fe found, 
W % 

497.826 348.050 
539.393 377.27a 
438.035 306.26, 
464.221 324.58, 
468.854 328.03* 

69.91, 
69.94, 
69.91, 
69.92i 
69.96, 

Mean = 69.932% 
s, = 0.019% 

* Obtained from The Iron and Steel Institute of Japan. 
t The 95% confidence interval for the certified value is based on 19 

degrees of freedom. 

The sources of bias in the results were considered as follows 
First, there may be an, error in the determination of the standard value. Each certified 

iron content was calculated from the results of eleven (or more) laboratories. Statistical 
treatment of the results shows that the 95% confidence interval for the mean is about 
f 0458% and exceeds the difference between the certified values and the results of the pres- 
ent authors. Maxwell’z has pointed out that results obtained for the iron content by 
titration w,ill always be on the high side. 

Secondly, incomplete ‘reduction of iron(II1) on the cadmium column was considered. 
The flow-rate through the column was slowed down to about 05 ml/min, but the iron con- 
tent obtained by this procedure did not differ from that obtained by the ordinary pro- 
cedure. 

Thirdly, the influence of other components in the samples was also considered. Vana- 
dium may be reduced to the bivalent state in the column.” Therefore, this element would 
shift the result to the high side, and cannot be the cause of low results. The vanadium con- 
tents in the samples were negligibly smal& and not determined here. The sample of higher 
titanium content (Philippine Iron Sand, TiO, 6.37%) produced much insoluble residue. 
Although the residue was treated and dissolved thoroughly, the end-point for the titration 
of this, sample was not as clear as those of the other samples. This may be due to some 
interference with the reactions of the indicator electrodes, caused by the fluorotitanate 

Table 4. Determination of total iron in standard iron ores* 

Sample 
Certified value and confidence 

interval? of total Fe, % 
No. of Mean found, SR, 
detns. % % 

Rompin Hematite 62.92 f 0.058 5 62.887 0.009 
Indian 64.63 + 0037 5 64.589 0.014 
Marcona Pellet 66.83 f 0.059 4 66791 0007 
Philippine Iron Sand 6063 + O-075 4 60601 0.016 
Texada Magnetite 64.86 * 0.051 4 64.857 0.014 
Dungun Magnetite 61.84 k 0071$ 4 61.890 0017 

* See footnote to Table 3. 
t The 95% confidence intervals for the certified values are based on 21 degrees of freedom, unless otherwise 

shown. 
fi For 17 degrees of freedom. 
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Table 5. formation of iron in NBS 27d Iron Gre (total Fe 
64.96%) 

Sample taken, Total Fe found, 
mg mg % 

530463 344.58s 6496n 
711.258 461.83; 64*93, 
643.308 417.73, 64.93, 
505.293 
500~039 

328.01; 
324.72, 

6491, 
64.94, 

Mean = 64.937% 
sa = 0019% 

complex. The interference, however, was not sufhcient to affect the result of the iron deter- 
mination. The rate of reduction of tita~iu~IV) by cadmium to titanium(II1~ is very slow 
under the present experimental conditions. Therefore, this element did not influence the 
results in practice. 

Lastly, the drying of the sample may influence the results. Hiowever, the same drying 
procedure as that used to obtain the certified values, was followed in the present investiga- 
tion. Chloride ion in the electrolyte interferes in this titration, causing low results to be 
obtained. Dissolved oxygen in the el&trolyte and in the washing solution of the coiumn 
must be carefully removed, because it readily oxidizes iron in solutions containing&ior- 
ide ion and because it may be reduced to peroxide. To remove traces of oxygen in the 
nitrogen, it is advisable to bubble the gas through a ~hromiu~II) chloride solution.‘3 

Frsm the@ ~n~deration~ the attthors conclude that the most likely explanation for 
the apparently lower results lies in the certified values being on the high side, 

Next, total iron in iron ore (NBS Standard Sample 27d) was determined by the proposed 
method. The results obtained are shown in Table 5 and indicate the reasonable accuracy 
of the present method. 

Thus the aoulometric titration using an electrolyte containing fluoride offers practically 
100% current efficiency, high accuracy and high precision, and is consequently suitable for 
the precise determination of total iron in iron ores. 

A statistical F-test (NBS 27d excluded) for comparison of the proposed method with 
the usual titrimetric procedures shotid the present method to have a higher accuracy 
(99% confidence level). It should, however, be remembered that the standard deviations 
used for evaluation of the other procedures were based on in~rlaboratory comparisons. 
The proposed method possesses high accuracy and precision and is effective for the precise 
determination of total iron in iron ores. 
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Siimmwy-A new method is presented for the quantitative separation and determination of 
selenium by direct evolution with the bromide-condensed phosphoric acid reagent (&--CPA) 
from rocks, marine sediments and plankton. In the reaction with the Br--CPA, se.lenium(IV) and 
(VI) in the solid samples are evolved as selenium’tetrabromide, and can be collected in an absorbing 
solution of D3M hydrochloric acid and 06M pcrchloric acid (1: l), and then determined spectro- 
photometrically with 4-substituted o-phenylenediamines followed by the extraction of the resulting 
Ssubstituted piazselenol into toluene. Elemental selenium and selenide do not react with the Br-- 
CPA, but can be determined after oxidation to selenite with potassium iodate. Therefore, successive 
distillation$ the first with Br--CPA and the second with IO;-Br--CPA, give a satisfactory means 
of differential determination of selenium(IV) and (VI), and elemental selenium and ‘selenide. This 
method can be successfully applied for the separation of seIenium in the neutron-activation analysis 
of standard rock samples, marine sediments and plankton, giving good and reliable results. 

Although selenium is quite widely distributed in nature, it is invariably found in very small 
amounts, usually associated with sulphur and sulphur-containing minerals or ores such 
as suiphicles. Owing to its low terrestrial abundance the element in natural materials can 
be determined only by a sensitive spectrophotometric method,’ or by neutron-activation 
analysis. 

For the determination of trace amounts of selenium several spectrophotometric reagents 
have been proposed, such as 3,3’-diaminobenzidine, 2,3 2,3-diaminonaphthalene,4 o-pheny- 
lenediamine5 and 4-substituted o-phenylenediamineP’ etc. Tanaka and Kawashima” 
have presented a critical study of Cmethyl-, 4-chloro- and 4-nitro-o-phenyienediamine as 
spectrophotometric reagents for selenium, Lsubstituted piazselenols being formed. 

For many years, the reaction H,SeOj + 4HBr-+ SeBr, + 3H,O has been utilized for 
separating selenium from other elements,’ 1 but only in aqueous medium. The reaction has 
never been adopted directly for solid samples such as rocks, sediments and biological 
materials. Solid samples were brought into solution first, usually by alkaline or carbonate 
fusion followed by acid treatment of the fusion cake. In this fusion and dissolution process, 
however, some difficulties might arise; in the presence of sufficient oxidizing agent in the 
flux, all the selenium might be converted into selenium(VI), losing its original chemical 
form, and the fusion of low silica materials should be undertaken with caution because 
of their tendency to boil over, giving an appreciable loss of selenium.12 

In our laboratory, Kiba et al. I3 have previously described a method for selenium in sul- 
phide ores, in which tin(I1) dissolved in condensed phosphoric acid (CPA) was used to 

* Part of this work was performed at the Research Reactor Institute, Kyoto University. 
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evolve hydrogen selenide gas from selenium existing in various forms. For the determina- 
tion of each form of selenium in the geological samples we have tested various reagent- 
CPA systems and found a new convenient method in which only selenium(IVj and (VI) 
react, evolving gaseous selenium tetrabromide from a solid matrix such as rocks, marine 
sediments and biological materials, by heating the samples ‘Kth ammonium bromide in 
condensed phosphoric acid. E&mental selenium and selenides only react if oxidized to 
selenite first, e.g. by iodate. Therefore, only the total amount of selenium, and the sum of 
selenite and selenate or sum of elemental selenium and selenide can be determined spectro- 
photometrically. 

EXPERIMENTAL 

Co~e~d p~sp~r~ acid (CPA). Ckmmerciai or~op~p~oric acid, extra-pure reagent grade (3OD-400 g), 
was placed in a 3004 conical beaker, and dehydrated by heating on a 500-W electric heater until a thermometer 
dipped in the liquid indicated a temperature just below 300”. During the heating the vapour coming off was 
rapidly removed by auction. The syrupy liquid was stored in a closed vessel. 

Standard selenium solution (i my,‘4 Anhjdrous jc?dium xlrnitr ( 2 ?Ogl was dissolved in 1 litre of QlM hydro- 
chloric acid, and the solution 1~31 rtaodardurd b) lodomculc uwawn 

Radioqctiue trams. Selenium-75 was prepared by irradiation of pure selenium metal in the KUR, Research 
Reactor Institute, Kyoto University. The irradiated metal was dissolved in a small amount of nitric ,aeid and 
the solution diluted with distilled water. 74As, 82Br, ‘9Fe, *O%Ig, S4Mn, 13’1, ‘921r, rglOs, la6Re, roaRu, ra4Sb, 
“%I and 99DTc were used ag radioactive tracers. 

Other c&kals. Ammonium #chloride, ammonium bromide, sodium chloride. sodium bromide, potassium 
iodate, hydrochloric acid, per&aria acid and tin@) chloride were of guaranteed reagent grade. 

4-Chlomo-phi ml. w&nis~ h dt.,, i&w&- 
and Kawashim ‘* 

&tt *at A commercial product was purified 3s reported by Tanaka 
t irz.hlt przp~zd ~rju<,xu. 11 i I- v solution was used. 

~ad~cti~ity ~~~~e~nts. A well-type y-ray scintillation counter, Kobe Kogyo Co., Model STL-200[44 x 
59 mm NaHTil.crvstall and a 2-cm’ GelLil detector. ORTEC Model 810&45. bavinn a resolution of about 
2.5 keV for the’i3$3-ke? gamma-peak of6’Co, coupled to a 4OO-cbannel puls&heigh~analyser, TMC Model 
4014 together with a printer h&de1 %OP, were used to measure radioactivity. 

Reaction vessel 4 absorption tubes. The apparatus used is shown in Fig. 1; the reaction vessel (A) and absorp- 
tion tubes (B) are connected together by ground-glass ball-joints. The reaction vessel is a round-bottomed flask 
having 3 glass cap fitted to its top and,provided with inlet and outlet tubes. A glass tube closed at one end is 
inset in the cap to take a thermometer for measuring the temperature of the reaction medium. A few drops of 
silicone oil are put in the tube to reduce the time-lag of temperature indication. 

Sampies 

Test s&&on. To establish general procedures several kinds of test solution were used. Radioactive tracers were 
used to ~timate recoveries’and separation factors. 

T 

Fig. 1. Rea#ion vessel (A), absorbing tubes (B), electric heater (II) and thermometer (T). 
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Test samples. Marine sediments, standard rocks JG-1 and J&l, and marine plankton were preferred for the 
study on neutron-activation analysis. The marine sediments were parts of cores collected from the bottom of 
the Japan Sea and Pa&c Ocean, plankton was collected from Tsukuino-Bay, Noto Peninsula, and the rock sam- 
ples were those distributed from the Japan Geological Survey. A synthesized selenide sample, Ag,AsSe, , which 
was prepared by the silica-tube method at the Department of Geology of our Faculty, was used for the spectro- 
photometric study. 

Procedure 

Place a test solution in the reaction vessel and add a few drops of dilute sodium hydroxide solution to keep 
the solution alkaline. Evaporate the solution to dryness OR a water-bath. When a solid sample is to be analysed, 
place O+-1.0 g of the powdered sample in the reaction vessel. 

Add about 30 g of CPA and about 0.1 g of ammonium bromide; put 10 ml of the absorption solution (10 ml 
of a 1: 1 v/v mixture of @3M hydrochloric acid and 0.6M perchloric acid) into each of the absorption tubes and 
connect all the joints as shown in Fig. 1. Suck the air slowly from the last outlet tube with a pump and heat 
the reaction vessel with an electric heater to start the reaction. The t&e needed to complete the distillation is 
that needed to raise the temperature to that appropriate for seleniuq (250”). After the distillation, stop the heat- 
ing and disconnect all the connections. Combine the absorption solutions in a XXI-ml separating funnel, together 
with the washings, then make the solution to 01M hydrochloric acidic and add 1 ml of @S% Cchloro-o-phenyl- 
enediamine solution. Let stand for 2 hr at room temperature, then extract the Qchloropiazselenol with exactly 
10 ml of toiuene, the funnel being shaken for 5 min. Separate the two phases, wash the toluene phase once with 
10 ml of @lM hydrochloric acid, and measure the absorbance of the toluene extract at 341 nm with toluene as 
reference. 

After the determination of selenite and selenate as described above, put about 40 mg of potassium iodate and 
0.1 g of ammonium bromide into the reaction vessel, which must be cooled to below loo” after the first distilla- 
tion. Then repeat the procedure (distillation, extraction and measurement of absorbance) for the elemental 
selenium and selenide. 

‘For the tracer method, transfer the contents of each absorption tube into a 25-ml volumetric flask and dilute 
to volume. Take a portion (usually 4 ml) of the sohtion for y-counting. 

When rock, marine sediments and plankton are to be analysed, dry the sample at 110” for an hour and grind 
it in an agate mortar; take a 0.5-1.0 g portion of the pow&r for the neutron-activation analysis. The analytical 
procedure is described below. 

RESULTS AND DISCUSSION 

Distillation of selenium 

The choice of a suitable reagent for the CPA decomposition and distillation method was 
the first problem. Varidus solid chlorides and bromides were tested according to the pro- 
cedure described above. and the amount qf selenium distilled was determined radiometri- 
tally in each case. The amounts of selenium car&x added to the tracer were 23 fig, 20 pg$, 

useful for the 1.0 mg and lOmg, respectively. ‘Ammonium bromide was found the most 
purpose, while ‘ammonium chloride and si>dium chloride gave insuffiiciai 
selenium (50430%). 

distillation of 

Table 1. Effect of amount of ammonium bromide on distillation of selenium 

NH,Br, 
mg Absorber (1) 

Recovered, % 
Absorber (2) Total 

Undistilled, 
% 

Total 
% 

50 89.2 2.0 
100 95.2 3.3 
200 93.6 5.3 
300 89.8 8.2 
500 82.3 13.0 

10 mg of Se(IV) were added together with “Se(IV) tragr. 
Absorbing solution: 0.3M HCl + @6M HClO., (1: 1 v/v). 

91.2 6.9 98.1 
98.5 1.3 99.8 
98.9 1.2 100.1 
98.0 1.2 99.2 
95.3 1.5 96.8 
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‘F&k 2. Effect of pe~e&sic acid concentration on absorpiion of s&&urn bromide 

HCI, 0*3M, HQO& MM, Recovered, % Uo~~~ Total 
mI ml Absorber (1) Absorber (2) Total % % 

Se(iV): 2.5 pg 
9.5 @5 
9.0 I.0 
7.5 25 
5.0 50 
4.0 60 
3.0 7.0 

Se(N): lOmg 
9.5 0.5 
90 
7.5 

:s 

5.0 5‘0 
4.0 6.0 
3.0 7.0 

‘?k(IV) tracer was added. 

49.7 37.1 86.8 0.5 87-3 
547 35.8 90.5 0.6 91.1 
72.1 23.9 96.0 0.2 962 
97.2 2.2 994 0.3 99”7 
92.7 3.6 96.3 0.5 96.8 
63.7 259 89.6 0.4 9&O 

30.4 6.6 37.0 2.9 38.9 
75.5 8.7 I.3 85.5 
82‘5 56 

;$: 
t-4 895 

95-2 33 985 f-3 99.8 
92.4 2.7 95.1 1.5 96.6 
78.4 9.5 87.9 1.6 895 

The recovery of selenium by the use of ammonium bromide is shown in Table 1, from 
which 100-300 mg (2-6 equivalents for 10 mg of selenium) of the salt seems appropriate, 
When less than 100 mg of reagent are used recovery of selenium is insufficient, but if over 
300 mg are used a small part of the distilled selenium is liable to pass through the absorp- 
tion solution, ieading to low results. As shown in Table 1, the fraction of the totai absorbed 
selenium in the absorption tube No. 2 increases with increase in amount of ammonium 
bromide used. 

Next, various kinds of absorption solution were examined for quantitative trapping of 
the distilled selenium tetrabromide. An aqueous mixture of hydrochloric and perchloric 
acids was found to give the best results. Table 2 shows that a 1: 1 v/v mixture of 0*3M 
hydrochloric acid and 06M perchloric acid is best for 25 pg-10 mg of selenium. 

For Se(VI), the spectrophotometric method for yield determination was used, but not 
the radioactive tracer method. From the results, it seems that the bromide reduces the 
Se(VI), and Se(N) bromide evolves from the CPA medium because the selenium in the 
absorption solution directly reacts with 4_chforo-u-pheSlylenediamine which can react with 
Se(IV) but not Se(VI).“* The d~t~lation of Se(VI) was similar to that ofSe(IV). 

Table 3. Recovery of selenium at various temperatures of &-CPA medium 

Temp., 
“C Absorber (1) 

Recovered, % 
Absorber (2) Total 

Undistilled, Total, 

% % 

200 70.3 28 73.1 226 95.7 
220 82.2 3.7 859 12.8 98.7 
240 91.3 3.0 94*3 4.6 9&9 
250 952 3-3 98.5 1.3 99.8 
260 QO*f 7.4 97~5 I.2 98.7 
270 17.9 17-2 95.1 1.6 96.7 

10 mg of Se(W) were added together with “Se@V) tracer 
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Table 4. Effect of heating time on recovery of selenium 

Heating 
time, min 

Recovered % Undistilled, Total, 
Absorber (1) Absorber (2) Total % % 

Se(N): 2.5 /.lg 
10 
20 
30 
45 
75 

Se(W): 10 mg 
10 
20 
30 
45 
75 

80.5 4.1 85.2 0.3 85.5 
89.7 41 93.8 0.5 943 
97.2 2.2 99.4 0.3 99.7 
93.4 4.5 97.9 1.0 98.9 
19.3 9.6 88.9 0.7 89.6 

89.9 4.9 94.8 1.9 96.1 
92.1 46 97.3 1.4 98.7 
95.2 3.3 98.5 1.3 99.8 
95.0 41 99.1 1.2 100.3 
926 4.9 91.5 1.2 98.7 

“Se(IV) tracer was added. 

Temperature control 

Precise temperature control during the process was not necessary, as the temperature 
was simply raised from room temperature to the highest appropriate to the CPA reagent. 
Decomposition of samples and distillation of selenium tetrabromidesproceeded as the tem- 
perature rose .md was complete by the time the temperature reached its highest point. In 
Table .3 the recovery of selenium is gi.ven as a function of temperature, and it is seen that 
selenium has been completely distilled when the temperature has reached about 250”. 

Furthermore, the time taken to raise the temperature seems to affect the recovery of 
selenium tetrabromide. As shown in Table 4, too fast and too slow heating gave poor re- 
covery of selenium. Therefore, the heating should take between 30 and 50 min. This can 
be achieved by using a transformer to, control the heating block. 

Recovery of elemental selenium and selenide 

Under the conditions established above, only selenium(IV) and (VI), namely selenite and 
selenate, could be converted into gaseous selenium tetrabromide, but elemental selenium 
and selenide were not affected. Hence, differential determination between selenium in 
higher and lower oxidation states seemed possible: in the first step selenite and selenate 
would be determined by the ammonium bromide-CPA distillation method, and then ele- 
mental selenium and selenide would be oxidized to higher oxidation states in the residual 
CPA medium by addition of an appropriate oxidizing agent. Various oxidizing agents 
were tested and potassium iodate was found the most adequate. The oxidation-reduction 

Table 5. Effect of amount of potassium iodate on distillation of elementary selenium 

KIO,, Recovered, % Undistilled, Total, 
W Absorber (1) Absorber (2) Total % % 

25 83.6 2.6 86.2 13.3 99.5 
30 88.1 3.1 91.2 I.6 98.8 
40 95.3 3.2 98.5 0.9 99.4 
50 93.1 4.6 98.3 1.0 99.3 

10 mg of Se(IV) [containing ‘?ie.(IV)] were added and reduced to elementary selenium with sodium sulphite. 

TN.. WI-D 
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Table 6. Recovery of elementary selenium after distilla- 
tions with &--SPA and IO;-Br--CPA 

Recovered, % 
Se taken Br---CPA IO;-Br--CPA 

2.5 !Jg <I 98.1 
2.5 <I 98.1 
2.5 <I 98.5 
l.Omg <I 98.6 
1.0 <I 985 

10.0 mg <1 983 
IQ0 <1 98.5 
10.0 <I 98=6 

“Se was added as a radioactive tracer. 

potentials justify the choice: there is a difference of 046 V between the redox potentials 
of IO; + 6H+ + 5e- = 1/21Z + 3Hz0 (1.20 V) and H&OS + 4H’ + 4e- = Se + 
3Hz0 (074 V). The recovery of 10 mg of elemental selenium heated with various amounts 

of potassium i&ate in the NHJ&-CPA is shown in’Table 5. About 40-50 mg of iodate 
were found enough for less than 10 mg of selenium. 

The experimentswere carried out as follows. A definite amount of slightly acidic sodium 
selenite solution containing radioactive tracer was put in the reaction vessel, and sodium 
sulphite solution was added to reduce the selenite to elemental sefenium. The solution was 
evaporated to dryness on a watering, and the Br--CPA distillation’was performed. No 
selenium was found in the abortion solution. The reaction vessel was cooled to below 
lOO”C, 40 mg of potassium iodate and O-1 g of ammonium bromide were added and the 
distillation started again. The amounts of selenium trapped in the absorption solution 
were determined by y-counting. Table 6 shows the results. 

For selenide tests, aL synthesized Ag,AsSe, sample was used. The results obtained were 
similar to those for elemental selenium. This two-step distillation could form the bases of 
a difkrential determination of selenium in various oxidation states, but unfortunately 
several sulphide ores such as pyrites, chalcopyrites and galena are ,incompletely decom- 
posed by ,the IO;-Br--CPA reagent’ under the present condition%. and for application 
of the method to such sulphide ores, further investigation is required. 

Other elements giving volatile bromides were submitted to the Br--CPA and the IO;- 
Br--CPA treatment. Table 7 shows that Fe(III), Ir(IV), Mn(II), O@IQ, Re(VII), Ru(II1) 
and Tc(VI1) are not distilled at all, but that more than 95% of arsenic(III), bromide, mer- 
cury(I,II) and iodide, and 2-3% of antimony(III,V) and tin(II,IV) are distilled from samples 
containing 1 mg of each. 

Spectrophotometric determination of selenium after distillation 

In the present study khloro-o-phenylenediamine was chosen as the spectrophoto- 
metric reagent for selenium because it has not only high sensitivity and stability but also 
a wide pH range for complete formation of the piazselenol, extending to low PH. After 
the d~mposition and ~stillation, the absorption solution contains hydr~hloric acid, 
perchloric acid, hydrobromic acid, and any selenium te~abromi~, iodide, mercury and 
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Table 7. Dist~la~n of various elements from CPA in the presence of 
bromide 

Element* 
by Br--SPA 

% 
by IO;--Br--SPA 

% 

As(II1) >95 >95 
Bf- >95 195 
Fe(II1) 0 0 
W&II) >95 >95 
I- >95 z-95 
Ir(IV) 0 0 
Mn(I1) 0 
Os(II1) 

:: 
0 

Re(VI1) 8 0 
Ru(II1) 0 
Sb(III,V) 22 0 
Sn(II,IV) 23 Y3 
TWI) 0 0 

* 1 mg of each was added together with its radioactive tracer. 

arsenic present. The effect of these species was examined as follows: 1.0 mg of each was 
added to the reaction vessel containing 20 pg of selenium and the complete procedure, was 
applied. The absorption spectrum of the final toluene phase and the absorbance measured 
at 341 nm completely agreed with those obtained for extraction of the piazselenol from 
a O*lM hydrochloric acid solution containing 20 pg of selenium as sefenite, confirming that 
selenium could be determined without interference from other volatile species and the acid 
medium used, 

~~~o~-act~vatio~ analysis ofrocks, marine sediments and marine plankton for selenium 

A sample of 0.5l*Og of the finely-ground rock, sediment or plankton was accurately 
weighed and sealed in a clean silica tube. For the standard, about 0.01 ml of 500-ppm stan- 
dard selenium soWion was placed in a similar tube by microsyringe, dried, weighed and 
sealed. The samples and: the standards were irradiated with a thermal-neutron flux of 
4.65 x 1013 n. cm-‘. set- ’ for 80 hr. 

Fig. 2. y-spectrum of selenium fraction after separation by the CPA-method, obtained by Ge(Li) 
detector with channel pulp-height analyser. Sample: irradiated marine sediment. 
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Table 8a. Selenium contents of the standard rocks JG-1 and JB-l* 

JG- 1, ppm JB-1, ppm 

0.0027 f OQOO2 0,026 + 0.002 
0.0028 + o%KJ2 0,024 & 0002 
0.0027 & @0002 0.026 + 0002 
0.0027 + 00X~2 0.027 I: 0.002 
OQO26 f 00002 0,027 f 0.002 

av. 0.0027 + OQOO2 av. 0026 k 0.002 

* Data were obtained by neutron-activation analysis. 
Elementary selenium and selenide could not be detected. 

Table Sb. Sehnium contents of marine sediments and plankton 

Location of 
the sample 
collected 

Depth. 
m 

By neutronactivation, 
PPm 

se(W) + (VI) WO) + (II) 

BY 
spectrophotometry, 

ppm 

030’00” N 
15OWW7” E 5135 0.4, _* -- 

o”48’08” N 
163”59’&” E 4330 0.8, _* - 

37’24’ N 
132”OY E 
36”li’ N 

f31”OS’ E 

21qO 

1810 

2.6 

8.5 

1.6 

1.3 

4.q 

9.6+ 

Plankton 
Tsukumo Bay, 
Noto Peninsula 10 0.1, 0‘2s - 

* Elementary selenium and selenide were not deterniined. 
7 Total selenium were determined by the IO;-Br--CPA method. 

After cooling for 5-7 days, the sample was transferred into the CPA reaction vessel 
together with nonbradioactive carrier. After the deccsmposition and distillation, the absorp- 
tion solution and washings were combined in an Erlenmeyer flask (100.ml), made about 
6A4 in hydrochloric acid, heated on the water-bath, treated with about 3 ml of 10% tin(I1) 
chloride solution (in concentrated hydrochloric acid) and digested for 1 hr. The precipitate 
was filtered off on a previously weighed glass-fibre filter paper (Toy0 Roshi, GB-60), 
washed successively with 6M hydrochloric acid, distilled water and ethyl alcohol, then 
dried at 110” and weighed; the chemical yield of the selenium carrier was calculated. 

The final precipitate was wrapped in a “Mylor” film or paraffin-waxed paper and the 
1360 or 264.6 keV photopeaks of ‘%e (121 d) were counted with a Ge(Li) solid-state detec- 
tor coupled to a 400-channel pulse-height analyser. A typical spectrum is shown in Fig. 
2. 

An outstanding feature of the spectrum shown in Fig. 2 is the excellent separation of 
both the photopeaks of 7SSe; the 279.6-keV photopeak may be overlapped by the 279-l- 
keV photopeak of 203Hg (46.9 d). 

Table 8a shows the results of the neutron-activation analysis of the standard granodio- 
lite JG-I and basalt JB-1 for selenium. In Table 8b are presented some analytical results 
for marine sediments and plankton together with those obtained by s~c~ophotome~ic 
analysis; the results are in good agr~ment. 
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GRAVIMETRIC DETERMINATION OF SELENIUM FROM 
PERCHLORIC ACID SOLUTION WITH HYDRAZINE 
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(Received 22 April 1974. Accepted 18 August 1974) 

Summary-The gravimetric determjnation of selenium, by reduction of selenious acid in perchloric 
acid solution with hydrazine hydrate, has been studied in detail. Elemental seleniud is completely 
pqzcipitated in 3-2-51M perchlotic &id at roomtemperature or 100°C. One mole of selenious acid 
reacts with one mole of hydrazine hydrate to give elemental seleriium. 

Various reducing agents have been used for the gravimetric determination of selenium 
based on the reduction of selenite and selenate to elemental selenium in hgdrochloric acid. 
They include sulphur dioxide, ’ J 1 -amidino-2-thiourea,3 copper(I) chloride,4 hydroxyla- 
mine,’ hypophosphite, 6 thiourea,’ tin(H) chlorides and mercury(I) chloride.g Hydrazine 
has been used for the volumetric determination of selenium.” It has’$also been used for 
the gravimetric determination of selenium in hydrochloricll and in tartaric acidal 
Hovorka13 determined selenium by treatment with hydrazine hydrate or hydrazine sul- 
phate ,in hydrochloric, perchloric, sulphuric, phosphoric, phasphorous, formic, acetic, 
citric and tartaric acids, but the determination of selenium in perchloric acid was unsatis- 
factory. Perchloric acid2 has been used to remove any residual nitric acid which had been 
used to dissolve elemental selenium, and its influence on the determination of selenium 
in hydrochloric acid discussed. For the determination of total selenium in rubber, a mix- 
ture of fuming nitric and perchloric acids l4 has been used for the oxidation of the rubber. 
Perchloric and sulphuric acids have also been used in the determination of selenium with 
sulphur dioxide.15 However, no systematic studies have been made on the determination 
of selenium in the presence of other chalcogenide elements. A gravimetric determination 
of selenium in chalcogenide glasses containing arsenic, sulphur, selenium and tellurium is 
described below. It is based on the reduction of selenium(IV) and (VI) in perchloric acid 
with hydrazine. 

EXPERIMENTAL 

Reagents 

Selenious acid solution. Metallic selenium (99.999% pure) was dissolved in nitric acid and the solution was eva- 
porated to dryness on a water-bath; perchloric acid was added and the mixture heated on the water-bath to 
give a standard selenium solution (Se 10 m&ml). Another standard solution (also 10 mg/ml) was prepared from 
analytical-reagent grade selenious acid. 

Perchloric acid, 60%. Specially pure. 
Hydrazine hydrate solution, 10%. Other reagents used were of analytical-reagent grade and used without tirther 

purification. 

51 
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Gene& procedure 

The selenium sample solution was diluted to 100 ml with water, 40 ml of 60% perchloric acid and 8 ml of 10% 
hydrazine hydmte solutin were added, ax@ the miqture was. heated oq a water-bath for 3 hr, and allowed to 
stand overnight u&l all the precipitate of elemental selenium &tIed. ‘+l’be precipitk was then filtered off on a 
weighed sintered&ass’i’ilterr (porosity 4j, *ashed, with water, dried a1: 100” for 2 hr and weighed. 

RESULTS AND DISCUSSION 

Duval et aLi have studied the th&-tioljrsis of selenium precipitated with various reduc- 
ing agents 1 la from \rarious acids othek than perchloric acid. We deduce from these results 
that the selenium precipitated from perchloric acid may not be the same in nature as that 
from other acid solutions. To find the best drying conditions for the selenium, the weight 
of selenium obtained by the standard drying procedure was compared with that obtained 
by vacuum drying at room tem~ra~re and at 110”. Drying conditions and the results 
obtained are summarized in Table 1. 

As shown in Table 1, there was little difference between the weight of selenium when 
dried at 110” froh either the wet or the c&y state. No increase in weight is brought about 
by drying at 110” in air. It is clear that selenium is not oxidized by this standard drying 
procedure. The vacuum drying takes so much time to remove any traces of water that it 
was preferred in the present study to dry the precipitate at 110” for 2 hr in air. 

Perchloric acid concentration 

Kimura’ showed that the reduction of &en&us acid with sulphur dioxide is complete 
when the concentration of hydrochloric acid is higher than 300/, v/v. We intended to use 
the filtrate for the d~ermination of arsenic by &e Volhard method, in which case hydro- 
chloric acid interferes. It was decided to see whether perchloric acid could be used instead 
of hy~ochloric acid. The experiments were made by taking O-1 g of selenium as selenious 
acid solution, adding.from 0 to 55 ml of 60% perchloric acid and 8 ml of loo/, hydrazine 
hydrate solution. The solution was brought to a tatal volume of lOOm1, and wsis heated 
on a water-bath (100’) for 3 hr and then left to stand overnight. The precipitate was fil- 
tered off on a sin&red-glass filter (porosity 4), washed with water and, after drying at 110 
for 2 hr, was weighed. The results obtained by using perchloric acid were compared with 

Table 1. Method of drying 

Selenium 

Drying conditions Taken, mg Found, mg Recovery, % 

a at room temp. in vacuum 
(I’ at room temp. in vacuum 
h at 110°C in vacuum* 
h’ at 110°C in vacuum* 
c at room temp. in vacuum 
c’ at room temp. in vacuum 
d at 110°C in air? 
d’ at 110°C in air? 
e at 110°C for 1 hr 
e’ at 110°C for 1 hr 
f at I 10°C for 2 hr 
f’ at 110°C for 2 hr 

* h and h’ were performed after a and a’, respectively. 
t d and d‘ were performed after c and c’, respectively. 

99-76 100‘2, loo-5 
99.76 100.7* 101.0 
9976 99.29 99.5 
99.76 99.6, 99.9 

100.56 IOI~S, 101.0 
10056 101.5, 101.0 
100.56 lOO& 100.2 
10056 100.4, 99.9 
10056 1005, loo*0 
lW56 100.9, loo-4 
99.76 99.8, 100.1 
99.76 100.2, 100.5 
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those obtained by using hy~hlor~c acid. They showed that the reduction of selenious 
acid to elemental selenium is accomplished in the presence of 35-55 ml of 60”/, perchloric 
acid, and it was decided to use 40 ml of 40% perchloric acid in the total volume of 100 ml. 

Time and temperature ofreduction of selenious acid 

Reduction of selenioys acid was carried out (1) at room temperature for 1 hr, 2 hr and 
overnight, (2) at 100” for 1 hr, 2 hr and 3 hr, (3) at 100” for 1 hr, 2 hr and 3 hr. In this 
case the solution was let stand overnight after reduction 

Satisfactory results were obtained under the conditions specified in (2) or (3). It shonld 
be noted that the selenium which was precipitated at room temperature was red and that 
heated on the water-bath was black. Good and con$istent results>were obtained irrespec- 
tive of the colour of the precipi~te. 

The reaction between selenious acid and hydrazine in perchloric acid solution 

The reaction between selenious acid and hydrazine in hydrochloric acid solution” has 
been established as 

H&O3 -t NzH4 +Se+N,+3H,O 

To ascertain whether this reaction is the same in perchloric acid solution or not, the fol- 
lowing experiment was carried out; O-1 g of selenium as selenious acid, 40 ml of 60% perch- 
loric acid and a known amount of hydrazine hydrate were diluted to 1OOml with water 
and the reaction was carried out at 30” overnight with nitrogen being bubbled through 
the solution during the whole reaction. The same experiment was made with hydrochloric 
instead of perchloric acid. In both experiments, the excess of hydrazine in the filtrate was 
titrated with potassium iodate” and the amount of selenium was calculated from the 
amount of hydrazine reacted. lo The results obtained showed that the reaction scheme of 
selenious acid with hydrazine in perchloric acid solution is the same as that in hydro- 
chloric acid solution. 

Recovery of selenium 

Solution containing various amounts of selenium were treated by the standard method. 
The results obtained are shown in Table 2 together with the results obtained for hydro- 
chloric acid solutions. Satisfactory results can be obtained for as little as 20 mg of selenium. 
with an overall recovery of 99.4 100.2%. 

Table 2. Determination of various amounts of selenium 

Taken, mg 
Selenium 

Found, rng Recovery, % Taken, mg 
Selenium 

Found, mg Recovery, % 

150*03 1 50.23 
99.76 99.6, 
99.76 99.5, 
70-o 1 70-0, 
50-01 49& 
50.0 1 49-9, 
20@0 19*88 

* In hydr~hloric acid medium. 

loo*2 1o‘OCJ 9.9, 99.3 
99-9 lOGO 9.86 98.6 
9938 150.03” 149.86 99.9 

100.0 100.02, lOO*O, 100.0 
99.6 10582* IOU3 99.7 
99.8 105.82* 105.7, 99,9 
99.4 
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Table 3. Effect of coexistent substances 

Selenium 

Substance Amount Taken, mg Found, mg Recovery, % 

Na,HPO,. I2 Hz0 
NaClO, 
CH&OONa 
NaGW., 
NaAsO, 
NaTeO, 
CH,COOH 
HCl 
HNO, 

2.5 g 
2.5 g 
2.5 g 
2.5 g 
l.Og 
l.Og 
2ml 
2nll 
2ml 

100.56 lW5, IO@0 
10056 1oo.14 99.6 
99.16 99.6, 99.9 
99.76 99.4, 99.1 

lW2 99.9, 99.9 
loo.02 loo.35 loo.4 
100.56 1oo*42 999 
10056 100.6s lW1 
100.56 14.4* 14.4 

EfSect of coexistent substances 

The effects of coexisting substances which may be present in chalcogenide glass, such 
as sulphur, selenium, tellurium, and arsenic, were studied (Table 3). The constituent ele- 
ments of chalcogenide glass do not interfere in’the determination of selenium, but nitric 
acid does. 

Determination of selenium in chalcogenide glass 

From the results obtained above, the following analytical procedure was established for 
the dekrmination of selenium in chalcogenide glass (As-S-Se system). 

Dissolve the sample in a mixture of sodium hydroxide and hydrogen peroxide on the water-bath. Neutralize 
the resulting solution with perchloric ,acid and add 40 ml of 60% perchloric acid. (Alternatively, dissolve the 
sample in 5 ml of nitric acid md 10 ml of perchloric acid on the Ikilter-bath, then heat the resulting solution 
on the water-bath to eliminate any nitric acid and add 30 ml of 60y0 perchloric acid, or dissolve the sample in 
a mixture of sodium hydroxide and hydrogen peroxide on the water-bath, neutralize the resulting solution with 
hydrochloric acid and add 40 ml of hydrochloric acid.) Determine the selenium according to the standard pro- 
cedure. 

Typical results are summarized in Table 4, which indicates that selenium in chalco- 
genide glass can be determined successfully by use of any of the dissolution procedures. 

Table 4. Determination of selenium in chalcogenide 
glass 

Dissolution Selenium 
procedure found, % 

(1) NaOH, H,Oz, HClO* 30.9, 
(2) HNOB, HClO, 30.7, 
(3) NaOH, H2Q2, HCl 30.69 

This glass contained 30.8% of selenium. 

Acknowledgement-Authors are grateful to Dr. Y. Hasegawa for his continued interest in the work. 
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NEW REDOX TITRANTS ‘IN NON-AQUEOUS OR PARTIALLY 
AQUEOUS MEDIA-V* 

POTENTIOMETRIC TITRATIONS WITH IODOSOBENZENE DIACETATE IN 
ACETIC ACID MEDIUM 

V. N. SIVA~ANKARA PILLAI and C. G. RAMACHANDRAN NAIR 

Department of Chemistry, University of Kerala, Trivandrum-695001, India 

(Received 2 April 1974. Accepted 23 Aught 1974) 

Summary-A stable new redox titrant, viz., iodosobenzene diacetate in anhydrous acetic acid 
medium, is proposed for the potentiometric determination of a number of reductants such as 
As(III), II. Fe(H), N,H, [Fe(CN)J4-. Tl(I), Sb(III), hydroquinone, ascorbic acid, phenol, aniline 
and oxine. 

In the course of our investigations on new organic oxidimetric titrants for use in non- 
aqueous media, it was found that iodosobenzene diacetate (also known as iodobenzene 
diacetate or phenyl iodosodiacetate; hereafter abbreviated as IBDA) is ideally suited for 
this purpose. Its solutions in acetic acid were found to be very much more stable than those 
of dichloramine-T’-3 (DCT) and iodosobenzene dichloride4 (IBDC), studied earlier. The 
solid compound is also quite stable on storage and is commercially available. In this com- 
munication, we wish to report on the potentiometric titrations of some typical inorganic 
as well as organic reductants ‘with IBDA. 

EXPERIMENTAL 

Apparatus 

The apparatus and electrodes used were the same as described earlier.’ 

Reagents 

Iodosobenzene diacetate was prepared by the procedure of Pausacker’ as well as by the procedure described 
by Share&in and Sattzman.6 While both procedures were found to be satisfaotory, that of Pausacket was found 
to be simpler and more convenient. The product was recrystallized from anhydrous acetic acid and was heed 
from the adhering solvent under suction with dry air and was stored in a vacuum desiccator, m.p. 16@5” (litera- 
ture value 159161°C). In an assay of the purity, known weights were dissolved in acetic acid (5-10 ml), 20 ml 
of 10% potassium iodide solution were added and after dilution to 100 ml with water,cthe liberated iodine was 
titrated with standard sodium thiosulphate solution. Samples of 99.5% purity could easily be,prepared. 

Preparation and standardization ofstock solution. Stock solutions were prepared in anhydrous acetic acid and 
were preserved in amber-coloured bottles attached to automatic burettes, with precautions for the exclusion of 
moisture as described earlier.’ The solutions were standardized by the usual procedure.’ 

Stahilitv ofthe stock sohtions. The stability of IBDA solution in anhydrous acetic acid was studied in detail. 
The solutions are remarkably stable when kept in amber-coloured bottles, their strengths remaining unchanged 
for more than 30 days. Even with clear glass bottles for the storage, the stability is reasonable (stable up to 7 
days). It may be pointed out that solutions of DCT and,IBDC deteriorate quickly when kept in clear glass bottles; 
even in amber-coloured bottles they deteriorate, albeit slowly. Thus IBDA is superior to DCT and IBDC in this 
respect. 

* Parts I-IV see references 1-4. 
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Other reugenrs. Acetic acid was refluxed with chromium trioxide and distilled.’ The addition of acetic anhy- 
dride, necessary in the case of DCT and IBDC solutions, was found not to be required. All other reagents were 
of analytical-reagent grade. 

Standard solutions of ascorbic acid phenol, hydraxine sulphate, potassium ferrocyanide, potassium iodide and 
thallium(I) nitrate were prepared in water; those of aniline and arsenic(III) were prepared in 0.5M hydrochloric 
acid, that of iron(I1) in 2M sulphuric acid and that of oxine in $A4 acetic acid. Solutions of hydroquinone were 
prepared in 05M sulphuric acid to give a stable solution as recommended by Miraz, Simon and Zjrka.s These 
solutions were all checked by the usual methods9 

General procedure for potentiometric titrations 

Our previous experience with DCI and IBDC had shown that there is no advantage in removing the water 
present in the titrand by the addition of acetic anhydride, but that, on the contrary, the presence of small amounts 
of water is advantageous in facilitating quicker equilibration. The same was found to be the case with IBDA. 
Therefore, titrations were carried out in a partially aqueous medium, the titrand usually being an aqueous solu- 
tion and the titrant a non-aqueous solution. 

Titration cells (lOO-ml capacity) provided with lids having holes for the introduction of the electrodes. micro- 
burettes, etc., were employed. Measured aliquots of the titrand solutions were taken in the cells and other re- 
agents (if required) were added. The solutions were magnetically stirred and the titrant was added from a burette. 
Stirring was stopped temporarily before potential readings were taken. All the titrations were carried out at 
28 + 2”. 

Titration of inorganic materials 

AdIIIX I-, Fe(U). The titration of these was found to be the simplest case, the addition of no other reagent 
or catalyst being necessary. An inert atmosphere was found to be advantageous for I- and Fe(I1). 

To 5-10 ml of the reductant solution add 10 ml of water. In the case of I- and Fe(II), displace the air in the 
titration cell with pure nitrogen, maintain a slow stream of nitrogen and titrate with IBDA solution. [Potential 
break at end-point = 400 mV for As(III), 250 mV for Fe(I1) and 120 mV~for I-, per 0.05 ml of O.lN IBDA solu- 
tion.] 

Hydrazine and potassium ferrocyanide. Direct titration was found to be unsatisfactory; however, in presen; 
of bromide, accurate titrations were possible. Further, the addition of hydrochloric acid improved the titration 
of hydrazine whereas the ferrocyanide titration Was improved by the addition of acetic acid. 

To 5-10 ml of the reductant solution add 05 g of potassium bromide and 2 mlof 2M hydrochloric acid (for 
hydra&e) pr 10 ml of 5&i acetic acid (for ferrocyanide) and titrate with IBDA solution. (Potential break at end- 
point = 200 mV for hydraxine and 290 mV for ferrocyanide per 0.05 ml of 0.1 N IBDA.) 

T!(I) an~‘Sb(~~~). Direct titration was found to be very slow; the addition of bromide (or more satisfactorily, 
chloride) improved the titration of Tl(1). In the case of Sb(III), addition of bromide improved the speed, but 
caused a lowering of the break. Addition of chloride did not help. The addition of a catalyst such as osmic acid 
improved the speed and also gave a satisfactory potential break. A catalyst correction was applied by carrying 
out titrations at various catalyst concentrations and extrapolating to zero catalyst concentration. 

To 5-10 ml of the solution add 10 ml of 2M hydrochloric acid (and 0.05 ml of 0.2% aqueous osmic solution 
in the case of Sb) and titrate with IBDA solution. Apply a catalyst correction as indicated above [potential break 
at end-point = 230 mV for Tl(I) and 170 mV for Sb(II1) per 005 ml of @IN IBDA.] 

Titration of organic materials 

Hydroquinone and ascorbic acid. Direct titration is quite satisfactory. Dilute 5-10 ml of the reductant solution 
with 10 ml of water and titrate with IBDA solution. potential break at end-point = 160 mV for hydroquinone 
and 340 mV for ascorbic acid, per 0.05 ml of @l N IBDA.] 

Phenol, aniline and oxine. The titrations were unsatisfactory in the absence of bromide, but proceeded smoothly 
when it was added, The addition of a 10% solution of pyridine in glacial acetic acid improves the titration of 
phenoli It was also found that the addition of sodium acetate improves the titration of oxine slightly and that 
of aniline remarkably. 

To 5-10 ml of the titrand solution add 05 g of potassium bromide and 10 ml of water. In the case of aniline 
and oxine, add 05 g of sodium acetate. In the case of phenol, add 1 ml of a 10% solution of pyridine in glacial 
acetic acid. Titrate with IBDA solution. [Potential break at end-point = 220 mV for @05 ml of O-IN IBDA.] 

RESULTS AND DISCUSSION 

Direct, first derivative and second-derivative potentiometric titration curves were drawn. 
The end-points were checked also by using the Hostetter-Roberts equation” and the Yan 
equation. l2 Typical results are presented in Tables 1 (inorganic materials) and 2 (organic 
materials). 
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Reductant 
Taken, No. of expts. 
mnwle done 

FOUlld, 

mtncfe 
(average) 

Standard 
deviation, 

nnrrole 

bAs(III) 

“I- 

‘Fe(H) 

“NJ-I, 

“[Fe(CN),,]*- 

%I) 

%J(III) 

0.3845 
a7690 
06023 
1.204 
1.437 
06413 
08039 
01146 
0.2292 
0.2523 

8E 
1.519 
0.2515 
03440 
0.2225 
62273 
0.4934 

6 

;I 

: 
7 
6 

:’ 

: 

2 
6 
7 
6 
8 
1 

0.384, 
0.769, 
0603s 
1.203 
1442 

~~ 
@11411 
@229, 
02525 
@641ij 
0~792~ 
1.527 
e2.51, 
0*344* 
0.2224 
0,226, 
0.49 1 * 

8.9 X’ 10-S 
2.5 x 1o-4 
1.3 x 10-4 
7.0 x 10-d 
32) x 10-s 
3.2 x l0-4 
24 x 10-j 
5.8 x 10-s 
1.2 x 10-4 
1.7 x 1o-4 
1.0 x 1o-3 
1.7 x 10-b 
26 x iO+ 
i-9 x 10-Q 
26 x 1O-4 
3.5 x 10-o 
4.5 x 10-4 
4.2 x 1o-4 

a, b, c: Assuming that the number of equivalents of the oxidant consumed per mole of the reductant is 1 for 
(a), 2 for (b) and 4 for fc). 

It may be seen from Table 1 that the inorganic reductants studied indicate quantitative 
oxidation in accordance with the following equations. 

C,H,I(CH3C00)2 + 2e-. --, 
As3+. -+ 

21- --+ 
Fe2” * 

C&H51 + 2CH,COO- 
A$+ + 2e- 
I, + 2e- 
Fe3+ + e- 
N,+4H+ i-4e- 
[Fe(CN)J3- + e- 
T13+ + 2e- 
Sb’+ + 2e- 

The organic reductants examined undergo quantitative oxidation (or bromination in the 
presence of bromide) when titrated with IBDA (Table 2). Hydroquinone and ascorbic acid 
are oxidized to quinone and dehydroascorbic acid respectively. Phenol, aniline and oxine 
are brominated by IBDA in the presence of bromide to give tribromo derivatives (for 
phenol and aniline) or dibromo derivative (oxine). The reactions are represented below: 

C,H,(OH), -, C6H,02 + 2H+ + 2e- 
ChHsOh ---, C,H,O, + 2H+ + 2e- 

C,H,OH $ 3Brz ---) C,H,Br,OH + 3H+ + 3Br- 
C,H,NH, f 3Br, * C6HiBr3NH2 + 3H’ + 3Br- 

C,H,NOH + 2Br, + C&H,Br,NOH + 2H+ + 2Br- 

The role of bromide in these titrations is similar to its role in DCI titrations.’ 
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Table 2. termination of organic materials 

Found, Standard 
Taken, No. of expts. mmole deviation, 

Reductant mm&e done (average) mmole 

“Hydroquinone 0.2700 6 0.269, 9.6 x IO-+ 
04050 6 0.404, 3.6 x lO-4 
05400 5 0537, 1.8 x 10-s 

“Ascorbic acid 02537 6 0.253,, 1.7 x 10-s 
0.2750 6 0.273, ( 1.4 x 10-s 
0.7555 5 0.757, 1.4 x 10-3 

CPhenol 0.0548 6 0.0548 2.4 x lO-4 
0.1096 6 0.109e 6.2 x lo-“ 
0.1301 8 0.129, 4.5 x 10-4 

‘Aniline O-0851 8 O-084, 2.3 x 10-s 
@1688 7 0.167, 8.2 x 10-s 
@I700 6 @169r 8.9 x 1o-5 

bOxine O*lOt34 0~100, 2.7 x lO-4 
0.2007 z 0.201, 7.5 x 10-4 
0.2605 5 @2597 2.7 x lO-4 

a, b, c: Assuming that the number of equivalents of oxidant consumed per mole of the reductant is 2 for (a), 
4 for (b) and 6 for (c). 

It may be mentioned that while IBDA titrations were found to be as satisfactory as 
titrations with DCT or IBDC, the superior stability of IBDA solution makes daily standard- 
ization (recommended in the case of solutions of DCT and IBDC) quite unnecessary 
here; this is a definite ~d~n~ge of this new titrant. 
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Summary-The reaction of the molybdenum oxypentathiocyanate ion with the dyestuff Rhoda- 
mine B (RhB) produces the ternary complex,MoO(SCN),(RhB),. The formation of this complex 
is accompanied by a colour change and by extinction of the fluorescence of RhB. A spectrophoto- 
metric and fluorometric method for the determination of Mo has been developed from these obser- 
vations. The method is free from interferences and has detection limits of 0.1~ and O-05 pg of MO 
for absorption and fluorescence measurements, respectively. The spectrophotometric method is . . 
apphcabk to the determmatron of MO in soils and the fluorometric method is suited to the deter- 
mination of MO in plants. 

Early calorimetric methods for the determination of molybdenum in soils, while being ade- 
quate for analysis of samples of high molybdenum content, were not suitable for Mo-defi- 
cient soils containing less than 2 ppmsof molybdenum. The analysis of plant materials for 
molybdenum in the sub-ppm range has, however, been successfully achieved by Ssekaalo,’ 
using toluene-3,4-dithiol, with the complex being extracted into carbon tetrachloride. 

Direct atomic-absorption determination of molybdenum is subject to large amounts of 
interference from acids2 and as such, has not found wtie usage for low concentrations 
of molybdenum. A method recently developed in this’laborato’ry,3 however, employs sol- 
vent extraction of the molybdenum thiocyanate complex coupled with an AAS finish and 
gives the best reported detection limit and precision for an,AAS method. The,photometric 
(or alternative fluorometric) procedure’described here gives comparable precision and sen- 
sitivity, and is designed as an alternative to the AAS method. However, this photometric 
method has the advantage of being a non-extraction technique, and so requires less 
manipulation than that needed for the AAS procedure. 

Ternary complexes, wherein a metal ion reacts with two separate ligands, have been 
used extensively over recent years,c6 with the majority of examples reported being of the 
ion-association type. In such a complex, the metal ion reacts with a ligand to produce a 
charged binary complex which then forms an ion-association complex with a second 
ligand of opposite charge, usually a dyestuff. A ternary complex so formed normally exhi- 
bits enhanced selectivity, precision and sensitivity over’ the equivalent binary complex.7 
There are few examples of ternary molybdenum complexes, although the molybdophos- 
phate ion has been used with the dyes Rhodamine Bs and Crystal Violet9 to determine 
phosphorus, and the silicomolybdate ion with Rhodamine B1’ for silicon determination. 
Ganago and Ivanova I1 have reported a ternary complex formed .by association of the 
molybdenum thiocyanate complex with the dye cation Crystal Violet. This complex is 
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floated with toluene before being dissolved in ethanof. No information on interferences or 
analytical applications of the method is given. 

This paper ibes 
“I”’ 

the formation of a 1: 5 : 2 complex of molybdenum thiocyanate and 
Rhodamine B RhR}. The’formation df this complex may be represented by the equation 

[MoO(SCN)J2- + 2RhB+ +MoO(SCN),(RhB), (1) 
pink, blue, non-fluorescent 

fluorescent 

This ternary complex absorbs strongly at 600 mu, forming the basis of a spectrophoto- 
metric method. In addition, the fluorescence of RhB is quenched by the formation of the 
non-fluorescent ternary complex, thereby providing foundation for a fluorescencequench- 
ing method. Both of these methods have been su~~~~y developed and applied to the 
determination of traces of rn~~~d~nurn in soils and phnts. 

EXPERIMENTAL 

All absorption measurements were taken on a Perkin-Elmer PE 124 recording spectropbotometer, and 
fluorescence measurements were taken with an Hitachi Pcrkin-Ehuer MPF-2A fluorescence spectrophotometer. 
Wavelengths used were 600 nm for absorption and 350 and 578 nm for fluorescence excitation and emission, 
respectively. 

Stan&d MO ml&m. A IOiN-ppm stock solution was prepared by dissolving 1*84g of analytkaI grade 
ammonium. moiybdate [~~H~~~o~O~~ 4H,O] in distiBed water: ,More dilt#e standards were made up as 
re&ired in ZM hydrochionc acrd, this acrdrty being equal to that used in sampk digests. 

~~~~i~ B. A boQ)rl% solution in water was prepa& froa dimmweia re@#t (E. Merck and Co.). This 
dye was not ~~~~ before use. 

All other reagents used were of analytical grade and distilfed water was used to make up solutions. 

Dissolution @samples 

Soils were dissolved by using the method of Kim et aL3 with the exception that 1 g of sample was used in 
all cases. This sample weight necessitated a second addition of cpncctntrated hydrotluoric acid before the evap- 
oration to dryness, The residue ,so obtained was redissolved in 5 ml of 1OM hydro&loric acid and the solution 
made up to 25 ml in a standard flask with’distilled water. Complete dissolution of all sampies was obtained by 
this process. 

Plant samples were digested by addition of 15 ml of concent,ratizfed nitric acid to I g of sample in a lO&nl Kjel- 
dahl flask. followed bv gentle heatinn until evolution of brown fumes had ceased. When ali organic matter had 
dissolvedS~5 ml of 72% &x&fork a& were added ana the sofutionwas heat& strongIy until aB acids bad been 
removed. Inuring this process, the Ifask was rotated r$@arty .to ensure that ah sampk was washed &TWXI by 

the refiuxing a&d. The r&be fernpining after evaporation was ~~1~ in 5 ml of 10&f hy~~~or~~ a&d 
and the solution transherred to a 25-ml vohunetrir: ffask before being d&&d to the mark with distilled water. 

Aru+sis of w&es 

A lO-ml portion of 
0.1 p: of solid ascorbic 

‘the soil or plant-digest sdution was a&led to a 25-ml volumetric fiask containing about 
acid and the Rask shaken to remove all traces of the yellow c&our of FefIII). Additional 

asc&bic acid was added if required. The foliowing additions were then made, in the order given: ‘1 ml of 10% 
sodium tartrate solution, 4 ml of 1OM sdlphuric acid, 1 ml of 1% copper stilphate solution and 1 ml of a freshly 
prepared 1004 thiourea ~sofntion. The flack was then agitated for 1 min to ensure complete conversion of Mo(VI) 
into Ma(V). Potassium thiyanate solution /lOo/, 2 ml) was added and the tlask allowed to stand for 20 mm. 
After this time, 5sOml of OQO4~ RhB solution were ad&d and the solution diluted to the mark with distilled 
water. A blank solution and a series of standards were carried through the entire procedure. 

The solutions were rx!ntrifuged at moderate speed for 30 set before having their absorbanse and fluorescence 
measured at the opthnaf wavelengths. Any extraneous quenching of fluorescence was detected by using a sample 
carried through the procedure but with no th&cyanate added. The Auorescence of this solution was compared 
with that of an equivalent RbB sohztion in distilled water, and a que~hi~g factor cakulated. This factor was 
applied to at1 subsequent samples of the fame soil or plant. 
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I 
0 I 2 3 

N acid 

Fig. 1. Effect of acidity on fluorescence of RhB; 0 H2SOb, A HCl. 

RESULTS AND DISCUSSION 

Conditions for formation of [MoO(SCN),)]2 ; 

Before investi~ting the formation of the ternary complex, it was necessary to establish 
the optimum conditions required for formation of the binary complex [MoO(SCN)~]~-. 
Addi~o~~y, it was essential that these con~tion~ and the reagents used, be ~ompa~ble 
as far as possible with those conditions suited to the formation of the ternary complex. 
There was .no previously published procedure for formation of [MoO(SCN),]Z- which 
fulfilIed these criteria. A study was made of the.effects of various commonly used reagents 
on the fluorescence and absorbance of RhB. 

The fluorescence of RhB was found to depend markedly on acid concentration, this 
effect being more pronounced for hydrochloric acid solutions than for sulphuric acid solu- 
tions. The dependence of fluorescence is shown in Fig. 1. It is evident that, for maximum 
fluorescence, acidity of the solution should be kept as low as possible and that sulphuric 
acid is preferable to hydrochloric acid. Acidity had very little effect on the absorbance of 
RhB solutions once an acid concentration of 1N was exceeded. 

Thiocyanate in high con~n~ations had some effect on RhB, in that increasing the 
amount of thiocya~te caused increased absorbance at 600 nm and decreased fluorescence. 
This effect was less pronounced at higher acidities and disappeared completely at an aci- 
dity > 2N sulphuric acid. 

The most common reductant used for the conversion of Mo(V1) into MO(V) is stannous 
chloride in acid solution.i2 This reagent was investigated and was found to have no effect 
alone, but in conjunction with thiocyanate it caused increased absorbance and decreased 
fluorescence. Again, this effect was reduced when the acidity was increased but remained 
evident to a small degree in 2N sulphuric acid. This interference was attributed to the for- 
mation of an ion-association ternary complex between Sn(II), thiocyanate and RhB; the 
complex being less stable at the higher acidities. 

It was apparent that stannous chloride could be employed as reductant provided high 
acid con~ntrations were used but this condition has been shown to be detrimen~l to the 
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planned fluore~en~-quenching method. An alternative reducing agent was therefore 
sought. 

Reducing agents for conversion of MO(W) into MO(V) include ascorbic acid,’ ’ hydra- 
zine sulphate,13 dihydroxymaleic acidI and thiourea with Cu(II).14 These were examined 
and the best with regard to efficiency of reduction and freedom from interference with RhB 
was the thiourea-Cu(I1) system. These reagents together produced no effect on RhB in the 
presence of thiocyanate in 2N sulphuric acid solution. 

For the selected reducing mixture, the minimum concentrations of reagents for formation 
and stability of [MoO(SCN),]‘- were found to be 2ON sulphuric acid, 0.8% thiocyanate, 
0.04% Cu(II), 0.4% thiourea and a development time of 20 min. These concentrations can 
be exceeded without detriment and represent only the minimum ~on~ntrations required. 

Addition of RhB to a stable solution of [MoO(SCN)J2- produced a blue colour; the 
intensity of which was dependent on the concentration of MO. RhB solutions normally 
exhibit a pink colour under the conditions of acidity used. The absorbance spectra of RhB 
alone and in the presence of 0.3 ppm MO as LMoO(SCN),]~- are given in Fig. 2. The fluor- 
escence spectra for the same two solutions are shown as Fig. 3. 

It is noteworthy that when high concentrations of molybdenum were present (in excess 
of 4 pg/ml) the solutions became turbid owing to precipitation of the sparingly soluble ter- 
nary complex. At the 0.3-ppm concentration, however, the solutions were quite trans- 
parent. The centrifuging step in the experimental procedure was included to remove any 
undissolved soil etc. which could have been present. 

At the wavelength of maximum absorption of 6OOnm, linear vibration curves were 
obtained in the range 0.1-10 pg Moj25 ml, indicating that the method was suitable for 
molybdenum determinations within this range. 

The spectra shown in Fig. 3 are not corrected for instrumental variations, and hence 
are applicable to one instrument only. Optimum excitation and emission wavelengths 

Wavelength, nm 
Fig. 2. Absorption spectra for RhB alone (A) and in the presence of @3ppm MO as 

MoqSC~~- (B). 
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Wavelength. nrn 
Fig. 3. Excitation (A) and Emission (B) Spectra for RhB alone and in the presence of 0.3 ppm MO 

as MoO(SCN)~- (C). 

should be determined by each operator for his own particular instrument. Figure 3 shows 
that addition of [Mo0(SCN),]2- to RhB does not alter the shape of the emission curve 
but merely reduces the height of the peak at 580 nm. This behaviour can be attributed to 
the removal of RhR from the solution in accordance with equation (1). Plotting GOOD 
centration ,of moly~num against fluorescence quenching at 58Onm yielded linear 
calibration curves in the range 0*05-5 ,ug/25 ml. At MO con~n~ations above 5 p&25 mt, 
~~-ab~~tion effects due to the strongly coloured solution became evident. The fluoresc- 
ence-quenching method was suitable for determinations in the range 0*05-5 pg of Mo. 

The degree of formation of the ternary complex was found to depend on acidity, although 
the effect was not very marked. As expected, decomposition of the complex at higher acidi- 
ties resulted in reduced absorbance at 600nm. This aspect is discussed more fully in the 
Interferences section. 

Composition of the ternary complex 

Both absorbance and fluorescence techniques were used to elucidate the nature of the 
ternary complex. Job’s method of continuous variation, with 5 x lo- 5M solutions of RhB 
and Mo under opt~um conditions for formation of the complex, yields an RhB: MO ratio 
of 21: 1. Job’s method was not applicable to the fluorescence rn~~re~n~ since a 
quenching process was involved. The mole-ratio method, however, was suitable for both 
absorbance and tluorescence techniques, and with a fixed MO] of lo- ‘A4 with varying 
[RhB], both methods gave the RhB:Mo ratio as 2.1: 1. 

These results indicate that the formula of the ternary complex is MoO(SCN),(RhB)2, 
the slight discrepancy between the theoretical and observed mole ratios probably being 
due to dye impurity. The mole-ratio curve for the absorbance values was used to calculate 
that the molar absorptivity (e) for the complex was 1.09 x lo5 1. mole- ’ .cm- ‘. 

Interferences 

The effect of interfering ions is illustrated in Table 1, which refers to a f@l acidity of 
24X’? sulph~ric acid. At this acidity, interferences from iro~1~~~ and tungs~te were masked 
with ascorbic acid and tartrate, respectively. The ascorbic acid was necessary to reduce 
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I 
7’ 9 

0 04 043 I.2 
N HCL 

Fig. 4. Absorbances of Mo and Zn ternary complexeswith SCN- and RhB in HCI-H$O, mixtures. 
A MoqSCN), (RhB), in 1.6N H,SO, (@io] = 0.2 ppm) 0 Zn-SCN-RhB in 1+6N H2SOd 

([Zn] = 80 ppm). 

iron(II1) since the’thioureaCu(II) system will not achieve this reduction in sulphuric acid 
media.i5 The tungstate interference is assumed- to be due to the formation of a simple bi- 
nary complex between this ion and RhB. The reducing conditions us&l were not sufll- 
ciently strong to convert W(V1) into W(V), whicb dould form a thiocyanate complex equiv- 
alent to ~oO(SCN),]~-. This assumption regarding tungstate interference was verified 
by the fact that tungstate still interfered even in the absence of thi~~~a~ or reducing 
agent. 

The interference of zinc is due to the formation of a ternary complex between zinc, thio- 
cyanate and RhB; such a complex has previously been reported.i6v ” This complex was 
subject to instability at high acidities and Fig.’ 4 shows the behaviour of the zinc and 
molybdenum ternary complexes in sulphuric acid-hydrochloric acid mixtures. 

From Fig. 4 it can be seen that by use of concentrations of l*8N sulphuric acid and 08N 
hydrochloric acid, the interference of 2000 pg of zinc is completely removed, while the 
absorbance of the MoO(SCN),(RhB), complex is reduced by only 15%. The breakdown 
of the zinc complex was due to the total acidity, and a mixture of acids was used in order 
to maximize the fluurescence of RhB (see Fig. I), This acid mixture was used for all deter- 
minations since the loss in ~nsitivity of the fluorescence method is outweighed by the 
advantage gained in obviating the need for separation of molyb~num. The correct condi- 
tions of acidity were readily achieved by dissolving sample digests and standards in 2A4 
hydrochloric acid and using lo-ml portions for analysis, with subsequent addition of the 
sulphuric acid. 

Precision 

Under theacidityconditionsdescribedabove, theprecisionsofthespeetrophotometricand 
fluorometricprocedureswereestimatedfor a molybdenumconcentrationof0*2 ccg/ml. Fluor- 
escence precision was determined by setting the scale reading to 100 for a blank RhB solu- 
tion (containing~all reagents except ~lyb~num) and measuring the amount of fluoresc- 
en~que~h~g of 7 identical molybdenum solutions. The relative standard deviation 
(RSD} of these values was then calculated. These same solutions were used for absorbance 
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Table 1. Effect of diverse ions on the fluorescence-quenching and absorbance of MoO(SCN),(RhB),, Molar ratio 
to MO is indicated in brackets 

Ion Ad&d as 
Change in Change in 

fluorescence, %* absorbance, %* 

Ais+ WC’) 
Al’+ (200) 
co2 + (200) 
Cr3 + (200) 
Fe3 + (10,000) 

(14ooo) 

~z;$~) 

Mg* + (200) 
Mn*+ (200) 
Na’ (200) 
NH: (200) 
NiZ + (200) 
Pb2+ (200) 
ReO:- (200) 
Sr’+ (200) 
Th4+ (200) 
V(V) (200) 
wo:- (1,ooo) 

(1,~) 
Zn’+ (200) 

I::; 
Br- (200) 
CH,COO- (200) 
cl- (200) 
c104- (200) 
F- (200) 
PO:- (200) 
SeO:- (200) 

A%NO, 
Al(NOs). 9H,O 
CO(NO~‘~. 6H20 
CriNO,l,.3H,O 
FcNH,(SO& 12H,O 
FeluHdS0.I~ I2H,O 
Hg(Nd,), . H;O - 
KNO, 
Mg(N”O,), .6H,O 
Mh(NO& .6H,O 
NaNOs 

NILNO, 
Ni(NO& .6H,O 
PqNO& 
(NH&ReO, 
SrpKM2 .4H,O 
Th(N03), . 4H20 
NH,VO, 
Na2W04 
Na,WO, 
Zn(NO& .6H,O 
Zn(NOs), .6H,O 
Zn(NO,), .6H,O 
NaBr 
CHsCOONa 
NaCl 
NaClO, 
NaF 
NasPO, 
Na,SeO, 

- 
- 
- 

- 
- 
- 
- - 

kWeE@ 
- 

- 
(PPte+-# 

- 
- 

- - 
-56 +81.5 
-_$ -_$ 

-64 104 
-25 32 
-12 10 
- - 

- 
- - 

* Changes of 5% or less are not listed. 
t In the presericebf ascorbic acid. 
p Solution was centri@ed before absorbance and fluorescence measurements were taken. 
$ In the presence of tartrate. 

Table 2. Analysis of soil and plant samples 

No. of Mean, RSD, Previous analyses 
Material detns. ppm % ppm 

Soil 1 10 133 1.86 136* 
Soil 2 6 28.0 2.96 25*8* 
USGS Gossan 4 6.35 4.30 6*3* 
Soil 3 4 1.2 7.88 1.2’ 
Standard kale 4 2.42 6.11 2.33 f 041 

* Value determined by the method of Kim et aL3 (4 replicates were used.) 

Reference 

3 

18 
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measurements to indicate the precision of the s~~ophotometric method. Values 
obtained for RSD were 0.46% and 0.71% for the fluorescence and absorbance methods, 
respectively. 

This precision is considered excellent for the low concentration used. 

Analysis of samples 

Soil samples containing 1.2-133 ppm molybdenum were digested and analysed by the 
proposed experimental procedure. The standard kale material of Bowen” was also 
analysed as a representative plant sample to test the efficiency of the, method for plant 
material. 

The soil samples gave consistency high ~uore~n~-quenches factors (usually about 
X5--40”/,) which was considered unsuitable for trace analysis. The spectrophoto~~ic 
method, however, gave good results for the soils and is the prefeired method. The soil 
analyses in Table 2 were done by this method. Plant samples, owing to their low inorganic 
content, gave virtually no extraneous fluorescence quenching, and employment of quench- 
ing factors was not necessary. The fluorometric method was therefore used for analysis 
of standard kale. 

Good agreement was obtained between results from the proposed method and those 
from previous methods. The procedure is therefore considered suitable for the analysis of 
plants and soils for traces of molybdenum. The detection limits are 0.1 pg of MO for the 
spectrophotometric method and 0.05 pg of MO for the fhrorometric method. These values 
correspond to 0*0&I and 0.~2ppm molybdenum, respectively, in the fmal 25 rnj of 
solution. 

CONCLUSION 

The high sensitivity and selectivity of the proposed method ensure that it is applicable 
to the analysis of plants and soils for molybdenum. Of the two types of sample, plants 
are more readily analysed by the fluorometric method because the low inorganic content 
leads to minimal extraneous fluorescence quenching. The spectrophotometric method 
however, is preferred for soil samples. These methods compare favourably with existing 
procedures in terms of sensitivity, selectivity and precision, but have the additional advan- 
tage of being non-extraction techniques. 

The unusua~y high stability of the ternary complex MoqSCN)~~RhB)~ in strongly aci- 
dic solution is the main factor contributing to the lack of interferen~s in the method. This 
behaviour is consistent with the trend towards higher stability generally exhibited by 
ternary complexes. 
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SHORT COMMUNICATIONS 

DETERMINATION OF METALS BY SOLID-LIQUID SEPARATION 
AFTER LIQUID-LIQUID EXTRACTION 

POLAROGRAP~IC DETERMINATION OF INDIIJM AFTER E~RA~ON WITH OXINE 
INTO MOLTEN NAPHTHALENE 

(Received 9 April 1974. Accepted 16 May 1974) 

Indium may be d@.tmnined polarograpbicallyl and the selectivity may be improved by the use of various masking 
agents, though their use may also introduce the disadvantages of changing the. ~~t~ou of the electrolyte, 
diluting the sample, producing insoluble chelates, or simply not being sulRciently selective. Solvent extraction 
may help to overcome some of these difficulties, but not that of dilution, as the electrolyte must still be added 
to the organic phase, The technique of extraction at high temperature into a liquid phase of small VO~UIIE which 
solidifies on cooling, has been shown to overcome these problems. Moreover, at the elevated temperature, equi- 
librium is attained more rapidly than at room temperature. Metals have been extracted as chelates and estimated 
spectrophotometrically after diswlution of the solid phase in a suitable solvent,2-4 A polarographic finish has 
been used for the deter~~ of cadmium and leads and of moly~enu~6 This communication describes 
the extraction of indium with 8-hy~oxyquinoline into molten naphtha~~, and ita subsaquent ~t~rni~tion 
by polarography after dissolving the naphthalene in dimethylformamide and adding pyridinium perchlorate as 
supporting electrolyte. 

EXPERIMENTAL 

Reagents 

modern sufphute was dissolved in distilled water containing a few drops of ~lphur~ acid and standardi 
c0mp1ex0me~i~11y.’ The w~n~ation was’1 1.5 mg/mI. 

t-Hydroxyqufnofine was dissolved in ethanol to give a @lM solution. 
Perchloric acid and pyridine solutions in dimethyl formamide and water respectively, were each 2M. 
Naphthalene and DMF were checked polarographically for impurities. 

Apparatus 

Polarograms were recorded at 25” f 05” with a Yanagimoto P8 threeelectrode polarograph. An H-type cell 
with fine porosity sintered-glass disk between the ~rnp~~n~ was used A saturated calomel electrode was 
connected to the polarographic cell via a potassium chloride-agar bridge. The parameters for the mercury drop 
in open circuit were m = 1.52 mg/sec, t = 4.78 set, h = 60 cm. All solutions were deaerated by passing nitrogen 
through them for 5 min. 

Indium oxinate standard in DMF 

An aliquot of indium sulphate solution was taken and the indium precipitated by addition of oxine according 
to Gei1mann.s The precipitate was filtered off, washed, and dissolved in 100 ml of DMF. This solution was used 
for studying the polaro~aphic behaviour of indium oxinate in DMF. 

General procedure 

An aliquot of indium solution was transferred to a lOO-ml round-bottomed flask along with 05 ml of the oxine 
solution, diluted to 30 ml with distilled water, and the pH adjusted if necessary to within the range 3-12 by 
addition of ammonia solution. The stoppared flask was warmed in a water-bath at about 60”, 2 g of naphthalene 
were added, and the flask was heated till the naphthalene melted (m.p. SO”) and formed a separate layer. This 
solution was stirred while being allowed to cool till the naph~e~ separated out as a solid mass, The flask 
was again heated, shaken vigorously and allowed to stand. The lump of solid naphthalene was separated by 
filtration, dried on filter paper, and dissolved in DMF in a 20-ml flask. One ml of pyridine solution and one 
ml of perchloric acid were added and the solution was diluted to 20 ml. After deaeration the polarogram was 
recorded. 
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Fig. 1. Typical polarogram of indium oxinate in DMF in the presence of naphthalene (72 erg of 

indium in 20 ml of O.iM pyridinium perchlorate in DMF containing 1 g of naphthalene.). 

Polarography of indium o&ate 

A well-defined wave was recorded under the conditions described, with the DlM pyridine-01M perchloric 
acid electrolyte. Whilst aqueous pyridine and DMF perchloric acid solutions were preferred, the respective sol- 
vents could be interchanged, so long as the amount of water in the final solution remained the same, as too high 
a water concentration restricts the sofubility of the naphthalene. The pyridine should be added before the acid. 
When no water is added, distorted waves are recorded. 

Effect of the naphthalene concentration 

Amounts of naphthalene from 0 to 2.4 g, as a 30% solution in DMF, were added to the test solution, and 
found to have no effect on the diffusion current. The upper limit was determined by the solubility of the naphtha- 
lene. 

Effect of water and oxine concentrations 

The results obtained from separate series of experiments are summarized in Tables 1 and 2. 

The electrode reaction 

The wave-height was found to be proportional to the square root of the height of the mercury column over 
the range 33-73 cm, indicating that the electrode process is diffusion-controlled. A plot of log i/(i,, - i) vs. E gave 
a straight line with slope of 61 mV and intercept -0.715 V, which does not correspond to a reversible three- 
electron reduction of the indium. However, indium in aqueous perchlorate solutions does not undergo reversible 
reduction either, and in the non-aqueous medium the presence of the solvent molecules around the electrode 
may well lead to preferential adsorption of these species, thus hindering the process of electron-transfer and slow- 
ing down the reaction considerably.g 

Table 1. Effect of the amount of reagent on the polarograms of indium oxinate 

Reagent added, i,, 
mg mm 

E,, 
- V(SCE) Remarks 

090 56 @72 
3.75 56 0.75 
750 56 0.76 

11.25 56 0.78 
1590 55 @80 
2250 48 0.80 
3000 42 0.85 Upper plateau 

slightly distorted 

Amount of indium oxinate taken was equivalent to 72 fig of indium. Pyridinium perchlorate 01M. Naphtha- 
lene added: 1.0 g. 
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Table 2. Effect of water on the polarograms of indium oxinate 

Water added, r& 
F?ll mm 

O*OO 56 
0.20 56 
0.40 56 
0.50 56 
070 54 

O-72 
0.72 
0.72 
0.72 
@72 

Remarks 

1.00 
l-20 
150 

46 
44 
40 

0.74 
O-74 
0.74 

Slight turbidity appeared 
Precipitate appeared 

Conditions as for Table 1. 

The wave-height was measured by the extrapolation method and found to be proportiona to the indium con- 
centration over the range @7-215 itl&‘ml. The diffusion current constant from the IlkoviE equation, I = 
~,~C-‘m-2/3,t-l/6 was 607, confirming that the method is as sensitive as most polarograpbsc, methods in 

aqueous media. The average relative error over the working range was 1.1%. The effect of pH on the efficiency 
of the extraction is shown in Fig. 2. Extraction was complete as long as more than 1.25 mg of oxine was used. 
As amounts greater than 15 mg affected the height of the wave, a value of 7.5 mg was adopted for the procedure. 
The minimum amount of naphthalene for quantitative extraction was @5 g. 

The extraction was usually from less than 50 ml of aqueous solution into 2 g of naphthaiene. When aliquots 
containing I44 fig of indium were taken, the recovery was >99”/, for up to 350 ml of aqueous phase, but fell 
for targer volumes. 

.-o 60 

40 

2 4 6 8 IO 12 14 

PH 

Fig. 2. Effect of pH on the extraction of odium. 

Interferences 

A number of anions and cations were tested for possible interference effects on the method, with 50 mg of 
salts of the anions being taken, and 1 mg of salts of the cations, as many other metals do extract under these 
conditions. Only EDTA was found to interfere; citrate, @osphate, azide, fluoride, borate, ox~te~~~~~~ate, 
tartrate, chloride, bromide, iodide, t~osuiphate, and carbonate did not, for 144 pg of indium. 

The following metal salts (l mg of each) did not a&et the determination of 144 pg of indium: uranyl acetate, 
lead nitrate, sodium tungstate, chromium nitrate, iron(II1) Chloride, copper sulphate, sodium vanadate, bismuth 
nitrate, thallium(I) nitrate, silver nitrate, mercury(n) chloride, sodium molybdate, nickel chloride, zinc nitrate, 
potassium titanium oxalate. tin(N) chloride and cadmium chloride. 
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Summary-Indium has been extracted as its oxinate into molten naphthalene, the naphthalene 
allowed to sohd$y and then s,eparated,and dissolved in dimethylbrmamide, and the indium deter- 
mined polarographically in dimethylformamide medium with pyridium perchlorate as supporting 
electrolyte. 
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DETERMINATION OF CY STEINE, 3-MERCAPTOPROPIONIC, AND 
MERCAPTOSUCCINIC ACID WITH NEUTRAL HEXACYANOFERRATE(II1) 

(Received 22 October 1973. Accepted 12 April 1974) 

Hexacyanoferrate(II1) has been extensively employed for quantitative determination of mercaptans according to 
the reaction : Id4 

2RSH + 2[Fe(CN),]“- + RSSR + 2H+ + 2[Fe(CN),14-. 

The unreacted reagent is then determined iodimetrically.4 However, error can arise from the partial reaction of 
liberated iodine. This disadvantage is avoided in the proposed procedure by reducing the excess of hexacyanofer- 
rate(III) with ascorbic acid and titrating the excess of ascorbic acid with iodine or by titrating the excess of hexa- 
cyanoferrate(II1) directly with ascorbic acid. 

Reagents 

EXPERIMENTAL 

Potassium hexacyanoferrate(ll1) solution, 0.05M. Prepared daily by dissolving accurately weighed analytical- 
grade reagent in distilled water, and stored in the dark. Standardized by the experimental procedure, and by iodi- 
metric assay.5 

Samples. Cysteine hydrochloride, 3-mercaptopropionic and mercaptosuccinic acid. 
Buffer solution. Phosphate buffer @H 7) prepared by dissolving 117.7 g of K2HP04 and Ml g of KH2P04 

in 1 litre-of water. 
All other chemicals were reagent grade. 



74 SHORT COMMUNICATIONS 

Acknowiedgemenr-The authors wish to thank the Japanese Society for the Promotion of Science for the award 
of a Fellowship to one of them (B.K.P.). 

Department of Chemistry 
Faculty of Science 
Kyoto Unioersity 
Kyoto, Japan 

Department ofChemistry 
Punjabi University 
Patiala 
Punjab, India 

T. FUJINAGA 

B. K. PURI 

REFERENCES 

1. L. Meites, Polarographic Techniques, 2nd Ed. Interscience, New York, 1967. 
2. T. Fuiinaga, T. Kuwamoto and E. Nakavama. Talanta. 1969.16. 1225. 
3. T. Fujinaga, T. Kuwamoto, T. Yonekub;, and’M. Satake, BunseLi Kagaku, 1969,18, 1113. 
4. T. Fujinaga, M. Satake and T. Yonekubo, Talanta, 1972,19,689. 
5. T. Fujinaga and B. K. Puri, Bull. Inst. Chem. Res. Kyoto Univ., 1973,51, no. 5. 
6. Idem, 2. Anal. C&m., 1974,2$9,340. 
7. H. Flaschka and F. Sadek, ibid., 1956,149,345. 
8. W. Geilmann and F. W. Wr&gle, Z. Anorg. Allgem. Chemie, 1932,289, 129. 
9. A. I. Molodov and V. V. Losev, Elektrokhimiya,l965,1,651. 

Summary-Indium has been extracted as its oxinate into molten naphthalene, the naphthalene 
allowed to sohd$y and then s,eparated,and dissolved in dimethylbrmamide, and the indium deter- 
mined polarographically in dimethylformamide medium with pyridium perchlorate as supporting 
electrolyte. 

T&n& Vol. 22, pp. 74-75. Pcrgamon Press, 1975. Prmted m Great Britam 

DETERMINATION OF CY STEINE, 3-MERCAPTOPROPIONIC, AND 
MERCAPTOSUCCINIC ACID WITH NEUTRAL HEXACYANOFERRATE(II1) 

(Received 22 October 1973. Accepted 12 April 1974) 

Hexacyanoferrate(II1) has been extensively employed for quantitative determination of mercaptans according to 
the reaction : Id4 

2RSH + 2[Fe(CN),]“- + RSSR + 2H+ + 2[Fe(CN),14-. 

The unreacted reagent is then determined iodimetrically.4 However, error can arise from the partial reaction of 
liberated iodine. This disadvantage is avoided in the proposed procedure by reducing the excess of hexacyanofer- 
rate(III) with ascorbic acid and titrating the excess of ascorbic acid with iodine or by titrating the excess of hexa- 
cyanoferrate(II1) directly with ascorbic acid. 

Reagents 

EXPERIMENTAL 
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Procedures 

1. To a 10-ml portion of sample solution in distilled water containing @05-1.0 mmole of mercaptan, add 5 
ml of p osphate buffer. Swirl the solution whilst adding 25 ml of hexacyanoferrate(II1) solution. Continue the 
swirling for about 1 min, tben add a measured excess of @OS&f ascorbic acid, 1 g of zinc sulphate and 5 ml of 

: 1M hyd ocbloric acid; titrate the residual ascorbic acid with 004iV iodine in the usual mariner.... a blank deter- 
mination. 

2. Alternatively titrate the residual hexacyanoferrate(II1) with 002M ascorbic acid after adding 1 ml of Six 
sodium 2,6-dichlorophenolindophenol solution to the reaction mixture; at the end-point the dye is bleached. An 
indicator blank correction must be applied. 

RESULTS 

In Table 1, results for the detcrmhiatjbn of three mercaptans with hexacyanoferrate(III) and’ those obtained 
with established methods are given. Procedure 1 is&tvenient’rtnd weR suited for routine analysis. A solution 
of niercaptosuccinic acid shown to be @03952M by procedure 1, when analysed by procedure 2 had a mean value 
of OQ395OM (8 determhmiions, reIative stimdard deviation @loA. 

With o-mercaptobenxoic acid the results were Iow and the method is not recommended for this mercaptan. 

Table 1. Determination of mercaptans with hexacyanoferrate(II1) 

Mercaptan 

Cysteine 
+Mercaptopropionic acid 
Mercaptosuccinic acid 

Apparent purity, % 
Present No. of 

methad* Comparison method detns. 

” 98+6 98.9 o-iodosobenxoate oxidtttiot$‘,’ 10 
99.7 995 Hg*+ titrations 6 
98.3 98.2 Hg*+ titrations 8 

* Mean deviations for the three mercaptans tested were in the range @2-03% (Procedure 1). 
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Summary-Two procedures are proposed for the determination of -SH groups. In both a known 
amount of hexacyanoferrate(II1) is added to the sample and the excess is then determined In one 
procedure an excess of ascorbic acid is added and the excess of that is titrated with iodine. In the 
other, the excess is determined by direct titration with ascorbic acid: Roth procedures avoid errors 
resulting from side-reactions of iodine which takes place if the excess of hexacyanotbrrate(III) is 
reacted with potassium iodide. 
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EXTRACTION TITRIMETRIC DE~RM~A~ON OF COPPER 

(Received 14 January 1974. Accepted 4 June 1974) 

Exchange reactions between metal ~~i~~~~~ and certain other metals have been reported. Lead diethyl- 
dnhmcarbamate has been used for the determination ~fcopp-er,‘-~ and there is one reference to exchange paac- 
tions of xanthates.’ f+ead x@hate solution in carbon tetrachloride iscolowrless and that of copper xanthate 
is d&k brown. Thus this system is suitable for extractive titration, the end-point corresponding to the stage when 
no copper is left in the aqueous phase to participate in the exchange reaction, i.e., no brown colour appears in 
the organic phase. 

Reagent 

EXPERIMENTAL 

Lead xanthate. Prepared by mixing solutions of lead acetate and twice crystallized potassium ethyl xanthate 
[first from acetone-benzene (,l:4 v/v), then from acetone-petroleumetheher (1: 8 v/v)] in stoichiometric amounts. 
Wash the lead xanthate thoroughly with distilled water, recrystallize it twice from chloroform and dry it in uacuo. 
Check the purity by decomposing a sample with nitric acid (1:2X diluting and titrating with standard EDTA 
solution at pH 5-6 (hexamine buffer. Xylenol Orange as indicator#:,Prepare a 2.5 x 10e4M solution in carbon 
tetrachloride. 

Procedure 

Take an aliquot of sample solution, containing 60-750 lug of copper, in a separating funnel, dilute it to 25-35 
ml with distilled water, and adjust the pH to 2-5 if necessary. Add the titrant in l-ml portions, shaking for about 
30 set and separating the extract after each &iti~n Continue until the e&act is colourless. Repeat the titration, 
adding (in one portion) 1 ml of -CJ~GFI 121 . 1 hJn that used in the first titration, then continue, with addition 
of reagent in @l-ml portions until the extract is colourless. Add about 05 ml of carbon te~ac~oride along with 
the reagent to ensure proper mixing of the phases. 

Procedure for the analysis of alloys 

From knowledge of the expected amount of copper in the alloy, enough sample to give a 0%%-0601M copper 
solution is dissolved in nitric acid, the solution is digested on a water-bath, any hydrous stannic oxide is filtered 
off, and the solution is diluted to the appropriate standard volume. Copper is determined in an aliquot by the 
procedure given above. Results for some real samples are given in Table 3. 

RESULTS AND DISCUSSION 

A fast exchange reaction takes place between copper(H) and, lead xanthate. The stoichiometry of the reaction 
is always 1: 1. The solution of lead xanthate is quite siabfe and its strength d_oes not ‘change on storage or on 
~eatment with dilute solutions of minerai acids (PH > 1) or sodhun hydrbxide (PII < IO). It was found that the 
exchange is very fast at pH 2-5 and about half a minute is required for complete exchange. However, with further 
increase of pH, the reaction becomes slow and the separation of the phases becomes difficult. 

Accuracy and precision 

Amounts of 60-750 a of copper in a volume of 20-35 ml can be determined with an error of <: 1% (Table 
i). Twelve replicate ~~rmi~tions of 127 s of copper never gave a deviation of more than 1.3%. 

Interferences 

Interferences were studied by titrating 127 ng of copper in the presence of other metal ions, and the results 
are tabulated in Table 2. Under the conditions used nickel, cobalt, iron, manganese, zinc and lead give no 
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Table 1. Determination of copper 

Copper taken, m Copper found, w 

64 63 
127 126 
254 255 
508 509 
762 763 

Table 2. Interferences in determination of 127 pg of Fopper 

Interfering 
metal ion 
added, mg 

Co(II) 40 
Ni(I1) 40 
Fe(II1) 40 
Cd(I1) 40 

Copper found, 
i%l 

128 
128 
128 
128 

Interfering 
metal ion 
added, mg 

Mn(I1) 40 
Zn(II)40 
Pb(I1) 40 
TUI) 5 

Copper found 
.Y 

128 
128 
129 
129 

Table 3. Analysis of some samples 

Sample 

TISCO 

NBS 162 

BCS 183 

Copper content, 
y0 (certificate 

value) 

86.5* 

28.9 

85.5 

Other important 
constituents. “/, 

Sn 8.77; Zn 1.5; 
Pb 1.48; Ni 1.16; 
Fe 040 
Ni 66.38: Mn 234 

Sn 996; Zn 1.86; 
Pb 1.83; P 0.25; 
Sb @24; Fe Oa7; 
Ni 0.04; As OG6 

Copper found, % 

86.4; 87.0; 
87.0 

28.5; 28.5; 
28.7 
85.0; 85.0; 
85.6 

* Standardized according to kdivec and Va-&k’. 

exchange with lead xanthate and so do not interfere, making the method selective for the determination 01 copper 
in alloys and ores. 

Silver, mercury and bismuth interfere strongly. 
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Summary-Lead xanthate undergoes a quantitative, stoichiometric and fast exchange reaction 
with copper( even near the equivalence point, making it a suitable reagent for an extraction 
titration of copper. Many other metal ions do not participate in exchange reactions with lead xan- 
thate. making this method selective for copper. 
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NILE BLUE AND BRILLIANT CRESYL BLUE AS REDOX 
INDICATORS IN IRON(I1) TITRATIONS 

(Received 17 July 1973. Revised 15 July 1974. Accepted 24 August 1974) 

Both Nile Blue (NB) (C.I. No. 51180) and Brilliant CresyI Blue (BCB) (C.I. No. 51010) are related to diamino- 
phenoxaxine. Their indicator properties have been reportedie3 earlier; they conform to an oxidation-reduction 
equilibrium similar to the one for the parent compound 

Colourless form 

“..Qx&H* + 2H+ + 2e 
dt 

Coloured dye 

with or without detectable formation of an intermediate. They generally find application as indicators with strong 
reducing titrants such as titanous chloride.. The present communication describes the use of these two compounds 
as redox indicators in titrations of iron(I1) with some common oxidizing titrants. The colour change in these 
titrations depends on an oxidative mechanism of the coloured dye. 

EXPERIMENTAL 

Reagents 

Potassium dichromate, cerium(IV) sulphate and sodium vanadate solutions were prepared and standardized 
as already described.’ Cerium(IV) ammonium nitrate solution, 0.05M was prepared in 1M perchioric acid and 
standardized against sodium oxalate. Potassium permanganate solution, 0.05 N was prepared with water that 
had been distilled over permanganate, and was standardized against sodium oxalate. Iron(I1) ammonium sul- 
phate solution, DlM was prepared in 1N sulphuric acid from analytical-reagent grade material. Aqueous 0.1% 
solutions of Nile Blue and Brilliant Cresyl Blue were prepared from commercial samples without further purili- 
cation. The indicator solutions are stable for more than 6 months. 

Most of the information concerning the results of the various iron(I1) titrations has been included in Table 
1. A 005-0.1sml amount of NB or O~D-0~20 ml of BCB is generally used per 50 n$ of titration mixture. 
Titrations of 15-28 mg of iron(I1) with use of either indicator ‘have given results which are correct to within 
+0.2%. The colour changes are sharp, vivid and complete although the -end-point colours are not permanent 
and last for only a few seconds (2-120). In titrations with cerium(IV) ammonium nitrate in perchloric acid 
medium, a permanent pale-pink colour (irreversible) that results at the end is, however, without effect on the 
sharpness of the usual colour change. In titrations in fairly concentrated sulphuric acid medium the titration mix- 
ture is occasionally cooled to obviate the effect of the temperature rise during titration. Since in this medium 
the life of the pink intermediate is somewhat increased, a few titrations using the oxidant as titrand are possible 
but only if the indicator is added close to the equivalence point; they do not seem, however, to be of any practical 
application. The indicator correctjons range from 0.03 to 0?8 ml of O*OlN titrant but it is best to determine 
the indicator correction in every case under the exact conditions of titration, owing to possible variation in the 
composition of the commercial products used as indicators. 

Cerium(IV) sulphate titration oi lronfl II ohtaincd from iron(II1) by the stannous chloride-mercuric chloride 
method or the Jones method can JIW TV done ~~dx~ord~, using either indicator. 

Interferences 

Amounts of i4 mg of cobalt(H), 25 mg of nickel(n) and 9 mg of arsenic(III) did not interfere in the titration 
of iron(I1) with cerium(IV) sulphate. Tungstates hindered the colour change but this could be overcome by 
titration in 20 N sulphuric acid medium. 
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DISCUSSION 

The colour change at the end-point with either NB or BCB as indicator depends on the oxidation of the dye 
to a coloured intermediate which can undergo a reversible reduction or an irreversible oxidation. The oxidation 
mechanism of these dyes may be compared to the stepwise oxidation of aromatic diamines leading to strongly 
coloured substances which are designated as free radicals.5-7 The oxidation of a diaminophenoxazine derivative 
may then be formulated as 

Coloured dye Intermediate oxidation product 
(pink) 

the free radical being stabilized by resonance. On further oxidation, the tiee radical Seems to yield a very labile 
di-imonium compound which apparently passes into colourless products. The relative stability of the interme- 
diate in a strong acid medium may be attributed to the protonated species, viz., a doubly-charged free radical 
cation with a symmetrical charge distribution, being favoured relative to the unprotonated form. 

A spectrophotometric study was made to establish that the indicator mechanism involves a reversible redox 
change. A quickly reduced intermediate oxidation product in 18 N sulphuric acid was identified as the original 
dye (NB) by determination of the absorption spectrum (J.,, = 450 nm), but the recovery of the dye was low 
presumably owing to some irreversible oxidation. 

NB can be used in the titration of iron(I1) with various oxidizing titrants, but both NB and BCB are useless 
in the reverse titrations. They work in the iron(cerium(IV) titration over the range l-20 N sulphuric acid 
medium. Ferroin and N-phenylanthranilic acid4 do not work in a sulphuric acid medium more concentrated than 
14 and 6 N resnectivelv; the dicarboxylic acids of diphenylamine, which are recommended**’ for titrations in 
15-20 N sulphiric acid medium, need-large ‘indicator-corrections. In view of their vivid colour change NB and 
BCB can be used in titrations even in the presence of coloured ions; they are to be preferred to triphenylmethane 
dyes in these titrations because of their smaller indicator corrections. Further, they can also be used in the deter- 
mination of iron(II1) after its reduction with stannous chloride or zinc. 
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Summary-Nile Blue and Brilliant Cresyl Blue, two compounds related to diaminophenoxazine, 
have been studied as indicators in titrations of iron(I1) with cerium(IV) (in hydrochloric, sulphuric 
and perchloric acid media), dichromate, vanadate and permanganate. They are particularly suited 
for titrations in a fairly concentrated sulphuric acid medium and for titrations with dilute solu- 
tions. A probable indicator mechanism is suggested. 
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ANIOk-EXCHANGE SEPARATION OF Te(IY) .FROM Te(VI), Se(IV) AND 
Se(W) ON DEAE-CELLULOSE IN MIXED HYDROCHLORIC-ACETIC 

ACID MEDIA 

(Received 11 March 1974. Accepted 25 June 1974) 

Only a few metals have been found to be adsorbed on DEAE-cellulose strongly enough to allow column sepa- 
rations from aqueous mineral acid media.‘-’ However, enhanced ion-exchange adsorption of metals on DEAE- 
cellulose has been obtained by the addition of an organic protic solvent to the aqueous mineral acid media such 
as hydrochloric’acid6 nitric acid’** and hydrochloric acidthiocyanate solutions9 Previously methanol has been 
used as the protic solvent in mixed media involving h&~<hh;r ib J< i d 6 nitric acid’ and hydrochloric acid-thio- 
cyanate solutions9 A mixed nitric acid-acetic acid rne~ WF J~I,>w<~ greater ion-exchange adsorption of nitrate 
complexes on,DEAE-cellulose than did mixed nitric acid-methanol media.’ 

In this study we found that TeiIVj \rcis not adsorbed on DEAE-cellulose to any great extent from aqueous 
hydrochloric acid solutions, but the mtrodu~tion of acetic acid enabled Te(IV) chloro-complexes to be adsorbed 
strongly. This provided a basis for the separation of Te(IV), from Te(VI) as well as Se(W) and Se(W). Recent 
progress in ion-exchange separations of Te(IV) on exchange resins has been reviewed by Korkisch.” 

EXPERIMENTAL 

Selectacel DEAE-cellulose (diethylaminoethylcellulose), 0.95 meq/g (Brown Co., Berlin, N.H., U.S.A.) was used. 
Ten g of DEAE-cellulose were slurried with 200 ml of 012M hydrochloric acid, placed in a conventional column 
and washed with 0.12M hydrochloric acid-1M ammonium chloride solution. The DEAE-cellulose in the chloride 
form was then washed by centrifugation with demineralized water until the pH of the supernatant was 2.535. 
After thorough washing with methanol to remove the adsorbed water, the DEAE-cellulose was dried at 40” for 
5 hr and stored in a desiccator containing saturated potassium bromide solution. 

Stock solutions of Te(IV) and Se(IV) were prepared from weighed amounts of the elements to contain z 7 mg 
of Te(IV) per ml of 1M hydrochloric acid and _ 40 mg of Se(IV) per ml of water respectively. Solutions of Te(V1) 
and Se(V1) were prepared by dissolving sodium tehurate and sodium selenate in 1M hydrochloric acid to yield 
4 5 mg of Te(V1) per ml and 4 40 mg of Se(V1) per ml, respectively. The stock solution of Te(VI) was standardized 
by taking an aliquot, reducing to metal with hydrazine dihydrochloride, dissolving the product in aqua regiu 
and determining calorimetrically with stannous chloride. ri The stock solution of Se(V1) was standardized chelo- 
metrically as outlined later. 

The distribution coefficient of Te(IV) was determined by a batch equilibrium method. The DEAE-cellulose 
(1.0 g) was weighed and placed in glass-stoppered Erlenmeyer flasks containing 5 pmole of Te(IV) and 40.0 ml 
of appropriate hydrochloric acid-acetic acid mixtures of varied composition. The mixtures were shaken mechani- 
cally for 24 hr at 25.0 + 0.1”. The separated aqueous phases were analysed for tellurium and the distribution 
coefficient K, was computed according to: 

K, = 
(amount of Te in DEAE-cellulose phase/g of DEAE-celh~lose) 

(amount of Te in solution phase/ml of solution) 

The coefficients for Te(VI), Se(IV) and Se(W) were determined by a column method. One ml of solution contain- 
ing 5 Rmole of the element was loaded onto a column (1.5 x 75 cm) containing 1 g of DEAE-cellulose, and eluted 
with a mixture of hydrochloric acid and acetic acid of varied composition at a flow-rate of.2 mI/min. The coefii- 
cient was calculated by means of the equation Kd = (V,,,,,- V,)/M, where Vmaxis the retention volume (ml), V, 
the void space (ml), and M the weight of DEAE-cellulose used (g). 

Absorbance measurements at fixed wavelengths were made with a Hitachi Perkin-Elmer 139 Spectro- 
photometer. For the construction ofabsorption curves a Hitachi 124 Double Beam Spectrophotometer was used. 

Procedure 

Slurry 1 g of DEAE-cellulose with 50 ml of a mixture of 1 M hydrochloric acid and acetic acid (1: 9, v/v), and 
pour the slurry into a conventional column (bore 1.5 cm), the bed being 7.5 cm long. Load 10-30 ml of a sample 
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solution, in the mixed solvent of c 1M hydrochloric acid and acetic acid (1: 9, v/v), on to the top of the column 
and allow it to percolate at a flow-rate of 2 ml/min. Wash the column with about 45 ml of the same mixed acid 
to remove Te(VI), Se(IV) and SefVI). Strip Te(IV) by elution with 45 ml of @l&f hydrochloric acid. 

EJIuennt ~~Zysis. Determine Te(IV) and Se(IV) s~c~ophotome~i~~y with sta&ous chloride” and 3,3’-dia- 
mino~~i~ne,’ ’ resnectivelv. For TefVB reduce first with hvdrazine ~hv~~~oride to the element, dissoive 
this in aqua ret&, treat with~hyd&h&ic &id, and subsequently determine ~ro~~ot~me~~lly with stan- 
nous chloride. When a large quantity afiSe(IV)or Se(V1) is involved, evaporate the eRIuent to dryness, treat with 
potassium permanganate, and precipitate lead selenate at pH 2 _ 3 by adding lead nitrate solution. Add ethanol 
to yield a 30% ethanolic solution and let stand for 30 min to complete the precipitation. Dissolve the precipitate 
in excess of EDTA and back-titrate with @OlM manganese(B) sulphate, with Eriochrome Black T as indicator.” 

RESULTS AND DISCUSSION 

In Table 1 the distribution coefficients ofTe(IV), Te(VI), Se(IV) and Se(V1) on DEAE-cellulose in _ 1M hydro- 
chloric acid-acetic acid media are given ar a iunction of acetic acid concentration The cocfficirlo~ increases regu- 
larly with mcreaslngconcentratton ofaceticacid but theadsorptipn’isgenerallylow for TefVTk Setl’V~ and !+#I) 
over the acetic acid concentration range tested. Te(IV) is adsorbed strongly on DEAE-cellulose at htgher con- 
centrations of acetic acid. The adsorption of Te(XV) is affected to a lesser extent by the concentration of hydra- 
chloric acid, as shown in Table 1 b. The adsorption behaviour of Te(IV), Te(wII), Se(N) and Se(VI) in mixed hydro- 
chloric acid-acetic acid media will provide a basis for the selective separation of Te(IV) from the other three 
species. For the pairs T~~Te~I~ Taco) and T~IV~~~ m various proportions, quantitative sepa- 
rations were conducted on DEAE-cellulose colunins by adsorpticn of TefJV) from s l&f hydrochloric acid-ace- 
tic acid (1:9, v/v). The results are summarized in Table 2. About 6 rrmole t&749 mg) of Te(IV) can be quantitati- 
vely separati from .lO times as much TeJVI), 1000 times as much Se(Tvl and IO0 times as much Se(V1) (on a 
mole basis). The limited solubility of sodium tellurate in the mixed acid-did not increase the permissible ratio 
of Te(V1) to Te(IV). 

Table 1. Distribution coefficients of TejIV), Te(VI), Se(IV) and Se(V1) on 
DEAE-cellulose 

a 0*93M HCl-acetic acid media 

95 90 

Te(IV) >103 550 
Te(VI) 17 8 

2:; 
<5 <5 
27 14 

b Ha-acetic acid media (1:9, v/v) 

Q47 0.93 

Te(IV) 710 550 

Acetic acid, % v/v 

80 70 60 40 

67 13 <5 <5 
-5 <5 <5 <5 
<5 <5 <5 <5 
10 -5 <5 <5 

IPa, M 
1.9 3.9 5-8 7.7 

530 470 310 280 

Runs 6-8 show the effect of increasing the loading of Te(IV) (on a l-g DEAE-cellulose column) while keeping 
the amount of Se(IV) constant. A load as high as 22.1 mg of Te(IV), was held oh the column, being separated 
effectively from 42.7 mg of Se(IV). Further increase of Te(IV) resulted in break~roug~ causing incomplete 
recovery (run 8). 

Because of the transparency of swollen DEAE-cellulose, we attempted to record the spectrum of the greenish 
yellow Te(IV) species adsorbed on the DEAE-cellulose. DEAE-ceilulose swollen in the same medium was used 
as a reference and the spectrum obtained is illustrated in Fig. 1. The absorption curve in the short wavelength 
region was not recorded because of the scattering of the ultraviolet light by solid DEAE-cellulose. 

For the purpose of comparison the visible-region spectrum of Te(IV) chloro-complexes in 11.6&f hydrochloric 
acid and successive spectra of Te(IV) species in the mixed hydrochloric acid-acetic acid solutions are given. All 
the spectra resemble each other closely, with an absorption ~ximu~ at around 374 nm. Even though the overall 
chloride sensations are as low as 1+16-@29M for the mixed acid solutions tested (curves 3-Q the chloro- 
complexes formed in them are likely to correspond to those formed in concentrated hydrochloric acid solutions 
(9-12M).i3 In pure aqueous hydrochloric acid as dilute as 1.16&f the absorption maximum at 374 nm did not 
develop at all (curve 8). Therefore, we see that Te(IV) chloro-complexes in solution are stabilized in the presence 
of acetic acid: 
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Table 2. Separation of Te(IV) 

Run 
Te(W Foreign species 

Added, nte Recovery, % SpecieS Added me Recovery, % 

:. 
3 
4 
5 
6 

; 
9 

10 

t3749 a!#6 
0749 lQo@3 
0.749 99.5 
a749 loo*.5 
0.749 99.9 
7.37 999 

22.1 995 
36% 88.3 
0.749 99.5 
0.749 98.7 

O-560 102.7 
5.60 104~8 
0.427 91.9 

42.7 99,s 
427 995 
42.7 99.8 
42.7 99.8 
42.7 * 

4.14 97.6 
41.4 100~0 

* Not determined. 
Averages of three determinations listed. 

In _ IM hydrochloric acid-acetic acid (1:9, v/v)% peak at 3?4 am disappeared (curve 7), but Te(IV) com- 
plexes were adsorbed to a significant extent from this medium on DEAE-eelluloS (Table la), the adsorbed spe- 
cies exhibiting an absorption curve (curve 1) similar to those obtained in the other media (curves 2-6). This is 
evidently due to the presence of a high concentration of chloride ions in the s\riollen DEAE-cellulose phase and 
subsequent formation and stabilization of chloro-complexes in the DEAE-cellulose phase. 

Wavdength, nm 

FIG. 1. AbsorRtion spectra: 1: Te(IV) adsorbed batchwise on DEAE-ceRulose from 0-93M hy 
drocbloric acid-acetic acid (1:9, v/v); approxi~~l~ 25 MJ of TeGV) per ml of swollen DEAE- 
ceRulos&; 2: T~~V)~or~~lexes in 116M hying acid; Te(IV) 40 &ml; 3-7: Te(IV) 
.cMoro-eomplexee in xM hydrochloric acid-acetic acid .(1:9, v/v); Te(lv) #&ml. Hydro- 
chloric aoid cogcentrations were: 11*6M for curve 3, 8-7M for curve 4, 5*8M for curve 5, 2.9h4 
for curve 6 and @93M for curve 7; 8: Te(IV) specie&in 1.16M hydrochloric acid solutiong Te(IV) 

40 /&xl. 



In order to have stable Te(IV) ~hioro~mplexes form in aqueous solution, it is necessary either to keep the 
hydrochloric acid concentration high or to add enough protic solvent such as acetic acid to the hydrochloric 
acid solution, enabling the ehloro-complexes to be formed at a lower concentration of hydrochloric acid. In the 
ion-exchange system, however, chloride ions cumpete for the ion-exchange sites with chforocomplexes, so it is 
a primary requirement to keep the competitive chloride concentration as low as possible without appreciable 
dissociation of the chloro-complexes. This can be accomplished in mixed hydrochloric acid-acetic acid media 
(Table la). A lower concentration of hydrochloric acid is sufficient for the anion-exchange in the mixed media, 
which is in accord with the slight dependence of the distribution coetftcients of Te(IV) on hydrochloric acid con- 
centrations (Table lb). 
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Chalcogenide glasses (GezsSbl$eeO or Ge,,As,,Se,,) are known to have optical properties which make them 
well suited for use as windows in high-intensity CO, lasers. is2 Their quality is, in part, dependent on the levels 
of impurities found in the finished product. Among possible contaminants, oxygen is most likely to affect the 
performance af the infrared~tiil material and is also most likely to be present as an impurity, either from 
trace oxides itttroducad during the preparation step or already present in the starting reactants From the ana- 
lyst’s standpoint, this poses a challenging problem of measuring trace levels of oxygen in chaICogeni& materials. 
Therefore, to be suitable, an analytical procedure must be sensitive, selective and free frum reagent blanks. In 
this respect, of the currently available techniques, charged-partible activation a~~~~~~ appears best suited 
in this case. CPAA, and more specifically 3He activation, has already been applied successfully for sub-ppm 
oxygen determinations in many ~~-purity materials3-” 



In order to have stable Te(IV) ~hioro~mplexes form in aqueous solution, it is necessary either to keep the 
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SHORT CoyDIuNtCATiDNS s5 

In this paper we report on the application of CPAA to the aon-destru&ve ~~rrn~at~on of oxygen in chalco- 
genide glasses. Attention was focused in particular on the station of the 3He ~rnb~d~nt energy and 
the validity of the post-irradiation chemical etch used for removing surf& oxygen contamination. 

Irradiations 

EXPERIMENTAL 

Irradiation with “He ions was carried out at the Texas A & M University variable-energy cyclotron. Typical 
irradiation conditions were nominal &am energies of _ 8 MeV for 2 hr at beam intensities of 0.2 4. The low 
beam intensity was found to be necesary to avoid sample damage by ftacturing or melting. The experimental 
arrangement has been previously described in its entirety.3 

Samples 

The chalcogenide glasses of chemical composition either Ge~sSblzSe,, (Nb. 11.73) or C%~ssAs&e~~ (No. 20) 
were supplied by Texas Instruments Inc., Dallas, Texas. Thin mica foils (muscovite) were irradiated along with 
the samples and served as oxygen standards for quanti~tjon. 

&king 

A post-irradiation etch has been found necessary to remove surface and recoil contamination., T&is was accom- 
plished by several etchings of the irradiated surface with I-10&2 potastim hydroxti to a total depth of 10-15 
firn. Etching times typically totalled 5 min, The validity of the chetnical-etcb prousdute wasverified by compari- 
don of oxygen &ues found on~diffzrent’sampies of the same glass, each being et&d at different depths. The 
results will be discussed later. 

Counting and quantitation 

The 8’ annihilation radiation (0,511 MeV) from ‘*F produced via the 16q3He, p)‘sF reaction was moni- 
tored with a y-y coincidence system employing two 3 x 3 in. NaI(Tl) detectors. The presence and identity of 
other matrix activities was checked by counting with a Ge(Li) y-spectrometer system. 

This counting combination aidedin the decay-curve re#ution for the 1 l%min (‘%) component. Quantitative 
calculation basedon use of mica monitor fails as standards were carried out by the equivalent thick- method 
described by Engelmann.‘z 

RESULTS AND DISCUSSION 

~~tirn~at~n of experimentaI beam energy 

Since tbe oxygen levels were expected to be greater than 1 ppm, non-destructive determination was attempted. 
The only way we could see to accomljlish this was to keep the ‘He energy below the Coulomb barrier of the 

Fig, 1. Opti~tion of ‘He ~rnb~d~nt energy for non-des~ctive oxygen termination in 
chalcogenkle glasses. 
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Table 1. Results of oxygen determinations in chalco- 
genide glasses 

Glass No. 
Oxygen content, 

PPm, Ml 

No. 1173-109 4.5 f 2.0 
No. 1173-107 5.5 f 2.0 
No. 1173-92 5-3 f 2.0 
No. 1173-P 4.0 f 2.0 

No. 20-102 88 f 2.0 
No. 20-98 5.5 f 2.0 
No. 20-P 6-O + 2.0 

glass constituents ( - 11 MeV for Ge). This approach has been reported previously for non-destructive analysis 
tor oxygen in prmanium with 65-h&V ‘He beart~s.‘~~r~ 

The optimum heam energy was considered to bea compromise dictated by the lower matrix activity at lower 
energies and the larger sample ,volume activated at high energies. To arrive. at the beat experimental, energy, 
several samples of No. 1173 glass were irradiated at !He energies of 5-5-105 MeV and values for oxygen were 
calculated as usual. 

Figure 1 shows the results of these optimization experiments. As the energy approaches 6-7 MeV a maximum 
is reached in the ratio of ‘*F count-rate to long-lived background count-rate at a given oxygen content. At higher 
energies, the ratio is krwered owing to an increase in matrix activity (some tunnelling must certainly be occurring). 

Sample analysis 
On the basis of the experiments above, the chalcogenide glasses were analysed for oxygen, with beam energies 

of -65 I&V. The ahaTytica1 results are given in Table 1. Only glass No. 20-102 was significantiy higher in 
oxygen. The others can be said to be equal, within experimental error. Seven separate o&&r deteiminatians 
were performed to check the precision of the value, obtained on sample No. 20-102 and the method in general. 
The validity of the chemical etching procedure was also verified by these additional determinations since a non- 
uniform chemical etch could lead to high oxygen values owing to incomplete removai of surface oxide conmmina- 
tion. 

The results of this study on glass No. 2WfiO2 are presented in Table 2. No systematic trend seems to occur 
when the etch is made to any depth between 6 and 22 jnn. 

The precision calculated from these measurements indicates a 23% relative standard deviation at an oxygen 
level of 8.8 ppm. Since the remaining glasses were only analysed in duplicate, a larger error has been reported. 

CONCLUSION 

This paper reports another case in which the rather novel analytical technique of charged-particle activation 
analysis has been found very applicable in evaluation of developmental materials research and production pro- 
cesses. By optimization of the 3He irradiation energy and careful investigating of the chemical etching of irra- 
diated glasses, it has been found possible to detect as little as 1 ppm oxygen in chalcogenide glass material. 

Table 2. Glass No. 20-102 etching study, using 10N 
KOHM 

Depth of etch, 
lun 

Oxygen found 
ppm 

6.3 
6.3 

10.0 
12.0 
12.5 
20.3 
21.7 

7.6 
10.4 
8.0 
6.3 

11.3 
10.7 
75 

Mean 8.8 
Std. devn. 2@ 
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Summary-The 3He activation method for oxygen deter~nation was applied to chaicogenide 
materials such as Ge2sSbi,Seeo and Ges3As1&+. Attention was focused on the op~tion of 
the 3He bombar~ent energy for non-destructive oxygen deter~nation and the validity of the 
post-irradiation chemical etch used for removing surface oxygen conflation. The procedure de- 
veloped was tested on a series of chalcogenide glasses. The detection limit for this non-destructive 
technique using * 6-MeV ‘He is estimated at _ I ppm of oxygen. 
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ANALYTICAL DATA 

FORMATION CONSTANTS OF MERCURY(I1) WITH SOME 
BUFFER/MASKING AGENTS AND THE FORMATION OF 

MIXED-LIGAND COMPLEXES 

(Received 4 June 1974. Accepted 24 August 1974) 

In our work on the determination of mercury by means of complexometric titrations we have found a lack-of 
sufficiently consistent information in the literature’*’ about the interaction between mercury(H) and several 
buffers and/or masking agents. Therefore some. of these stability constants have been determined. The procedure 
followed was the same as described in our study on amino-acids.” 

Only a few data are available on the formation of mixed-ligand complexes with chelating agents such as EDTA 
etc. in solutions containing buffers and/or masking agents. The procedure introduced by Harju4 was applied 
for the determination of the stability constants in this case. 

EXPERIMENTAL 

AU chemicals were of “pro analyse” quality and used without further purification. The concentrations of the 
stock solutions were checked by titrations with standardized solutions. Sodium nitrate was added to the solutions 
to bring the ionic strength to 0.1 at the beginning of all experiments. Recause of the titration technique used 
a change of the ionic strength from 0.1 to Bl2 had to be= accepted. The temperature was kept at 25”. 

The mercury electrode was a gold electrode covered by a thin layer of mercury. Potential differences between 
the mercury electrode and a SCE were measured with a Radiometer PHM 4c compensation pH/mV-meter; pH 
measurements were made with a Radiometer expanded-scale pH-meter. The pH was varied by addition of 
sodium hydroxide solution or nitric acid from a piston-type burette (25 ml). In the calculations a correction was 
made for the dilution caused by the titration. 

RESULTS 

Table 1 shows the results obtained with some buffer/masking agents. Generally a pH range between 2.5 and 
9.5 was examined. The error is approximately 0.1 in the logarithmic value. 

In Table 2 the experimentally obtained stability constants of the mercury(I1) chelates and their monopro- 
tonated forms are given. A summary of literature values is included in this table, with the restriction that for 
values reported before 1962-63 the values selected by Ringborn’ are given. 

Table 3 shows formation constants of some mixed-ligand complexes. If no difference was observed between 
the potential us. pH curves in the presence and absence of the buffer/masking agents “no ev.” is inserted in the 
columns. A dash means that no measurements were made. 

DISCUSSION 

The values summarized in Table 1 almost all differ to a greater or lesser extent from previously published 
data. It is difficult to explain these discrepancies. We feel, however, that generally speaking measurement of both 
pH and pHg should yield more reliable information on composition and stability of mercury complexes. More- 
over our results cover a large range of pH values. 

The stability constants given in Table 2 deviate in some cases to some extent from the values found in the 
literature. In particular the values for the monoprotonated species are all slightly larger than those published 
earlier. As stated already by Schwarzenbach’i there is evidence that his value for the mercurv(IItTRIEN com- 
plex has to be attributed to a mixed TRIEN-halogen complex with mercury. This may expia‘in’why we found 
a smaller value in the absence of halogen ions. 

In our study on mixed-l&and complexes by Harju’s method we checked the values obtained by ReilIey 
and Schmid” on EDTA complexes. The agreement is quite satisfactory. 

In conclusion, several titrations of mercury(H) with the different chelating agents under several conditions have 
been performed. The experimentally obtained titration curves coincided with the theoretical curves calculated 
with the constants obtained: deviations were less than a few mV. 
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ANNOTATION 

DICHROMATE TITRATION OF THALLIUM(I) 

(Received 18 December 1973. Accepted 8 May 1974) 

The standard redox potential of the thallium(III)-thallium(I) couple is reported’ to be 089 V, which is very nearly 
the same as that of the chromium(VI)-chromium(III) couple.’ Though this potential is sufficiently high for the 
absence of oxidation of thallium(I) salts by atmospheric oxygen, several workers have observed the oxidation 
of thallium(I) salts by atmospheric oxygen in the presence of halide ions. 3-6 Thus the ioss of luminescence of 
thallium(I) salt solutions under ultraviolet light in the presence of chloride and hydrogen ions was found to be 
due to the aerial oxidation of the thallium(I) salts4 Oxidation of thallium(I) to thalli~(II1) in aqueous medium 
at pH less than 6 in the presence of chloride and bromide ions has also been reported5 Daiev et al6 thought 
it necessary to use an inert atmosphere to prevent aerial oxidation of thallium(I) to thallium(II1) in media contain- 
ing hydrochloric acid at high concentrations. Rae’ attempted a potentiometric titration of thallium(I) with chro- 
mium(V1) but thought that the titration was non-stoichiometric though there is a considerable potential differ- 
ence between the two redox systems (in media of high hydrochloric acid concentration). According to him the 
potentiometric titration is not satisfactory even in the presence of iodine mono&Ioride as catalyst. Buds and 
Erdey’ on the other hand reported a satisfactory potentiometric titration of thallium(I) with chromium(V1) at 
hydrochloric acid concentration > 5M, but did not find it necessary to use an inert atmosphere for the titration. 
All the oxidimetri.: titration methods for thallium(I) require the presence of chloride ions9 In view of these find- 
ings a study of the reaction between thallium(I) and chromium(W) in hydrochloric acid medium was undertaken. 

EXPERIMENTAL 

Reagents 

The thallium(I) and thallium(II1) solutions were prepared from thallous carbonate and standardized, as de- 
scribed earlier.” Other reagents used were analytical-reagent grade. 

Apparatus 

In the potentiometric titrations the potentials were measured with use of a bright platinum wire indicator elec- 
trode and a saturated potassium chloride-agar bridge. During all experiments the thallium solutions were kept 
under an inert atmosphere, as otherwise there was considerable oxidation of thallium(I) with atmospheric oxygen, 
especially in solutions containing hydrochloric acid at high concentrations. 

Formal redox potentials 

The formal redox potentials of the thallium(III~thallium(I) couple were measured in solutions of various hy- 
drochloric acid concentration and 0.025M in both thallium(I) and thallium(II1). Air was expelled from these solu- 
tions by saturating the solutions with nitrogen and keeping them under a nitrogen atmosphere. The potentials 
attained by the platinum electrode after 10-15 mitt were stable and were recorded. 

A mixture of 50 ml of concentrated hydrochloric acid and 40 ml of water in a 150-ml titration vessel is saturated 
with carbon dioxide by passage of the gas for a few minutes. An aliquot of thallium(I) solution is added and 
the potential acquired by a bright platinum electrode inserted in the mixture is measured against a saturated 
calomel electrode. The potential is then recorded after each addition of titrant and the equivalence-point is found 
in the usual way. 

Reasonably stable potentials are attained rapidly by the indicator electrode until near the equivalence point. 
At the equivalence point the stabilization of potential is rather slow, a few minutes wait being necessary before 
the measurement. The potential break at the equivalence point is about 150 mV for the addition of @05 ml of 
0.05N chromium(V1). 

Among other methods of detecting the end-point of this titration the extract& end-point method of Rae” 
and the chemiluminescent method of BtuSs and Erdey’ may be mentioned. No reversible redox indicator seems 
to have been reported. Ferroin, which is widely used in titrations with cerium(IVk has a formal oxidation poten- 
tial of 1.06 V,” and might function as a reversible indicator in the present titration. Experiments have shown 
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Table 1. Determination of thallium(I) by titration with potassium dichromate 
in 6A4 hydrochloric acid medium 

Thallium(I), mmole 
Taken Found 

00844 @0848 
0.1688 0.1682 
0.2532 0.2524 
03376 0.3372 
0.4220 0.4208 
0.6330 0.6300 

O-0485 OG483 
0.1309 @1315 
0.1455 01448 
0.1746 0.1744 
0.1940 0.1932 
0.2425 0.2423 

Method of 
detecting the 

end-point 

Potentiometry 

that ferroin is rapidly oxidized by dichromate, and ferriin is rapidly reduced by thallium(I) in media > 5M in 
hydrochlqric acid, and the indictor gives satisfactory results (Table 1). 

Tartrate and iron interfere in this titration of thallium(I) with dichromate. Other reducing agents which 
react with dichromate r&t also be absent. 

RESULTS AND DISCUSSION 

The formal redox potentials of the thallium(III)-thallium(I) couple, as determined in the present study, and 
those reported’ for the chromium(VI)-chromium(III) couple, in media of various hydrochloric acid con- 
centration, are presented in Fig. 1. From these results it is clear that while the formal potentials of the chromium 
system increase, those of the thallium system decrease with increase in the concentration of hydrochloric acid. 
Thus though the formal redox potentials of the two systems are comparable at low acidity, the difference between 
them increases considerably at high hydrochloric acid concentration, allowing a satisfactory oxidimetric titration 
of thallium(I) with chromium(W). 

Besides the thermodynamics, the kinetics of the reaction must also be favourable if the titration is to be satisfac- 
tory. The rates of the reduction of chromium(W) by thallium(I) were studied spectrophotometrically. The absorp- 
tion spectra of chromium(V1) and chromium(II1) between 340 and 600 nm do not vary much with variation in 

- CR (XI) -CR (ml system 
~TtmI,-TlcI, system 

460 I II II I II I / 
0 I2 3 4 5 6 7 6 9 IO 

Conc%ntratlon d hydrochloric acid, molorlty 

Fig. 1. Formal redox potentials of TI(III)/Tl(I) and Cr(VI)/Cr(III) systems in 
media. 

hydrochloric acid 
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0.3 

-05MHCl 

e I.OM WI 
-2.OM HCL 

0.2 -3OMHCI 
-4.OM HCI 
-5OM HCl 

o to 20 3040 so 60 708090 Ii0 120 

Tlfm. min 

Fig. 2. Effect of hydrochloric acid concentration on the kinetics of the reaction between Tl(1) and 
Cr(V1). 

hydrochloric acid concentration from 1 to 6M. Hence the reaction rate at room temperature (29”) was deter- 
mined by measuring the absorbance (at 360 nm) of mixtures in various acid media, as shown in Fig. 2. The results 
show that (if the speed of the reaction between thallium(I) and chromium(V1) increases with the concentration 
of the hydrochloric acid, (iQ the reaction does not appear to take place if the medium is MM or less in hydro- 
chloric acid, (iii) the reaction is quite rapid, complete and comes to equilibrium in less than 2 mm if the hydro- 
chloric acid concentration is > 5M. 

Similar experiments were also carried out at go*, the volume of the mixture being kept constant and the 
mixture not in contact with a~osph~ic oxygen. The reaction is then complete within 3 min, provided the hydro- 
chloric acid concentration is 3 3&f. When the acid is only 2&f, the reaction is not complete even after, heating 
for more than an hour. 

From these observations it is clear that the titration of thallium(I) with potassium dicbromate should be feas- 
ible provided the medium is > 5M in hydrochloric acid. The results obtained by application of the procedure 
are given in Table 1. 

That the effect of hydrochloric acid concentration on the potential of the thallium couple is due to the chloride 
ion was established by keeping the hydrogen ion concentration constant with percbloric acid and varying the 
chloride concentration, and by varying the acidity in the absence of chloride (Tables 2 and 3). However, according 
to the thermodynamics the titration should be feasible in 2M hydrochloric acid, and the necessity to use a much 

Table 2. Formal redox potentials of Tl(III)/n(I) system in mineral acids (us. N.H.E.), mV 

Concentration 
of acid, 

M HClOz, HN03 HISO* 
*H,PO* 

-I- 0.5M H$O, HCl 

0.10 1236 1279 1215 1205 862 
025 1255 1267 1212 1197 816 
050 1249 1252 1210 1188 782 
1.00 1249 1240 1216 1179 746 
250 1272 1224 1225 1166 682 
5.00 1330 1221 1230 1167 606 
750 1433 1230 1273 1178 553 

1000 - 1248 1320 1195 513 
11.85 - - - 1204 - 
12.50 - 1270 1372 - - 
15GO - 1427 - - 

* Since t~lliu~II1) hydroxide does not dissolve easily in phosphoric acid it is dissolved in minimum amount 
of sulphuric acid before addition to phosphoric acid of the required strength. 
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Table 3. Effect of varying con~ntrations of hydrogen ion and chloride ion on the formal redox potentials of 
the ~(III)~l(I) system (us. NILE.), mV 

Ha% 
M 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1GO 
.5+K-l 
5+0 
5.00 
500 
500 
500 

Chloride, 
M 

&025 
0.01 
O*lO 
0.50 
1.00 
2.00 
0 
0.0025 
@Ol 
0.10 
050 
lG0 

Formal redox 
potential of 
Tl(III)/Tl(I) 

1250 
1156 
989 
867 
784 
768 
721 

1330 
1266 
967 
820 
743 
721 

Chloride, HaO.+, 
M M 

@1 0.10 
0.1 0.50 
0.1 1.00 
O-1 2.00 
O-1 3.00 
0.1 4.00 
0.1 500 
1.0 0.10 
1.0 O-SO 
1.0 I.00 
1.0 z-00 
1.0 3.00 
1.0 4.00 
1-O 500 

0.10 1.90 
0.25 1.75 
075 1.25 
1M) 1.00 
1.25 0.75 
1.75 0.25 

Formal redox 
potential of 
Tl(III)/Tl(I) 

883 
882 
867 
855 
844 
831 
821 
785 
774 
768 
7.53 
738 
726 
721 

854 
844 
794 
768 
766 
762 

higher acidity implies that hydrogen ions play an important part in determiuing the kinetics (as would be 
expected from the equation for the reaction). As there is no excess of dichromate in the titration solution until 
after the end-point there will be no oxidation of chloride by the dichromate. 
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Summary-The formal redox potentials of the thallium(III+allium(I) couple in different acids 
of varying strengths are reported. The minimum concentration of hydrochloric acid required for 
a direct titration of thallium(I) with potassium dichromate is SM. Thallium(I) can be titrated di- 
rectly with the primary standard oxidant, potassium dichromate, at room temperature, with ferroin 
as indicator, in 6M hydrocNoric acid. Atmospheric oxygen must be excluded. 
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PRELIMINARY COMMUNICATION 

DFI’ECTIOB OF STDRAZll’W AFD AM- WlTIi IVDCRO COWOVFDS 

LE. Malone 

1411, We& Kerriok Street, Ianoaaeter, California 93534, U.S.A. 

The following work* was begun with the intention of developing e method for determining 

omthylhydrazine in the presence of vzrioue eminee. Thie work uaa never aompleted; 

proving or dleprovlng the ldeae propoeed, by investigating the efiecta of reactant 

ooncentretions, eeleotion of eolwnte, times of reaotions, eta., remzine to be done. - 

Sydrazinee end amine8 are normally determined in emall conoentratione by their 

reeotiona with en eldehyde (dimethylaminobenzaldehyde) which form8 the reepective ezine 

and hpdrazone or, with aminee, e Sohiff base, all of which give yellow or yellow-orange 

compounde, depending on the eldehyde used (enlreldehyde white - yellow). 

The author haa demonstrated that home hydrezinee, primary elld Eeoondary aminea, 

diaminee, triernines and tetraminea form highly ooloured oompounda with nltro end dinitro 

compounds. By proper eeleotion of eolvente end ooncentratlon of hpdrasiner end aminea, 

qualitative analyde of mixtume of hydrasines and eminee or llpecifio ldentlfioation of 

individual hpdrezinee cr amlnerr ie poerible. Table 1 shorn the coloure obtained dth 

epeoifio eminee (primary, eeoondary, tertiary, di- , trl- and tetra-) and hydraslma with 

various mononltro and dinltro compounda, oontsining 8 vzriety of funotional groups. The 

reegente themnelvee are oolourleor. 

For the teetr ehom, only pure oompoundo uare used, henoe the lntenolty of tb ooloura 

and the rrenritlvlty of thorre producing reddimh-blaok and bromirh-blaok oompodr. It 

appear8 that lydrasiwe oen be determined qadily in the preaenoe of most amino@, although 

dlemlnee, trlamlnea and tetraminzs ml&t offer some diffioultF beozwe of the deep blurr 

and green formed. Methflhjdrasine and 1 ,l-d%methylh~dnrlne in tb pre8enoe of the amine 

l purt of the work rubdttod aa a F+h.D. Theria at the Wnivermity of fdW&, 1974. 
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giwupe oould be deteoted by usizq g-dinitrobeassene, pnithaniline, I-ohloro_2,&dinitro 

benmne, 4cohloro-3,-5dinixo~~onirile, 2,4_dinitraanisola, and 2,4,?-trinitrafluor6no~. 

Wnpounds oontsining the chloso and fluoro groups resoted re8di~. By proper l5eleotion of 

oonditiane, oolorimetrio method0 for air pollution me8aaw111ntta of hydraainer and aminer, 

diamines, e., might be feasible; differentiation of primary from seoond8ry and tcrrtiary 

amineS 8lld Esoonderg fk'om tWti8~ amino8 m8y 8180 be possible. ati88 tubea QOKt8iniDg 8 

aubstnrte impregnated with selective nitro, dinltro, trinitro, ohloro or iluoro aompoundr 

oould be prepsrod and known volumes of air oontaining arnlnes drawn throu& the glass tube@* 

The oolour produced would be indicative of the amine group 8a well 8s the concentration of 

tha amine, 
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NOTE 

IWENCLAW I1p TKlWAL AEALYSIS - III 

The recommendations in the First Report of the Bomenclature Committee of the International 

Confederation for Thermal Analysis (ICTA)1 have nou been approved by IUPAC’ and ASlV3 and 

the Second Report4 has been submitted to both bodies. The interest engendered by these 

reports is evidenoed by the fact that the Sub-Committees deelkng with the likenoh’ and 

Japanese6 languages have published definitive docunents based on the First Report and 

versions of one or both have appeared in Cseoh,‘l Italian,’ Japanese,’ Polish” and 

Slovenian. ” 

The Council of ICTA have directed that this Third Report, approved in Business Session 

at the Fourth International Conference on Thermal Analysis at Budapest, Hungary, in July 

1974, be published as a definitive document with the request, that the recommendations 

therein be adhered to in all publications in the Englieh language. The Committee are 

currently considering thermoanalytioal techniques not so far examined in detail and hope to 

submit a report on these to the Fifth International Conferenoe in Japan in 1977. 

I. AhPLIPICATIO~ OF FIRST REPORT 

The definition of differential scanning calorimetry in the First Report applies only 

when power-oompensatlon instruments are used and no definition has been proposed to cover 

the use of heat-flux Instruments: in French the two have been clearly distlnguished.5 

The Committee also recognise that there has over the past few years been increasing use of 

differential thermocouples for measurement under isothermal external conditions. It is 

therefore recommended that the following two terms and definitions be added to those in 

the First Report: 

Quantitative differential thermal analysis (quantitative lVA). This term covers 

those uses of ITA where the equipment is designed to produce quantitative results 

in terms of energy and/or other physical parameters. 

The record should be plotted in the same manner as a normal DPA curve. 
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Differential thermal analysis &A) in an isothermal environment. 

A variant of DTA in which the temperature difference between a substance and a 

reference material is continuously reoorded against time as the two specimens are 

maintained in a nominally isothermal environment. 

The record should be plotted in the same manner es a hormal mA curve. 

The term ieothermal DTA is incorrect and the abbreviation QDTA is not considered to 

be warranted. 

II. kULPIPIE TECEXIQUES 

In view of reoent developments, the brief coamaents on multi& teohniaws, 
. 

simultaneous and combined, in the First Report’ require clarification and the following 

names and definitions have been approved. 

Simultaneous techniques. This term covers the application of two or more 

techniques to the same sample at the same time - e.g. simultaneous thermogravimetry 

and differential therms1 anslysis.* 

Coupled simultaneous techniques. This term covers the 

techniques to the same sample when the two instruments 

through an interfaoe+ - e.g. simultaneous differential 

spectrometry. 

application of two or more 

involved are oonneot,ed 

thermal analysis and mass 

Discontinuous simultaneous techniques. This term covers the application of 
0 

coupled techniques to the same sample when sampling for the second technique is 

discontinuous - e.g. discontinuous simultaneous differential thermal analysis and 

gas chromatography, when discrete portions of evolved volatile(s) are collected 
a 

In writing, the names of simultaneous techniques should be 

in full and by a hyphen when abbreviated acceptably - e.g. 

Unless contrary to established practice, all abbreviations 

letters without full-stops. 

from the sample situated in the instrument used for the first technique. 

separated by “and” when used 

simultaneous TC-M’A. 

should be written in capital 

B specific piece of equipment that enable8 two instruments to be joined together. 

In coupled simultaneous and discontinuous techniques, the first technique to be 

mentioned is thrit in which the first, in time, measurement is msde - e.g. when a IVA 

instrument and a maws spectrometer are connected through an interface, IYl’A-L.*S is the 

correot form, not MS-DIA. 
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LETTER TO THE EDITOR 

DETERMINATION OF VANADIUM(V), CHROMIUM(V1) AND CERIUM(IV) 
IN BINARY OR TERNARY MIXTURE 

SIR, 

Potentiometric titration with iron differentiates vanadium(V) and cerium(IV) but not vanadium(V) and 
chromium(VI), or chromium(W) and cerium(IV) when present together. The methods’ available fqr the deter- 
mination of these species in binary or ternary mixture are generally cumbersome and less accurate. I now propose 
a different scheme for this determmation, based on the following consideratrons. 

Vanadium(IV) can be titrated2 with cerium(IV) sulphate at room temperature, using ferroin indicator, even 
in the presence of chromium(II1). Chromium(V1) is reduced completely3 by vanadium(IV) in a short time if the 
latter is used in excess. Although it seems that arsenic(II1) selectively reduces chromium(VI) when added in excess 
to a solution containing chromium(V1) and cerium(IV) in dilute sulphuric acid, it is not possible to titrate the 
latter oxidant with iron(I1) without interference from arsenic(III), when ferroin is used as indicator. At the con- 
centrations used, arsenic(II1) and cerium(IV) are not without reaction as is generally assumedi and the reaction 
is catalysed by chromium(II1) formed from the reaction of chromium(V1) and arsenic(II1). It is even possible to 
determine arsenic(II1) through a reaction between arsenic(II1) and cerium(IV) catalysed by chromium(II1) at 
room temperature and the results are correct to within +0.2%. The procedure for this is as follows. 

To 510 ml of O.OSM cerium(IV) sulphate add 2-6 ml of _ O.OSN arsenic(II1) (free from chloride) and 1 ml of 
O.lM chromium(II1) [prepared from potassium chromium(II1) sulphate], stir the mixture well and allow it to 
stand for 5 min. Add 5 ml of 20N sulphuric acid and dilute to 45 ml, and titrate the excess of cerium(IV) with 
0.05M iron( using a drop of O.OlM ferroin as indicator. 

It is possible that the reaction occurs through the following steps: 

Cr (III) + Ce (IV) &Cr (IV) + Ce (III) (1) 
Cr (IV) + Ce (IV)* Cr (V) + Ce (III) (2) 
Cr (V) + As (III) fast Cr (III) + As (V) (3) 

Evidently step (2) is faster than the rate-determining step of the uncatalysed arsenic(III)+zerium(IV) reaction. It 
is also not possible to determine titrimetrically the total of vanadium(V) and cerium(IV) when chromium(V1) 
is present in the same solution, by using the selective reduction of the latter with arsenic(IIIk and for the same 
reason. It has been observed that chromium(VI)4 and/or vanadium(V) do not interfere in the potentiometric 
titration of cerium(IV) in 05-l .OM nitric acid with oxalate. It seems that this is possible owing to the slow kinetics 
of the reactions of chromium(W) and vanadium(V) with oxalate. 

RECOMMENDED PROCEDURES 

~a/anadiutn(V) + chromium(V1) or oanadium(V) + cerium(lV) 

(i) Titrate with 0.05M iron(I1) a solution containing 2-5 ml of _ 0.05M vanadium(V) and 2-5 ml of -@05N 
chromium(W) [or 2-5 ml of +- 005M cerium(IV) sulphate in 1 N sulphuric acid] in 56M sulphuric acid medium, 
using a drop of O.OlM ferroin as indicator. Alternatively, treat the solution containing vanadium(V) and chro- 
mium(V1) [or cerium(IV)] with 20 ml of 0.05M iron(I1) solution and titrate the unreacted iron(I1) with 0.05N 
dichromate or cerium(IV) sulphate in 56M sulphuric acid medium, using ferroin as indicator. This gives the 
sum of vanadium(V) and chromium(V1) [or cerium(IV)]. 

(ii) Treat a similar solution of vanadium(V) and chromium(V1) [or cerium(IV)] as in (i) with 20 ml of 0.05M 
iron(I1) or vanadium(IV) and titrate the unreacted reductant (after a lapse of 5 min in the latter case) with cerium- 
(IV) sulphate in 7-8.5M acetic acid medium, using ferroin as indicator. Alternatively, for cerium(IV) use a pro- 
cedure similar to (iii) below. 

The value of chromium(V1) or cerium(IV) is calculated and the value of vanadium(V) obtained by difference. 

Chromium( VI) + cerium(lV) 

A procedure similar to (i) or (ii) above is used but the titrations in the former can be done in 2N sulphuric 
acid medium [cerium(IV) sulphate is used for the titration of excess of iron(I The sum of chromium(V1) and 
cerium(IV) is then calculated. A procedure similar to (iii) below is used to determine the value of cerium(IV). 
The value of chromium(V1) is then obtained by difference. 
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Vanadium(V) + chromium(V1) + cerium(lV) 

A procedure similar to (i) is used to determine the sum of vanadium(V), chromium(V1) and cerium(IV), then 
a procedure similar to (ii) is used to determine the sum of chromium(V1) and cerium(IV). 

(iii) Titrate a solution containing 2-5 ml bfeach of005M vanadium(V), O*fbSN chromium(W) and 0.05M cerium- 
(IV) in 50 ml of 0.5-I.OM nitric acid, with 0.05N oxalic acid to a potentiometric end-point. The potential drop 
at the equivalence point is 150-200 mV per 0.04 ml of titrant as against 300-400 mV in the titration of cerium(IV) 
alone. The oxalic acid used corresponds to the cerium(IV) in the mixture. The values of the chromium(V1) and 
vanadium(V) are obtained by difference. 

The relative errors’ of the visual procedures and potentiometric methods used are within +02 and *@5x 
respectively. 

Department of Chemistry 
Andhra Uniwrsity 
Post-Graduate Centre 
Gun&-$22005. India 

25 July 1974 

K. SRIRAMAM 
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EINFLijSSE DRITTER PARTNER BE1 DER 
LijSUNGSSPEKTRALANALYSE NACH DEM 

ZERST.bJBERVERFAHREN-I 

EINFLUSSE ANORGANISCHER FREMDIONEN 

GERHARD ACKERMANN 

Lehrstuhl fib analytische Chemie, Sektion Chemie, Bergakademie Freiberg, 
92 Freiberg (Sachsen), DDR 

und 

MANFRED MUNX 

VEB Mansfeld Kombinat Wilhelm Pieck, Forschungsinstitut fur NE-Metalle Freiberg, 
92 Frerberg (Sachsen), DDR 

Zusammenfassung-Es wird em Zerstluberverfahren fur die spektrographische Bestimmung von 
Aluminium und Silicium in metallurgischen Produktcn beschrieben. Die Methode gestattet es, 
Gehalte zwischen 0,l % und 10% mit Variationskoeffizienten < 5 ‘A zu erfassen. Untersuchungen 
zum EmfluD dntter Partner zeigen, daB Zusltze von Alkah- und Erdalkalisalzen das Nachweis- 
vermogen des Verfahrens verbessern, ohne die Reproduzierbarkeit der MeBergebnisse nachteilig 
zu beeinflussen. Die Ursachen fur dieses Verhalten liegen in einer Verschiebung der Ionisations- 
und Anregungsgleichgewichte der zu bestimmenden Elemente im Funkenplasma zugunsten dcr 
Atomkonzentrationen. Weiterhm kann festgestellt werden, daB hohe Saurekonzentrationen, 
besonders von Schwefelslure, zu einer Abnahme der Lmienintensitlten fur Aluminium und 
Srlicium Whren. Die Hauptursache hierfiir ist, daB die erhohte Viskositlt der Probelosung die 
Zerstaubungsgeschwindigkeit und damit den Aerosoltransport m die Funkenentladung stark 
beeintrachtigt. 

Die Losungsspektralanalyse bietet gegentiber der Analyse fester Proben den Vorteil, dal.3 
Standards beliebiger Zusammensetzung leicht hergestellt werden konnen. Leider sind such 
Losungsmethoden nicht frei von Interelementeffekten,‘92 die sich sowohl steigernd wie 
verringernd auf die Linienintensitaten auswirken konnen. 

Sind die Ursachen fur erhohte Intensitaten bekannt, so ist es moglich, die Empfindlichkeit 
des Bestimmungsverfahrens durch zielgerichtete Zusatze zu verbessern. Dies erscheint 
besonders wichtig, wenn die Methode eine gute Reproduzierbarkeit der MeBergebnisse 
liefert. aber unbefriendigende Nachweisgrenzen fur die zu bestimmenden Elemente aufweist. 

Da speziell fur die Bestimmung von Aluminium und Silicium in metallurgischen 
Produkten mit einer stark wechselnden Probenzusammensetzung zu rechnen war, mu&e 
den obcn genannten Erscheinungen besondere Beachtung geschenkt werden. Neben der 
Entwicklung eines Bestimmungsverfahrens fur Gehalte zwischen O,l% und 10% ergab sich 
somit als Hauptaufgabe dieser Arbeit, grundlegende Untersuchungen tiber den EinfluD 
von Salzzusatzen auf die Linienintensitaten anzustellen. 

VERSUCHSANORDNUNG UND ARBEITSWEISE 

Nach einer kritischen Betrachtung der Literatur’ und nach umfangreichen Vergleichs- 
untersuchungen’ erschien es sinnvoll, fur die Bestimmung von Aluminium- und Silicium- 
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gehalten in den GrGDenordnungen von O,l% bis 10% ein Zerstauberverfahren einzusetzen, 
da diese Arbeitsweise die geforderte hohe Reproduzierbarkeit der MeSergebnisse versprach. 
Solche Verfahren werden bereits in der Literatur beschrieben und fur die Ermittlung der 
Aluminium- und Siliciumgehalte in silicatischen Gesteinen3 in Hochofen- und Martin- 
schlacken4q5 in Titan- und Aluminiumiegierungen,6-9 in Elektrolyten” und in anderen 
Salzlosungen” mit Erfolg eingesetzt. Dabei kommen recht unterschiedliche Elektroden- 
anordnungen und Zerstaubersysteme in Anwendung. 

EXPERIMENTELLER TEIL 

Nach der von uns gewahlten Variante wird die gel&e Probe in einer Zerstaubereinrichtung des Zeiss’schen 
Flammenphotometers Mode11 III, die mit einem FIingergefaB nach TaraseviE und Troneva” gekoppelt ist, 
verspriiht und tiber eine durchbohrte Elektrode in die Lichtquelle eingeblasen (Abb. 1). Als Elektrodenmaterial 
dient Graphit (VEB Elektrokohle Lichtenberg, QuaIitLt Tl), der vor der Aufnahme durch Gltihen im Gleich- 
strombogen von seinen Oberfllchenverunreinigungen befreit wird. Die Anregung erfolgt in einem Hoch- 
spannungsfunken (12 kV, 6000 pF, 0,3 mH). Als Aufnahmegerlt dient ein Quarzspektrograph mittlerer Dispersion 
(Q 24, VEB Carl ZeiI3, Jena). Die Liisung wird mit PreBIuft (0,45 atii, 260 I/h) iiber eine Diise mit 0,4 mm 
Innendurchmesser zerstlubt. Die wichtigsten Daten der Arbeitsweise zeigt Tabelle 1. 

Zur Erhhhung der Reproduzierharkeit der MeBergcbmsse wud leder Prohelosung 0.1 mg Criml als mnerer 
Standard zugesetzt. Die gewlhlten Bedingungen fiihren zu linearen Eichkurven fur die Bestimmung des 
Aluminiums und des Sihcmms in dem Konzentrationsbereich 0,Ol bis 1.0 mg/ml. Die bei Konzentrationen von 
0.1 mg/ml berechneten Variationskoeffizienten des Verfahrens betragen 3.1% fiir Silicium und 5,2x fiir Aluminium. 

EINFLUSSE VON FREMDIONEN AUF DIE BESTIMMUNG VON 
ALUMINIUM UND SILICIUM 

Da13 vednderte Stiure- oder Salzkonzentrationen der Probelosung die Emission der 
Spektrallinien such bei Zerstauberverfahren beeinflussen kiinnen, ist wiederholt diskutiert 
worden. Uber experimentelle Untersuchungen zu dieser Problematik berichten Kulcsar,‘3-‘7 
Gegu s. 4*‘8.1y TaraseviE und Gusarskij’” sowie Zuravlev und Ryzkova.’ ’ Die Ergebnisse 
dieser Arbeiten i.iber die Matrixeffekte bei Zerstaubermethoden mit Funkenanregung 

Abb. 1. Zerstluber- und Elektrodenanordnung: 

1. Gaszufuhr; 2. Ansaugrohr; 3. Gasdiise; 4. Fliissigkeitsdtise; 5. Liisungsriicklauf; 6. Flnger- 
geWI3: 7. durchbohrter Gummistopfen; 8. durchbohrte Elektrode; 9. Gegenelektrode, 

10. Elektrodenhalter. 
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Tabelle 1. Bedingungen der spektrographischen Aufnahme und Auswertung 

Gegenelektrode: 
Trtigerelektrode: 

Elektrodenabstand: 
Vorfunkzeit : 
Belichtungszeit : 
Zwischenblende: 
Spaltbreite: 
Kamerablende: 
Zwischenabbildung: 
Plattenmaterial: 
Analysenlinien: 

5 mm Durchmesser mit angedrehter Kegelspitze ( 3: 25”) 
durchbohrter Graphitstab mit einem AuBendurchmesser von 5 mm. 
emem lnnendurchmesser von 2 mm und einer Lgnge von 50 mm 
2mm 
20 s 
150 s 
5mm 
0,020 mm 
1:15 
auf 3000 A 
ORWO, blau extrahart. 9 x 24 cm 
Al 3082,16A/Cr 3132,06A 
Si 2516,12 A/Cr 2617,16A 

gestatten jedoch keine allgemeingiiltigen SchluSfolgerungen. Sie wurden teilweise an 
voneinander abweichenden Arbeitsweisen und fiir unterschiedliche analytische Problem- 
stellungen erhalten. Der Miiglichkcit. positive Matrixeffekte, bei denen bestimmte, im 
ijberschul3 vorliegende Fremdionen zu einer Intensittitssteigerung der Analysenlinie 
fiihren, fiir die Empfindlichkeitserhijhung eines Bestimmungsverfahrens mit hoher 
Reproduzierbarkeit der MeBergebnisse auszunutzen, wird leider wenig Beachtung 
geschenkt. 

Aus diesen Griinden erschien es uns wichtig das oben beschriebene Bestimmungs- 
verfahren fiir Aluminium und Silicium auf Stareinfliisse zu testen und gleichzeitig zu pri,ifen, 
welche Mcglichkeiten sich bieten, durch zielgerichtete Zustitze ein erhiihtes Nachweis- 
vermiigen dieser Analysenmethode zu erreichen. Im Mittelpunkt unserer Untersuchungen 
standen Einfliisse von Elementen bzw. Ionen, die in metallurgischen Produkten hgufig 
vorkommen (Ca’+/Mg2+) und von solchen, die bei alkalischen und sauren Aufschliissen 
dieser Materialien im ijberschurj auftreten (Na+, K’, Cl-, NO;. SO;-, OH-). 

Ein$uJ von Salzzustitzen auf die Linienintensitiiten 

Es ist von spektrographischen Pulvermethoden hinreichend bekannt, da13 Zusgtze von 
Alkalisalzen zum Probematerial stabilisierend auf die Lichtquelle wirken und die Nach- 
weisgrenze bestimmter Elemente verbessern. Es lag deshalb nahe, such die Liisungs- 
methode auf derartige Effekte zu iiberpriifen. 

Zu diesem Zweck wurden schwach salzsaure Aluminiuml%ungen (0,02; 0,l und 0,5 mg 
Al/ml) mit 0; 0,Ol; 0,l; 1,0 und 10,O mg/ml Natrium bzw. Kalium in Form ihrer Carbonate, 
Chloride, Nitrate. Sulfate und Hydroxide versetzt und die dadurch hervorgerufenen 
Intensitststinderungen der Linie Al I 3082.16 A gemessen. Die ermittelten AY-Werte 
entsprechen dem Schwgrzungsverhgltnis von Linie und Untergrund. 

Die Messungen ergeben bei Natriumzudtzen bis zu 10 mg/ml, unabhHngig davon, ob 
sie als Chlorid, Sulfat, Nitrat, Carbonat oder Hydroxid zugegeben sind, einen kontinuier- 
lichen Intensittitsanstieg der Aluminiumlinie d.h. eine Erhijhung des Nachweisvermiigens 
(Abb. 2 bringt als Beispiel die Wirkung von NaCl-ZusHtzen). Der AY-Wert steigt in 

giinstigen Fgllen urn 0,5 bis 0,7 an. Das entspricht unter Zugrundelegung einer 45”-Eich- 
geraden, ausgedriickt in Konzentrationen, einem urn eine halbe Zehnerpotenz verbesserten 
Nachweis. 

Ein EinfluB der Anionen, der allerdings nicht Gegenstand unserer Untersuchungen war, 
liegt sicherlich vor, da die Anregung der gemessenen Linie iiber den atomaren Zustand des 
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2,o 
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Abb. 2. EinfluB van Natriumzusltzen als NaCl auf die Intensit$t der Linie Al I 3082,16 p\. 

Aluminiums geht. Die unterschiedlichen Dissoziationsenergien der chemischen Ver- 
bindungen kijnnen zu ~nderungen der Anregung und damit der Linienintensit~t des 
Aluminiums fiihren, die jedoch bei unseren Untersuchungen offenbar durch den weit 
grijDeren Kationen- oder SalzeinfluD iiberdeckt werden. Der Grund fur die gemessene 
Intensit~tserh~hung ist demnach entweder in der Anwesenheit eines leicht ionisierbaren 
Kations (Kalium, Natrium) in der Entladungszone des Funkens oder in einer, durch die 
erhijhte Salzkonzentration bedingten, Veranderung des Zerstaubungsvorganges zu suchen. 

Fur die Untersuchung des Einflusses von Kaliumsalzen auf den Nachweis des Aluminiums 
wurden die beschriebenen MeBreihen wiederholt, wobei in den Probelijsungen die 
Natriumsalze durch die entsprechenden Kaliumsalze ersetzt waren. Die erhaltenen 
Intensitatssteigerungen der Linie Al I 3082,16 A kommen. wie zu erwarten war. den bei 
Natriumzusatzen gefundenen sehr nahe. 

Auch fur die Siliciumbestimmung solhe der Einflul3 steigender ZusHtze von Alkalisalzen 
auf das Nachweisvermiigen untersucht werden. Zur Herstellung der dazu erforderlichen 
Siliciumstammltisung mit 5 mg Si/ml wurden 25 g metallisches Silicium in 80 ml 2,5M 
Natronlauge gel&t und auf 500 ml aufgefiillt. Verdtinnungen dieser L&sung mit Wasser 
ergaben die fur die Messungen nijtigen Siliciumkonzentrationen. Fur die spektro- 
graph&hen Untersuchungen wurden Losungen mit 0,OS; 0,l und 05 mg Si/ml hergestellt, 
denen Kalium in Mengen von 0,Ol bis 10 mg/ml als Chlorid, Carbonat, Nitrat, Sulfat bzw. 
Hydroxid zugegeben war. 

Die erhaltenen Ergebnisse zeigen ~bereinstimmend fiir alle Kaliumverbindungen, da13 
Zusatze von <O,l mg K/ml zu Liisungen mit 0,05 und 0,l mg Si/ml und solche von 
< 1,0 mg K/ml zu Losungen mit 05 mg Si/ml keine oder nur geringftigige Intensitats- 
anderungen der Linie Si I 2516,12 A hervorrufen. Hiihere Zusatze fiihren hingegen in 
beiden Fallen zu einem Anstieg des Linie-Untergrund-Verh~ltnisses, der bei gle~chbieib- 
ender Untergrundschwarzung (S, = 0.05) bis zu AY = 0.5 betragen kann. Berticksichtigt 
man, da13 die Probelosungen ohne Zusatz mit 0,05; 0,l und 0,5 mg Si/ml, bedingt durch 
ihre Herstellung bereits 0,09; 0,18 bzw. 0,92 mg Na/ml enthalten, so wird dieser Unterschied 
zu den fur Aluminiuml~sungen gefundenen Ergebnissen verstandlich. 
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Auf die Untersuchungen des Einflusses von Natriumsalzen auf die Emission der Silicium- 
linie wurde verzichtet, da die zu erwartenden Intensittitsgnderungen sich von den bei 
Kaliumsalzen erhaltenen wenig unterscheiden diirften. 

Da die Erdalkalien Calcium und Magnesium in nichtmetallischen Proben hgufig neben 
Aluminium und Silicium auftreten, war es naheliegend such ihren EinfluB auf die Intensitgt 
der Linien Al I 3082,16A und Si I 2516,12 i\ zu untersuchen. 

Steigende Zus%tze an Calciumnitrat fiihren bis zu 1 mg Ca/ml fi.ir alle drei Aluminium- 
konzentrationen zu einer Nachweisverbesserung, die bei 0,02 mg Al/ml entscheidend ist 
(Erhijhung des AY-Wertes urn 0,4) wtihrend sie fiir hohe Aluminiumgehalte (OS mg/ml) 
geringfiigig bleibt (ErhGhung des AY-Wertes urn OJ). Ein iiberschul3 von 10 mg Ca/ml 
fi.ihrt jedoch wieder zu einer Intensitgtsabnahme der Aluminiumlinie, die fiir 0,l und 0,5 mg 
Al/ml gr6I3er ist als die vorher beschriebene Zunahme. 

Magnesium, als Chlorid zu den Lijsungen zugegeben, fiihrt unter den gleichen 
Konzentrationsverh%ltnissen zu tihnlichen Ergebnissen. Die Nachweisverbesserung wird 
nur bei kleinen Aluminiumgehalten wirksam. 

Die unter gleichen MeBbedingungen ermittelten Ergebnisse iiber den EinfluD von 
Erdalkalien auf die Intensitgt der Linie Si I 2516,12 A sind den fiir das Aluminium 
gewonnenen gihnlich. Fiir die Konzentration 0,05 mg Si/ml fiihren steigende Zusstze bis zu 
1 mg Ca/ml zu einer Nachweisverbesserung. iiber 1 mg Ca/ml hinaus sinkt die Intensitgt 
der Siliciumlinie wieder ab. Bei den Konzentrationen 0,l mg Si/ml und 0,5 mg Si/ml kann 
hingegen bis zu 1 mg Ca/ml kein EinfluD durch Calciumzustitze festgestellt werden; nur 
bei 10 mg Ca/ml ergeben sich verminderte Intensittitswerte. LSsungen, denen das Calcium 
als Chlorid zugegeben ist, fiihren zu ghnlichen Abhgngigkeiten. 

Die UnabhHngigkeit der Linienintensitgt von der Menge der Erdalkalien bei hohen 
Siliciumkonzentrationen und niedrigen Zusgtzen war nach den bei der Untersuchung des 
Alkalieinflussesauf die Siliciumemission crhaltenen Ergebnissen 111 cr\vartun. lhrc I!rsache 
ist such hlcr 111 dcr rclativ hohcn Nati-lumgrLIndlion/cntration dcr ProbelGsungen zu 
suchen. 

Die Ergebnisse der bisherigen Untersuchungen fiihren zu der Aussage, da13 Zusatze von 
Alkalien und Erdalkalien bei Anwendung des Zerstauberverfahrens und der Funken- 
anregung den Nachweis des Aluminiums und des Siliciums bei Wahrung bestimmter 
Konzentrationsverh%ltnisse entscheidend verbessern. Untersuchungen zur Reproduzier- 
barkeit zeigen, da13 sich die gemessenen Effekte eindeutig aus den MeBwertschwankungen 
hervorheben. Die aus 20 Aufnahmen an verschiedenen LGsungssystemen ermittelten 
Standardabweichungen der AY-Werte fiir Konzentrationen bei 0,l mg/ml liegen zwischen 
0,02 und 0.06. Beriicksichtigt man, da13 jeder MeDpunkt aus drei spektrographischen 
Aufnahment gewonnen wird, so reduzieren sich diese Werte nach21 noch urn den Faktor 
l/d. Die dargestellten Abhtingigkeiten kiinnen demnach als gesichert betrachtet werden, 
da die gemessenen Intensittitsinderungen wesentlich gral3er sind als die Streuung der 
AY-Werte. Dieses Ergebnis ist auf die nachfolgend beschriebenen Untersuchungen zum 
EinfluD erhijhter SBurekonzentrationen auf den Nachweis des Aluminiums und des 
Siliciums iibertragbar. 

Einjh@ der Siiurekonzentration auf die Linienintensitiit 

Da viele metallurgische Produkte nur durch Anwendung von SBuren in Lijsung zu 
bringen sind, war es wichtig, den EinfluD der Aciditat auf die Intensitgt der Analysenlinien 
zu untersuchen. 
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Abb. 3. EinfluS von Sg_urezusgtzen auf die Intensitlt der Linie Al I 3082,16 8, (Al: 0,l mg/ml). 

Urn die Abhangigkeit der Emission der Linien Al I 3082,16 A und Si I 2516,12 A von 
der Salz-, Salpeter- und Schwefelsaurekonzentration zu tiberprtifen, wurden salzsauren 
Aluminiumlosungen (pH 3-4) mit 0,l mg Al/ml und Siliciumlbsungen mit 0,l mg Si/ml 
(pH 12) steigende Mengen (0 bis 50 ml pro 100 ml) der konzentrierten Sauren zugesetzt. 
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Abb. 4. EinfluS von S%urezusltzen auf die Intensitat der Lmie Si I 2516,12 A (Si: 0.1 mg/ml). 



Emflusse dntter Partner bei der Liisungsspektralanalyse--I ll? 

Die an spektrographischen Dreifachaufnahmen dieser Losungen gefundenen MeI% 
ergebnisse zeigen die Abb. 3 und 4. 

UNTERSUCHUNGEN ZUR DEUTUNG DER MESSERGEBNISSE 

Der ProzeB, den eine Probelosung vom Ansaugen durch den Zerstauber bis zur Licht- 
emission der Elemente durchlliuft, wird gewiihnlich in drei miteinander verkniipfte Vor- 
gange eingeteilt, namlich: (1) Bildung des Aerosols und dessen Einbringung in die 
Entladungszone (Zerstaubung), (2) Bildung eines atomaren Dampfes einschliel3lich 
Dissoziation von Molektilen und Ionisation von Atomen (Verdampfung), (3) Lichtemission 
der Elemente (Anregung). 

Diese drei Phasen finden bei der Verwendung indirekter Zerstauber, also such bei den 
von uns durchgefiihrten Untersuchungen, teilweise Grtlich voneinander getrennt statt. 
Wahrend die Zersttiubung, wenn man von dem Transportvorgang absieht, auf die 
Zerstauberglocke beschrankt bleibt und die Anregung ausschliel3lich in der Entladungszone 
des Funkens stattfindet, beginnt die Verdampfung, zumindest die des Liisungsmittels, 
bereits bei der Entstehung des Aerosols und endet mit dem Eintritt bzw. mit dem Durchgang 
der Partikel in bzw. durch das Plasma. Alle drei Prozesse konnen einzeln oder in Kombi- 
nation Ausgangspunkt fur die von uns festgestellten Effekte sein. 

Es ist bekannt, da13 erhiihte Salz- oder Saurekonzentrationen die physikalischen Eigen- 
schaften einer Losung verandern k&men. Die Folge davon ware ein verandertes 
Zerstaubungsverhalten der Fliissigkeit. Diese Erscheinung beeinfluBt jedoch die Ver- 
dampfung der Probe und damit die Anregung des zu bestimmenden Elementes. Anderer- 
seits ist es miiglich, daD die im UberschuD zugesetzten Elemente den Ionisations- und 
Anregungsmechanismus im Funkenplasma beeinflussen und damit zu veranderten Linien- 
intensitaten fur Aluminium und Silicium fiihren. Aus diesen Griinden war es zur Klarung 
des Sachverhaltes notwendig, die Wirkung der Zudtze auf die einzelnen Phasen des 
Verfahrensganges zu untersuchen. 

Einjliisse von Salzzusiitzen 

Die Oberflachenspannung (cI), die Dichte (d,) und die Viskositat (q) der Liisung haben 
auf die Entstehung des Aerosols einen entscheidenden EinfluB. Urn von ihrer Anderung 
mit dem Salzzusatz Kenntnis zu erhalten, wurde fur die untersuchten Losungen df durch 
Spindeln, CL i.iber die kapillare Steighiihe und q an einem Hbppler-Viskosimeter gemessen. 
Diemaximalen Fehler dieser MeDmethoden lagen unter + 1% des Sollwertes. Die ermittelten 
Werte zeigen, da13 die Oberflachenspannung, die Dichte und die Viskositat der Losungen 
von den gewahlten Salzzusatzen praktisch nicht beeinflul3t werden. Lediglich Zusatze von 
10 mg/ml fiihren gelegentlich zu eindeutig meBbaren Erhohungen der Werte, die jedoch 
lo”/;, kaum ubersteigcn und. wit nachfolgende Untersuchungen bestatigen, zu gering sind, 
urn Anderungen im Zerstaubungsvorgang hervorzurufen. 

Die gewahlte Sprtiheinrichtung (Abb. 1) gestattet es, bei Vorgabe eines bestimmten 
Volumens i.iber eine Zeitmessung die Zerstaubungsgeschwindigkeit (u) zu bestimmen. 
Dabei zeigt sich, dal3 fur die von uns gewahlten Salzarten und Konzentrationsbereiche u 
unabhtingig vom Zusatz ist. 

Dieses Ergebnis findet sich such theoretisch bestatigt. Aus der Geometrie des Ansaug- 
rohres und aus den fur die Losungen ermittelten physikalischen GriiBen lassen sich die 
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entsprechenden den Stromungsvorgang charakterisierenden Reynold’sschen Kennzahlen 
berechnen. Es ergeben sich fur alle Losungen Werte unter 500, die auf einen laminaren 
Stromungsvorgang und damit auf die Giiltigkeit des Hagen-Poiseuill’eschen Gesetzes 
schlieI3en lassen. In diesem Falle ist fur die von uns gewahlte Versuchsanordnung die 
Zerstaubungsgeschwindigkeit nur von der ViskositHt abhangig, deren Konstanz die oben 
genannten Ergebnisse bestltigen. 

Unabhtingig von der Zerstaubungsgeschwindigkeit kijnnten erhijhte Salzkonzentrationen 
einen EinfluD auf die Ausbildung des Aerosols an der Zerstauberdiise haben. Unter An- 
nahme einer GauB-Verteilung fiir die TropfengrGBe ist der mittlere Tropfendurchmesser D, 
das entscheidende Charakteristikum fiir das entstandene Aerosol. Diese GrijBe ist mit- 
bestimmend dafiir, mit welcher Geschwindigkeit die Probeliisung verdampft und im 
Funkenplasma angeregt wird. Sie steht somit in einer direkten Beziehung zur Intensitat 
der Spektrallinien. Die theoretische Ableitung einer Beziehung zur exakten Berechnung 
des mittleren Tropfendurchmessers unter Beriicksichtigung der Gerateparameter und der 
physikalischen Daten der Liisung ist auf Grund der vielen teilweise nur qualitativ bekannten 
EinfluDfaktoren kaum miiglich. Aus diesem Grunde bemiiht man sich haufig,22p26 die 
Tropfenverteilung des Aerosols auf experimentellem Wege zu bestimmen. Die sich hieraus 
ergebenden empirischen Beziehungen entsprechen einer Funktion 

in der auBer den bereits bekannten GrijDen noch der Luftverbrauch 01(cm3/s) und die 
Geschwingigkeit der Luft in der Austrittsiiffnung der Diise w,(cm/s) auftreten. Da bei 
unseren Untersuchungen wi und u, konstant gehalten werden und sich fur a, q, d, und v keine 
nennenswerten Anderungen ergeben, mu13 zwangslaufig such der Tropfendurchmesser D, 
des an der Diise entstehenden Primaraerosols fiir die gewahlten Konzentrationsbereiche 
unabhangig von der Art und der Hohe des Salzzusatzes bleiben. Da bei der gewahlten 
indirektenzerstaubung die Bedingungen der Tropfenselektion durch die Konstruktion des 
ZerstaubergefaDes festgelegt sind, gilt dies im gleichen MaBe fi,ir die Losungsmenge, die pro 
Zeiteinheit i.iber die durchbohrte Elektrode als feiner Nebel in das Funkenplasma eintritt. 
Diese GriiDe wird in den nachfolgenden Betrachtungen als Durchsatz ud(cm3/s) bezeichnet. 
Konstant bleibt unter diesen Bedingungen such der Wirkungsgrad (K) des Zersttiubers, 
der durch die Beziehung 

K = v, = !$. lo()(%) 

V 
(1) 

definiert ist. Die hierzu nijtige Konstanz der Riicklaufgeschwindigkeit u,(cm3/s) findet sich 
experimentell durch eine einfache Volumenmessung bestatigt. 

Die Ergebnisse zeigen, da13 die Ursachen fur die bei Salzzustitzen festgestellten 
Intensitatserhohungen der Atomlinien des Aluminiums und des Siliciums nicht im Zer- 
staubungsvorgang liegen, sondern vielmehr in Einfliissen der Zusatze auf den Entladungs- 
charakter des Funkens zu suchen sind. 

Elemente mit niedrigen Ionisationsenergien wie Kalium oder Natrium wirken in Plasmen 
als spektroskopische Puffer. Sie andern den Charakter der Entladung und erhijhen die 
Intensitat der Atomlinien von solchen Elementen, die hohere Ionisationsenergien erfordern. 

Dieser Effekt ergibt sich aus den nach bestimmten Gleichgewichtsbeziehungen ver- 
laufenden Elementarvorgangen im Plasma,27 die such von Boumans28-30 zur Deutung von 
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Matrixeffekten im Gleichstrombogen herangezogen werden. Mandelstam31 findet die 
Gtiltigkeit dieser Gleichgewichte such fur Funkenentladungen bestatigt. 

Urn die am System Aluminium-Natrium gefundenen spektrographischen MeBergebnisse 
zu erklaren, gentigt es, einige vereinfachende Voraussetzungen zu treffen.’ Unter diesen 
Bedingungen werden die Ionisationsgleichgewichte fur alle am Funkenplasma beteiligten 
Elemente durch die Saha-Gleichung in der Form 

X 
Pe . 

_ A . T5’2 . zij . e-BUij~T J 

1 - xj zaj 

(2) 

beschrieben. In dieser Gleichung sind A und B Kohstanten, in die nur physikalische 
ElementargroBen eingehen. 27 Utj bezeichnet das Ionisierungspotential und Zij und Zaj 
stellen die Zustandssummen des ionisierten bzw. des atomaren Zustandes dar. 

Bedient man sich der von Kremp13’ als Temperaturfunktion angegebenen und fur 
Reinplasmen gtiltigen Elektronendrucke (p,) und berticksichtigt die Temperaturabhangig- 
keit der Zustandssummen,33 so lassen sich unter Anwendung der Saha-Gleichung die 
Anderungen des Ionisationsgrades (xj) mit der Temperatur (T) fur die am Plasma beteiligten 
Elemente ermitteln (Abb. 5). 

Die Kurven zeigen, da13 die Elemente in Reinplasmen entsprechend ihren Ionisierungs- 
potentialen U,, (Na: $09 V; Al: 598 V bzw. C: 11.24 V) bei recht unterschiedlichen Tem- 
peraturen ionisiert werden. Dieser Vorgang beginnt bei Natrium bereits unterhalb von 
5000 K und ergibt bei 12000 K praktisch lOO%ige Ionisierung. Entsprechend hiihere Werte 
zeigt Aluminium mit 6000 K bzw. 15000 K. Kohlenstoff beginnt erst oberhalb 8000 K eine 
merkliche Ionisation zu zeigen. 

Ein reines Aluminiumplasma hat 32 bei einer Temperatur von 12000 K einen Elektronen- 
druck von 0,45 atm und einen Ionisationsgrad von 92,3x (Abb. 5). Setzt man der Probe- 
lijsung unter sonst gleichen Bedingungen Natrium zu, so wird dieses Element auf Grund 
seines niedrigen Ionisierungspotentials entscheidend zum Elektronendruck beitragen. Bei 
einem Verhaltnis Na : Al = 100 : 1 kann man von einem reinen Natriumplasma sprechen. 
In diesem Fall ergeben sich gleiche Plasmabedingungen, d.h. ein Elektronendruck von 

60 
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Abb. 5. Anderung des Ionisationsgrades der Elemente Aluminium, Natrium. Calcium, Kupfer und 
Kohlenstoff mit der Temperatur des Funkens. 
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0,45 atm, bereits fur Temperaturen von 8000 K, bei denen 70,1% des Natriums ionisiert 
vorliegen. Dabei vermindert sich aber der Ionisationsgrad des Aluminiums auf 27,2%. 
Daraus geht hervor, da13 der Anteil der fur die Intensitat der Atomlinie Al I 3082,16A mal3- 
geblichen neutralen Aluminiumatome (no) von 7,7x auf 72,8x der insgesamt vorgelegten 
Aluminiumatome angestiegen ist. Da die Anzahl der angeregten Partikel (n,) ein Ma13 fur 
die Linienintensitat ist, erklart sich die experimentell festgestellte Nachweisverbesserung 
bereits aus der Boltzmann-Gleichung 

n, = no , T . emEalkT 

durch die direkte Proportionalitat zwischen n, und no. Eine Abschatzung an unserem 
Modellsystem Aluminium-Natrium nach (3) ergibt eine Erhohung der Zahl der angeregten 
Teilchen urn etwa 40x, obwohl die bei Natriumzusatz sinkenden Temperaturen diesem 
Effekt entgegen wirken. 

Auf die gleiche Weise erklart sich die nachweisverbessernde Wirkung, die Calcium-, 
Magnesium- oder Kaliumsalze auf das Aluminium haben. Dabei ist zu berticksichtigen, 
da13 sich dieser spektroskopische Puffereffekt bei Erdalkalien nicht aus den Ionisierungs- 
potentialen (6,ll V fur Ca bzw. 7,64 V fur Mg) sondern aus dem hohen Verhaltnis der 
Zustandssummen ergibt, das nicht wie bei Aluminium unter 0,2 liegt sondern immer 
> 1,0 ist. 

Auf viillig analoge Weise erklaren sich die an Siliciumlosungen gemessenen Effekte. Auf 
Grund des hohen Ionisierungspotentials von 8,15 V mi,iDte die Nachweisverbesserung fur 
Silicium noch deutlicher hervortreten. Dieser Effekt wird jedoch durch die hohe Natrium- 
grundkonzentration der Siliciumlosungen verwischt. 

Nach diesen Ergebnissen diirften Zusatzelemente mit Ionisierungspotentialen iiber 7,5 V 
bei Zustandssummenverhaltnissen unter 1,0 keinen EinfluD auf die Intensitat der 
Aluminiumlinie haben. Spektrographische Untersuchungen an Aluminiumlbsungen, denen 
Bor, Selen, Kupfer, Eisen, Nickel und Gallium in steigenden Mengen zugesetzt sind, 
bestatigen diese Annahme. Eisen, Kupfer, Nickel, Bor und Selen lndern die Intensitat der 
Linie Al I 3082,16 A nicht. Die Ursache hierftir liegt in den entsprechenden Ionisations- 
graden. Die Funktionen x(T) dieser Elemente-Abb. 5 zeigt dies am Beispiel des Kupfers- 
sind gegeniiber der entsprechenden Aluminiumkurve zu hoheren Temperaturen verschoben. 
Das Aluminium bleibt bei solchen Zudtzen Hauptlieferant fur die Elektronen des Plasmas, 
seine Atom- und Ionenkonzentrationen andern sich nicht. Diese Elemente sind somit als 
spektroskopische Puffer nicht geeignet. 

Geringfiigige Erhohungen der AY-Werte fur Zusatze von 10 mg/ml, wie sie sich bei 
Kupfer, Nickel und Eisen andeuten, ergeben sich daraus, daB der grol3e UberschuB eines 
Elementes mit niedrigem Ionisierungsgrad eine, wenn such prozentual sehr niedrige, 
Anzahl von Elektronen abgibt, die bei einem kleinen Aluminiumgehalt (0,l mg/ml) bereits 
intensitatssteigernd auf die gemessene Atomlinie wirken kann. 

Auch Gallium fi.ihrt bei Gehalten tiber 1 mg/ml zu einem Intensitatsanstieg der Linie 
Al I 3082,16A. Das Verhalten von Gallium im Funkenplasma wird bei einem Ionisierungs- 
potential von 6,00 V und bei einem Verhaltnis der Zustandssummen von 0,189 bei 6000 K 
nach (2) durch eine Funktion x(T) charakterisiert, die mit der des Aluminiums weitgehend 
tibereinstimmt. Demnach kann keine Pufferwirkung vorliegen; der Intensitatsanstieg 
erweist sich als ein Verdiinnungseffekt. Die zur Aufrechterhaltung des Plasmas niitige 
Elektronenkonzentration wird bei steigender Galliumkonzentration in zunehmendem MaBe 



Einfliisse dritter Partner bei der Liisungsspektralanalyse-I 117 

durch die Ionisation dieses Elementes geliefert. Damit erhiiht sich zwangsllufig die Atom- 
konzentration des Aluminiums und als Folge davon die Intensitat der Linie Al I 3082,16A. 

Einfiiisse der Stiurekonzentrationen 

Betrachtet man die in den Abb. 3 und 4 dargestellten MeBergebnisse hinsichtlich ihrer 
Ursachen, so kann nach den vorangegangenen Darlegungen eine spektroskopische Puffer- 
wirkung von vornherein ausgeschlossen werden. Die s&n-ebildenden Elemente Wasser- 
stoff, Sauerstoff, Stickstoff und Chlor liegen bei der gewlhlten Versuchsanordnung bereits 
bei Losungen ohne Zusatz in reichlichem Uberschulj vor. AuDerdem erfordern sie ein- 
schliel3lich des Schwefels Ionisationsenergien, die zwischen lo,36 eV und 1454 eV liegen 
und nicht geeignet sind, die Ionisationsgleichgewichte fur Aluminium und Silicium zu 
verschieben. 

Es ist demnach naheliegend die Ursachen fur die gemessenen Intensitatdnderungen im 
Zerstaubungsvorgang zu suchen. Im Gegensatz zu Salzzusltzen ftihrt eine Zugabe von 
Sauren zu recht entscheidenden Anderungen der physikalischen Eigenschaften der Probe- 
liisungen. Dies gilt fur Aluminium- und Siliciumlosungen im gleichen MaDe und wird am 
Beispiel von Schwefelslurezudtzen (Abb. 6) besonders deutlich. Die Dichte und die 
Viskositat zeigen einen steilen Anstieg. Bei einer Zugabe von 50 ml Saure/lOO ml Losung 
erhiihen sich die Werte urn den Faktor 15 bzw. 5,5. Die Anderung der Oberflachen- 
spannung ist demgegentiber gering. Schwefelslurekonzentrationen tiber 2 ml Saure/lOO ml 
fiihren zu einem leichten Anstieg. 
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Abb. 6. Physikalische Eigenschaften, Zerstluberdaten und Intensitlt der Linie Al I 3082,16A van 
Liisungen mit 0,l mg Al/ml und mit steigenden Schwefelslurekonzentrationen. 
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Urn den Einflurj von Saurezusatzen auf den Zerstaubungsvorgang zu tiberpriifen, wurden 
an den Aluminiumlbsungen mit Schwefelsaurezusatz die Durchsatze (v,), die Zer- 
sttiubungsgeschwindigkeiten (u) und die Wirkungsgrade (rc) nach (1) bestimmt. Die 
Ergebnisse sind in Abb. 6 den zugehorigen A Y-Werten gegeniiber gestellt. Auch sie bestatigen 
die Giiltigkeit des Hagen-Poiseuille’schen Gesetzes fur den Losungstransport, d.h. die pro 
Zeiteinheit angesaugte Losungsmenge (u) sinkt mit der ansteigenden Viskosittit steil ab, so 
da13 bei einer Konzentration von 50 ml Schwefelsaure/lOO ml die Zerstaubungsgeschwindig- 
keit nur noch weniger als 50%-verglichen mit der LSsung ohne Zusatz-betragt. 

Gleichzeitig fiihrt die ansteigende Oberflachenspannung zu einer VergroBerung des 
mittleren Tropfendurchmessers und damit zu einem Absinken des Wirkungsgrades. Eine 
Verstarkung dieses Effektes ergibt sich noch dadurch, dal3 die stets unmittelbar an der 
Zerstauberdiise einsetzende Verdampfung der Tropfen bei hohen Schwefelsaurekonzen- 
trationen eingeschrankt wird. 

Diese Erscheinungen fiihren gemeinsam dazu, dal3 der Durchsatz und damit die Zahl der 
pro Zeiteinheit in die Funkenentladung gebrachten Aluminiumatome auf etwa 25% ihres 
urspriinglichen Wertes absinken. Diese Tatsache erklart die verminderte Intensittit der 
Linie Al I 3082,16 A bei hohen Schwefelduregehalten in der Probelosung. 

Da die physikalischen Eigenschaften der Liisungen durch die Art und die Hijhe des 
Zusatzes bestimmt werden erklart sich die Intensitatsabnahme der Linie Si I 2516,12 A 
(Abb. 4) auf viillig analoge Weise. Das schwachere Absinken der AY-Werte bei Zusatzen 
von Salz- und Salpetersaure ergibt sich aus einem geringeren Viskositlitsanstieg. 

Ein Anstieg der Linienintensitat, wie er fur Saurezusatze bis zu 5 bzw. 10 ml/100 ml fur 
Aluminium ebenso wie fur Silicium auftritt (Abb. 3 und 4) kann seine Ursache nicht in den 
physikalischen Eigenschaften der Losungen haben, da diese fur geringe Zusatze konstant 
bleiben, und sich somit such keine Anderungen im Zerstaubungsvorgang ergeben. 

Der Grund fur die auftretende Nachweisverbesserung ist offensichtlich in chemischen 
Vorgangen zu suchen, die in der Lijsung stattfinden. So verschieben sich z.B. die chemischen 
Gleichgewichtsbedingungen in Siliciumlosungen, denen steigende Sauremengen zugesetzt 
werden, zugunsten des kolloidal gel&ten Siliciumdioxids. Rechnet man die angewendeten 
Zusatze (Abb. 4) in Normalitaten urn, so zeigt sich, da13 bei 1,5-2,ON iibereinstimmend fur 
alle Sauren eine maximale Intensitat der Linie Si I 2516,12A erreicht wird. Oberhalb dieser 
Konzentration werden die Intensitaten bereits durch die veranderten physikalischen Eigen- 
schaften der Losungen bestimmt. 

Im spektroskopischen Sinne kann dieser Intensitatsanstieg demnach als Anioneneffekt 
gedeutet werden, d.h. Silicium als Siliciumdioxid in Gegenwart eines Natriumsalzes la& 
sich in einem Hochspannungsfunken besser zur Lichtemission anregen als Silicium in 
silicatischer Bindung. Ein zwingender Beweis hierfiir ist jedoch nur iiber einen quantitativen 
Vergleich der energetischen Bedingungen moglich. 

Fur die Intensitatserhiihungen, die bei Saurezusatz zu Aluminiumlosungen in einem 
geringeren MaBe auftreten, ist die Erklarung in ahnlichen Ursachen zu suchen, daB namlich 
Verschiebungen in den Ionenkonzentrationen zur Anreicherung von leicht verdampfharen, 
leicht dissoziierbaren und damit anregungsgtinstigen Aluminiumverbindungen fiihren. 
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Summary~A mixture of mono- and di-substttuted nitriles was separated on SIX different liquid 
phases, but a mtxture of mono- and di-substituted antlines was separated on only two liqutd phases. 
The forces mfluencing the acparatton and elution order of these solutes are drscussed. The absence 
of selecttve interactions between aromatic hydrocarbons and the varrous liquid phases was proved 
thermodynamically. An ortlto methyl substituent increases the log of the specific retention volumes 
of the nitrile solutes by an approximately constant amount. 

Gas-chromatographic separations of aliphatic nitriles have been reported by many 
workers.‘,’ The behaviour of tolunitriles was studied on different liquid phases.3*4 A quan- 
titative study of the dimerization of nitriles and the consequent effect on gas-chroma- 
tographic soluteesolvent interactions have been reported.“,’ 

The behaviour of aromatic amines was studied by James,’ and others have reported 
resolution of substituted aromatic amines on various liquid phases.8,9 Aromatic hydrocar- 
bons have been extensively studied and several liquid phases found to be selective (e.g., 
the tetrahalophthalate esters).“.’ ’ Janak and Hi-ivnat have explained several cases of aro- 
matic selectivity in terms of 7r-interactions.” 

In the present work, the factors influencing the elution characteristics and resolution 
of mixtures of aromatic hydrocarbon, aniline and aromatic nitriles are discussed. 

EXPERIMENTAL 

The bulk of the experimental work was performed with a Beckman CC-45 gas chromatograph equipped with 
a thermal-conductivity detector. An optimum nitrogen flow-rate of 25 ml/min at NTP was used. A current of 
125 mA and an attenuation of 8 was found suttable for the best experimental peak shape and height. Columns. 
from Perkin-Elmer, were made in coils of stainless-steel tubing (2 m long and 3 mm o.d). The compositton of 
the hquid phases and the packing specifications of the columns are shown m Table I. 

Table 2 summartzes some of the physical properties of the materials studred, whtch were obtained from Fluka 
AC (aromatic hydrocarbons and aromatic nitriles) and Hopkm and Williams Ltd. (aromatic ammes). 

Mixtures of equal weights of each of the aromatic hydrocarbons, mtriles and ammes were blended in 3-ml 
cylindricnl Pyrex glass cells. Samples ranging from 0.5 to 0.7 ~1 for the aromatic amines and nitriles and 0.2 ~1 
from the aromatic hydrocarbons were injected wtth a I-PI Hamilton syringe. 

The spectfic rctcntton volumes ky were calculated by the method of Littlewood et ul.’ ’ and are gtven m Table 
3 Plots of log Vf VS. I/T were generally linear. No difference was noticed m the retention ttme of the components 
whether they were injected indtvtdually or in a blend. and the results were reproducible. 

112 I 
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Table I. Speclficatlons of llquld phases 

Liquid phase O0 w/w Weight of phase y 

1.2.3.-Trls(2-cyano-ethoxy)-propane on Chromosorb W AM-DMCS 
(TC‘EP) 

Carhowa\ hO00 + sodium dodecylbenzene sulphonate on Chromo- 
sorb P (C‘DBS) 

Benzldme on Chromosorb W 
Poly(propylene glycol) (LB-550-x) on Chromosorb W (PPG) 
Dmonyl phthalate on Chromosorb W (DNP) 
DI-n-decyl phthalate on Chromosorb P (DPH) 
Tritely1 phosphate on Chromosorb W (TTP) 
Sillcone oil MS 550 on Chromosorb W (SO) 
SIllcone gum rubber E30, on Chromosorb G AW-DMCS 
Aplezon L + Bentone 34 on Chromosorb W (APL-34) 

8 

25 
I 0 
IS 
IO 
15 
IO 
IO 
1.5 

30 

0.2 

I.61 
0.15 
0.37 
ti25 
0 72 
0.2 
0.25 
0 IO7 
04x 

The activity coeffeclent of the solute m the solvent at infimte dllutlon. y’, was calculated’s~‘O from the equation 

where bl is the molecular weight of the hquld phase and P; IS the vapour pressure of the solute 
The excess partial molar free energy AC:,. enthalpy AH:. and entropy Asp, of mixing at infimte dilution were 

calculated from the equations. 

A[;” z RT ln II” , (‘1 

Table 2. Physlcal properties* 

Compound B.p.. C 

Dipole moment 
CdC.. 

Dehr I‘L’ 

Electron 
polarizablhty. 

c1113 x IO” 

Benzene 80.1 0.00 I.501 12”’ I 5’65 
Toluene 1 IO.6 0.37 1.49693”’ 1~5170 
Iii-Xylene 139 I 0.37 1.4977? 1.51X6 
Mesitylene 164.7 000 1.49937’0 I.5222 

Benzonitrile 190.7 4.39 I.5189 I.5657 
cl-Tolunitrile 204.0 4.22 I.5191 1 5665 
,Ir-Tolunitrlle 1140 4.59 15196 1.5674 
IT-Tolumtrde 217.0 4 76 I.5211 I 5709 
7.5.Dlmethylbenzonitrile 104/1X mmHg 4.39 I.5255 I ,5x03 
2,4-Dimethylbenzomtrile ll2~12mmHg 441 I.5211 I 5705 
2.3-Dimethylbenzonitrile I 12125 mmHg 143 I.5178 I ,563-l 

Aniline 184.4 I ,4x I 5863 I 7084 
o-Toluidine 199.8 I.34 I 5776 I 6787 
o-Chloroamlme 209.0 I.71 1~5x95 I7151 
In-Chloroanilme 230.0 2.75 I 5942 I 7246 
/Khloroamlme 23 I ,o 3.17 
6-Chloro-2 methylamlme 215.0 I.77 I.5679 I 6707 
5-Chloro-7-mrthylai~llnt: 237 0 3.24 I.5759 16x73 
4-Chloro-2-methylanilme 241 0 3 37 1.5755 I ,6X66 

* The physical properties were collected from different sources.‘3.‘J.’ ’ The dipole moments were calculated 
accordmg to Smythlh and /I;” values were measured at this laboratory 
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Table 3. Specific retention volume Vf (ml/g) of solutes on the liquid phases studied 

I?? 

Solutes 

A”lll”e 
r,-T”luld,ne 
o-Chlorodnd,ne 
6.Chloro-2. 

methylamlme 
,,i-Chloroamlme 
p-Chloro.m,lme 
5.Chloro-2. 

methylandme 
4.Chloro-2. 

mcthylandme 

TCEP PPG DNP APL + 34 TTP 

(X0 ) (90, (100 ) (II” 1 (80 ) (YO ) (loo ) (80 I (90, (100 ) 1x0, (90, (100 , (110) I90 ) (IO+ 1 (IlO, 
4x 43 40 32 51 39 34 57 47 40 32 28 23 I9 77 63 50 
14 5x 54 42 103 73 61 119 91 76 67 52 41 30 115 101 75 

,,I X7 16 56 210 146 114 256 190 150 I47 I,,, Xl 59 204 I7h I?4 
I55 I30 IOX 78 438 290 220 572 407 309 341 242 173 II6 396 365 ?II 

,110, ,,?O, ,130 ) ,140, (loo, ,110, (IZO) (IOU) (II0 b (120, 1130, 1l”U I III0 111x I 1l"U I(110 1 (l2U ) 
652 439 2998 142 416 332 123 657 425 294 105 265 1713 II4 403 261 IX4 
775 508 34X lb3 726 499 325 II00 692 461 314 434 114 Ihl 629 3Xh 270 
960 62 431 I95 x97 6”X 396 141” XXII 512 390 4x4 3(1? 1’)s X6X 535 356 

I171 75X 506 226 1012 676 436 I5K” 9x1 636 42’) 564 34X 2Xx X6X 535 356 

II71 75X 506 226 13x8 42” 583 2348 1420 902 5% x34 509 318 1359 40x 5113 

1356 X69 5x1 152 1577 IU34 649 2629 15x6 I”“7 656 I JOY 7”5 437 1359 NIX 504 

1592 lOI6 672 294 1799 II69 735 29X3 ,7X, II25 7U.l 10x4 651 4U9 1635 945 6”: 

(120, 1130) (IJO) ,111, l,l21,, 1130, (IOU, (11”) (130, 1140 ) ,150) (16(l) , I UU , , I I” ) , I ?I1 , 
x35 531 137 624 39X 215 451 301 20x II8 X? 62 453 311 2”Y 

I “J? 655 28’) Y”6 59, 396 813 524 362 I75 IIY x5 792 510 332 
I.117 X38 257 ,619 YX9 h-15 l2Y5 XIX 57X 141 I65 II7 I409 x5x 540 

1472 929 399 23x4 182X XJI 2237 I307 X6, 2x3 ?I)(, IJX 2126 I?44 774 
3675 223 920 3703 2155 1342 ?XX4 1713 1100 561 34x 23x 379Y 2139 1253 
3675 2x3 920 3921 2274 1411 2xX4 1713 1100 632 3X4 2?5 3799 ?l3Y 1253 

4657 2787 II35 52X8 3043 19U3 5124 297X IX66 966 480 319 623’) 33?U 1732 

4657 27x7 II35 5573 3225 1977 5124 297x IX66 920 572 377 623’) 3320 1732 

DISCUSSION 

Resolution of the mixture of aromatic nitriles was achieved on six out of the ten liquid 
phases used; these phases were Benzidine, TCEP, CDES, PPG, DNP and APL-34, and 
the order of the peaks was benzonitrile, o-, HI-, p-tolunitriles, 2,5-, 2,4- and 2,3_dimethylben- 
zonitriles (except that 2,3-DBN emerges before 2,4-DBN from APL-34). The elution order 

Table 3. co~ltirwd 

SOlUteS Benzldme SO SGR CDBS DPH 

c,-Tolunmde 
r,,-Tulun~lrde 
p-Tolumtr~le 

2.5.Dlmcthll- 
benromtrde 

2.4.DImethyl 
hcnzomtrk 

2.3.Dtmrfhyl- 

henzonltrdc 

A!llllne 
<,-Toluldme 
wChloroamlme 
h-Chloro-l- 

mrthgldndme 
ttr-Chloroandlne 
p-Chloroamlme 
5-Chloro-2. 

mrth~lamlme 
J-Chloro-?- 

methyldndmr 

1110 1 
592 

803 
1078 

I .?hX 

I423 

I754 

2012 

27 L_ 

35 29 
51 40 

(120, 1130, 
396 ?7K 

534 366 
701 4?5 
xxx 550 

916 604 

726 

1277 

1110) 
61X 
X67 

I”58 

1413 
2896 
303x 

4642 

4642 

xx 

WI I 
45 
h3 

IIX 
235 

, 1U” 1 
??U 

351 
439 
457 

703 

755 

X69 

(9” I 
255 
44X 
65U 

II42 
I?11 
I.?12 

I774 

239 

190 1 
35 
53 
XX 

15x 

,110, 

141 
208 435 306 219 I63 II6 x3 3x5 246 
274 557 391 270 IV5 IJO 9x 529 3x 
274 

405 

423 

49x 

(I”” , 
?I).? 
351 
50') 

x52 
940 
94” 

,100 , 

26 
44 
7Y 

132 

1110) 
I?5 
?UX 
290 

506 
506 
506 

x71 

x71 

IXU) 190) (IOU) 19” l ~100~ 1110, IX”, (9U, 1100) 

4x 44 40 I4 II 9 49 44 35 
h9 61 54 ?? IX I4 X9 74 if> 

I?4 IO2 KU ill ?I 21 IX? I44 I”4 
231 I63 I34 72 5h 39 3x5 2x0 I’)1 

(x0 I (90 I 11110 ) 1120 I (13~) 1140 j II(X) )(IIO 1 
?+I IX7 135 I27 97 67 21 I56 

557 391 270 220 155 I IO 529 32X 

904 62X 43x 2.50 I77 I24 927 579 

9VI 662 JSS ‘Xi 2111 I39 927 57’) 

,,Wh 71,, 5” 122 230 15’) 927 579 

,X0 , (WI , ,I00 , 
?44 I47 135 
435 3”6 236 

6”Y 4UX 303 

I044 696 4X9 
IO.14 696 4XY 
III3 764 512 

194x 1257 X5’) 

,94X I.?57 X59 16x6 
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of these solutes is in accord with the order of their increasing dipole moments. While the 
elution order of the tolunitriles agrees with the increasing order of their vapour pressure 
and electron polarizability, the elution order of the dimethylbenzonitriles is the reverse of 
their order of both volatility and electron polarizability. 

The mixture of anilines was separated on only two liquid phases (PPG and APL-34). 
in the elution order: aniline, o-toluidine, o-chloroaniline. 6-chloro-2-methylaniline. 11~ 
chloroaniline, p-chloroaniline, 5-chloro-2-methylaniline and 4-chloro-3-methylaniline. 
The components are eluted in order of decreasing vapour pressure and increasing dipole 
moment. 

Theoretically, nitriles would be expected to have longer retention times than ani- 
lines,“-‘3 but the results obtained showed the contrary. The anilines have higher C’y 
values than nitriles or any liquid phase, and the difference in IJ’~ values between aniline; 
and nitriles is greatest on PPG and lowest on SGR. The vapour pressure of the anilines 
and the nitriles cannot be considered as contributing to the observed results, because ben- 
zonitrile (b.p. 190.7”) was eluted before aniline (b.p. 184.4’) and o-tolunitrile (b.p. 204’) 
emerged before ~-toluidine (b.p. 199.8”). However, the results are explicable in terms of 
hydrogen-bonding between the aromatic amines and nitriles and the liquid phases. The 
effect of hydrogen-bonding is predominent on PPG but is unimportant on SGR. so the 
difference in Vz values for amines and nitriles is large on PPG and small on SGR. Thus. 
the aniline and benzonitrile have the same Vg value on SGR: o-toluidine and u-tolllnitrile 
also have identical Vz values. 

The factor dominating the order of elution of the aromatic hydrocarbons is the vapour 
pressure. These solutes are preferentially retarded on TTP and DNP but this is not due 
to n-interactions for the following reasons. The liquid phases CDBS, benzidine and DPH 
contain aromatic rings but the specific retention volumes on CDBS are lower than those 
obtained on any other liquid phase and lower on benzidine than on APL-34. If 7c-interac- 
tions were involved, the excess partial molar enthalpies of solution would be negative. but 
on TTP or DNP (see Table 5) positive enthalpies of solution were obtained. It has been 
pointed out by Littlewood 24 that n-interactions are not involved in the solution of atoma- 
tic hydrocarbons in DNP, TTP, TCEP or BDP. Furthermore, Maczek and Phillips” 
have shown that the order of elution of benzene and n-octene is the same on all these liquid 
phases. 

The excess partial molar thermodynamic quantities for the aromatic hydrocarbons and 
some anilines (o-toluidine and o-, m- and p-chloroanilines) have been calculated. It is to 
be noted that these quantities are susceptible to many uncertaintiesZ6-‘” but they are use- 
ful for purposes of comparison. 

The vapour pressures of the solutes were calculated by using the Antoine equation and 
are listed in Table 4. The activity coefficients for the solute at infinite dilution in DNP. 
PPG and TTP were calculated by using equation (3) and are tabulated in Table 5. The 
activity coefficient in different solvents and at any temperature increases as the number 
of methyl groups increases. thus: mesitylene > i?t-xylene > toluene > benzene. 

o-Toluidine has a higher :‘O value than the chloroanilines in all solvents and at all tem- 
peratures. The higher 7’ and AGy values of the anilines in TTP and DNP compared with 
those in PPG are due to the increased x-electron density in the ring systems in the first 
two liquid phases.‘h 
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Table 5. Thermodynamic data for aromatic hydrocarbons, and monosubstituted anilines on drfferent phases 

AC, “, 
cul/nlolr 

80 90~ 100‘ 110 120 130’ 

Benzene 
Toluene 
m-Xylene 
Mesrtylene 
o-Toluidine 
o-Chloroaniline 
nr-Chloroamlme 
p-Chloroamlme 

Benzene 
Toluene 
in-Xylene 
Mesitylene 
o-Tolmdine 
o-Chloroaniline 
wChloroanrline 
p-Chloroamline 

Benzene 
Toluene 
rn-Xylene 
Mesitylene 
o-Tolmdme 
o-Chloroanilme 
m-Chloroamlme 
p-Chloroamline 

on DNP 
-37 -118 -217 

113 69 -19 
221 188 142 
320 273 197 

120 161 165 
-45 -6 -10 
-37 7 3 

110 L6 I’X 

on PPG 
-160 -175 -288 

26 29 -72 
177 182 142 
315 320 246 

-160 -153 -120 
-422 -361 -370 
-434 -393 -361 
-331 -284 -290 

on TTP 
-378 -452 

-7 -143 
230 II8 
400 167 

591 618 
365 417 
2x7 342 
423 493 

2.x I 8 15 
161 -I? 
1 76 4.3 
I .96 47 

- I 45 
- I.54 
- I.38 
- I.39 

0.39 1.5 
-0.10 -03 

0.03 06 
0.13 11.6 

- 044 -07 
-2.56 - 5.6 
- 2.60 -4 I 
-2.14 -4.7 

2.10 7.0 
4.67 1’9 
4Ui IO 6 
X.40 22 0 

-4.1 
_ 39 
-35 
-39 

- 0.85 - 3.1 
- I.62 -52 
-I 81 -55 
- I.50 -50 

The excess partial molar free energies, enthalpies and entropies of mixing are given in 
Table 5. The enthalpy of mixing of the aromatic hydrocarbons in any solvent is always 
positive, implying the absence of selective interactions, while it is always negative when 
anilines are involved, which results from the strong specific soluteesolvent interaction. 

The efict of an o- or m-methyl substituerlt OH reterltiorl ~ohme 

The effect of a substituent in an aromatic ring on the specific retention volume is a reflec- 
tion of the solution properties involved in gas chromatography. The effect of a methyl 
group ortho to a nitrile or an amine group is demonstrated by comparing the logarithms 
of the specific retention volumes of the nitriles and anilines. The pairs used were: 

Benzonitrile o-Tolunitrile 
m-Tolunitrile 2.5-Dimethylbenzonitrile 
p-Tolunitrile 3,4-Dimethylbenzonitrile 
Aniline o-Toluidine 
o-Chloroaniline 6-Chloro-2-methylaniline 

rrl-Chloroaniline 5-Chloro-2-methylaniline 
I?-Chloroaniline 4-Chloro-2-methylaniline 

The results show that there is always an increase in the specific retention volume of the 
component with an o-methyl group. The differences in the logarithms of the specific reten- 
tion volumes of the pairs of solutes are listed in Table 6. 



Separation of aromatlc amines, mtriles and hydrocarbons 

Table 6. 

137 

Llquld T. 
phase “C a h c d r f 9 

DNP 

PPG 

SGR 

so 

TTP 

TCEP 

Apiezon 
L+B 

Benzldme 

CDBS 

100 
I10 
120 
130 

100 
110 
120 
130 

0.224 0.221 0.22 1 
0.211 0.208 0.208 
0.196 0.197 0,199 
0.186 0.184 0 190 

0.185 0.189 0.193 
0 176 0, I77 0.185 
0, I63 0.169 0.173 

80 0.252 0.21 I 0.25 I 
90 0.214 0.206 0,229 

100 0.21 I 0.21 I 0.227 

90 
100 
110 

0 204 0.204 0.219 
0,167 0. I 70 0.189 

100 
110 
120 

100 
120 
130 
140 
150 

0,194 0.195 0,195 
0.169 0179 0.179 
0.166 0.150 0.228 

0.075 0.086 0,064 
0,063 0.08 I 0.060 
0.070 0,069 0.060 
0.060 0,065 0.048 

100 
110 
120 
130 
140 
150 
160 

0.215 0.236 
0204 0.225 
0,199 0.213 
0, I76 0.201 

I10 
120 
130 

120 
130 
140 

0.133 0,121 
0.131 0,116 
0120 0.104 

0.106 0.109 
0,098 0.104 
0,089 0.102 

0.330 
0.307 
0.181 
0,159 

0.141 
0.097 
0.121 

0.113 
0.111 
0 102 

0.269 0.239 0.150 0.150 
0.242 0.204 0.240 0.240 
0.240 0.204 0.269 0.269 

0.162 
0,176 
0,159 

0.252 
0.204 
0.243 

0.245 
0.240 
0.222 

0.243 
0,215 
0,201 

0,168 
0,267 
0293 

0.234 
@233 
0.207 

0.245 
0.223 
0.25 1 

0,179 
0.161 
0, I56 

0.155 
0150 
0,152 

0.27 1 
0.256 
0.245 

0.265 
0.249 
0.236 

0.215 
0.191 
0.142 

0.153 
0.152 
0.146 

0.243 
0.216 
0.216 

0.267 
0.254 
0.236 

0.215 
0.191 
0 I42 

0.096 O+I48 0.103 0.103 
0.09 1 0.045 0.098 0.098 
0.088 0.048 0.09 1 0.09 I 
0.08 I 0.048 0.087 0.087 

0.170 0.07 1 0.135 0.163 
0.160 0.096 0.140 0.173 
0.133 0.103 0.127 0168 

([f) = log 1 F (o-tolunitrile) - log VF (benzonitrile). 

(h) = log Vf (2.5-DBN) - log VI (m-tolunitrile). 

(c) = log Vz (2,4-DBN) - log Vx (p-tolunitrile), 

(d) = log Vz (o-tolumtrile) - log Vg (aniline). 

(e) = log Vz (6-chloro-2-methylanihne) - log Vt (o-chloroaniline) 

(f) = log Vz (5-chloro-2-methylaniline) - log 1’: (m-chloroanilme). 

(Q) = log “‘z (4-chloro-2-methylaniline) - log VI (p-chloroandme). 

The increase in the logarithm of the specific retention volume of a solute containing a 
cyano group when a methyl group is substituted in the ortho position is approximately 
constant. It has been suggested that the nitrile group does not suffer from steric interfer- 
ences because.of its cylindrical shape, and the same constancy is not shown by the differ- 
ences in the specific retention volumes of the analogous aniline pairs. 

In Table 7. the minimum and maximum difference values of columns a, b and c at the 
temperatures of experiment on each liquid phase are quoted. The lowest minimum differ- 
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Table 7. 

Liquid phase 
Temp. range, 

c 
Minimum 

difference value 
Maximum 

difference value 

DNP 100-130 0.184 0.224 
PPG 100-1’0 0, I63 0 193 
SGR X&l00 0 206 0,252 
so 90-l 10 0,167 0,219 
Apiezon L + B IO@130 0.159 0.330 
TTP lo&l20 0.150 0.228 
CDBS 120-140 0.089 0. I 09 
Benzidine 1 l&130 0.097 0. I 4 I 
TCEP 1 I@140 0,048 0.086 

ence value is 0.048 obtained on TCEP in the temperature range 1 l&140” and the highest 
maximum difference value is 0.330 obtained on Apiezon L + Bentone 34 in the tempera- 
ture range 1 O& 130”. 

Ackrlowlrrlyelnellt~-We are extremely grateful to Prof. A. E. Habboush, for her Interest and helpful suggestions 
and discussion of the results, and are Indebted to the head and staff of the Chemistry Department. College of 
Science. Umversity of Baghdad for providing necessary requirements during the course of work. 

REFERENCES 

1 E. Muguaini and G. Gambh, Chim. It7d.. 1963, 45, 44. 
2. M. Taramasso and A. Guerca. J. Gus Chromutog, 1963.3, 417 
3. A. E. Habboush and R. C. 0. Norman, J. Chromatog.. 1963, 7, 43X. 
4 A. E. Habboush and A. Tameesh. hid, 1970.53, 151. 
5. A M. Saum, J. Polymer Ser.. 1960,42, 57 
6. A. N. Genkm. B. 1. Boguslavskaya. L. S. Bresler and M. S. Nemtsov. Dokl. Akad. Nnuk SSSR (Englrsh Tranal.). 

1965, 164, 1089. 
7. A. T James. Allal Chrrt~., 1956, 28, 1364. 
8. H. G. Henkel. J. Gas Cltrornutog.. 1965, 3, 320. 
9. A. R. Cooper. C. P. Crowne and P. G. Farell. J. Chromutog., 1967, 29, 15. 

IO S H. Langer. C. Zahn and J. Pantazoploz. hid., 1960,3, 154. 
I I H Pines and C T. Chen, J. A/n. Churn. Sot.. 1960. 82, 3562. 
12 J. Janak and M. Hiivnac”_ J. Chromutog . 1960, 3, 3562. 
13. Handbook of Chemistry and Physics, 51 st Ed.. ed. R. C. West, Chemical Rubber Co., Cleveland, Ohio, 197s 

71. 
14. Dictionary of Organic Compounds. 4th Ed., eds. J A. Pollok and R. Stevens. Spon, London. 1900. 
15. J. W. Baker and J Gaunt, J. Cheat Sot., 1949, 9. 
16 C P. Smyth. Dirkcrr~c &harrow und Structure, p. 333. McGraw-Hill, New York. 1955. 
17. A. B Littlewood, Gus Chromutographp. 3 1. Academic Press, New p York, 1962. 
IX. A B Littlewood, C S G. Phillips and D Price. J C’hrri7. Sot., 1955. 1480. 
19. M. R. Hoare and J. H Purnell, Trurzs. Faruduy SM., 1966,52,222. 
20. D. E. Martire and L. Z. Pollara, in Adruwrs !?I Chromurogruplly. Vol. 1. eds. J. C. Giddings and R A. Keller. 

Arnold, London, 1965. 
21. W. A Sheppard, The Clwrmstry of Fur~ctror~al Groups. Interscience, London, 1970. 
22. G J. Kormek and W. G. Schneider, Curl. J Chrm.. 1957, 35, 1157. 
23. W G Schneider. J Cltrra. P11ys.. 1955. 23, 26. 
24. A. B. Littlewood. J Cu.\ Chromatog . 1963. I, 16. 
25. A. 0. S. Maczek and C. S. G. Phillips, J. Chrornutog., 1967, 29, 15. 
26. S. H. Langer and J. H. Purnell, J. Ph.rs. Cheat., 1963, 67, 263. 
27. R. L Martin, Anal. Chrm , 1963. 25, 116 
28. C W. P. Crowne and M. F. Harper, J. Chromzrog., 1971.61, 1 
29. D. E. Marttre. .4nul. Chrrn., 1966. 38, 244. 



Taianta. Vol 22. pp 129-133 Pergamon Press. 1975 Prmted ,n Great Brawn 

CHROMATOGRAPHIC BEHAVIOUR OF 48 CATIONS ON 
STANNIC AND TITANIUM ARSENATE PAPERS IN 

AQUEOUS NITRIC ACID SYSTEMS 

MOHSIN QI’KFSHI and S. D. SHARMA 

Chemrstry Sectron. 2. H. College of Engineering & Technology. Aligarh Mushm Umversrty. 
Allgarh, U.P.. India 

(Rrccwtl 5 Srptr~dwr 1973. Re~wd I 1 July 1974. Accrprrd 23 Augusr 1974) 

Summary-- The chromatographic behaviour of 48 metal tons on titanium arsenate. stannic 
arsenate and Whatman No. I papers in IO- ’ 3M nitric acid has been studied along with the effect 
of pH on R,,. 

An outstanding feature of chromatography on papers impregnated with inorganic ion- 
exchangers is the possibility of interesting separations with the help of simple aqueous sol- 
vents. Of these. nitric and perchloric acid are especially attractive because their complex- 
forming ability is very slight and hence they can be used to study the mechanism of sepa- 
rations. However. few studies with such systems have been reported.’ ’ A systematic study 
on titanium arsenate papers was reported recently by Qureshi and co-workers. They found 
that the selectivity sequence for cations on titanium arsenate papers is not the same as 
that on titanium arsenate columns and they defined a new quantity R, (R, = R, on un- 
treated papers minus R, on treated papers) which they proposed as a measure of the ion- 
exchange effect. 

The present study is a continuation of the work by Qureshi. Rawat and Sharma,(’ and 
covers the chromatographic behaviour of 48 metal ions on papers impregnated with stan- 
nit arsenate. Results for titanium arsenate and Whatman No. 1 papers arc included for 
comparison. and a number of interesting separations have been developed. 

EXPERIMENTAL 

Chromatography was performed on I5 x 3.5 cm Whatman No. I paper strips in 20 x 5cm glass Jars. 

Whatman No I paper strrps were Impregnated m O.IM stanmc chloride for 335 sec. the excess of reagent being 
removed by placmg the strips on filter-paper sheets. and were then allowed to dry for 15 min at room tempera- 
ture The strips were then dipped in 0.25M sodmm arsenate solution for 15 sec. The excess of solutron was drained 
off and the strrps were placed on a filter sheet. These strips were dried at room temperature and then washed 
with distrlled water thrice in order to remove the excess of reagents. Finally they were dried at room temperature 
and used for chromatography 

Test solution (I or 2 spots) prepared as described previously.‘-” was placed on the paper with a thin glass 
capillary. The paper was then condrtioned for I5 min and then dipped m solvent until the solvent ascent was 
I 1 cm. The front (RL) and rear (RT) RI values of the spots were measured. Sn” was detected with phosphomolyb- 
drc acid solution and the other ions as reported previously.” 

I 29 
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Table 1 Separation of cations on stamuc arsenate papers. as predicted by R, values (all take 30 min) 

Metal ion 
separated (R,-RJ Solvent Ions that interfere 

Sn’+ (0,0&0.20) 

Moh+(0.82p0,9X) 

Ga3+(0.6&0.9X) 

Se’+(O%&l.OO) 

Pt4+(0.72-0.98) 

W~+(0~88-1~00) 

Sb” Zr’+ or Hf4’ 
(O;)&O.lX) 

O.lM HNO, 

O,lM HNO, 

O.lM HNO, 

001M HNO, 

O.OOlM HNO, 

O.OOlM HNO, 

O.OlM HNO, 

O.OOlM HNO, 

3M HNO, 

AlA+. Cr3+. NI’+. Cu’+. Y3+, Zr4+. NbS+. 
Ru3+, InA+, Sb “. Ce3+. HP’. Pb2+. Th4+, 
UD z’ Ti4+ Sm3+ . Nd3+ Bi3+ 
A& ++ Fe3+ N,‘+ ’ , cl12+. Y3+ 
Zr”‘, Nb5+ RLI~‘, Ag’. In3+. Sb3’, Ce”. 
Ce4+ HfJf ‘Pb”+ ThJ+ 
Sm3;, Nd+ Sn”; ’ 

UO ‘+ T?‘. z . 

AI”. Cr’ II Fe”‘. Cu’+. ZrJ , Nb”, Ru3’, 
Ag’, Sb3+, In”. SnL+. Ce3+, Cej’. Hfa+, 
Pb’+ Bi j+ ThJ+ “0 Zf 

Mg’;, Ga3‘+, Se”‘l, N&t, Q+, 
Pt”+ W”+ Au3+ 
K’, Nb5+.‘Moh+. SeJ’. Cs+, Rb+, Ir3+, 
Pt4+ H 2+ W”+,AU3+ 

g 
K+. da3+. ib’+. Moe+. Cs+. 
Ir3+ Wh+ Pt4+ 
K’.Mg’+I Ga-” Sest, Rb’, Nb’+, Mob+. 
Cs+ Ir3+ W”+ ,&+ 
K+ ‘Se4+’ Nbl+ 

Pt4’. Ga’+ 
‘, Mob+ . Cs+, I?+. 

Fe3+. Nb”+, Mob+, Ag+. Ce4+. 
Th’+ Wh+ TI*+ . . 

Table 2. SeparatIona achieved experimentally on stanmc arssnatc papers (20 mm) 

Solvent 

0~00001 M HNO, 

OOOlM HNO, 

Separations achieved (RT R,,) 

U0.‘z(0~O&0~24t- Moh+(0.6(&0.96) 

T1’(0~0~0~26~Ga~‘(0~6~0~90) 
Ir’ ' (0,00-0.20t- Ga3 ’ (0.6&@90) 
Fe3 +(0~0~0~22tMo”+(@81 I 00) 
VO’+(O~O&O~2’) Mo”+(O%&l~OO) 

0.01 M HNO, Cr3~(0.0&O~24t Mo”+(O 7X.1.00) 
Y3 +(O.OO 0 28jGa3 (0.73 0.97) 

Al” +(O 00 0.22)--Ga3 + (0.74 1.00) 

O.lhi HNO, 110,‘+(0~0&0.48~ VO’+(O~6&0~7X) 
B? ’ (0.00 0~16~Tl+(0.560~7X) 
Sn’+(O,O@ 0.22t-Cd’+(0.66 0%) 
Th* ‘(0~0~0.40) La3+(0.7&0.XX) 
Zr~+(OO~O~0X~~Wh+(0~81~l~00) 
Th”+(O.O(&O.40)~~W” ‘(0.X0 0.98) 
Ag+(o,oO 0.22 jPtJ +(o%o 0.98) 

l,@M HNO, 

2M HNO, 

3M HNO, 

F~~~(00~0~5X~~Cr~*(088~1~00) 

Ag’(0.00 0,30)- Cu’ (0.7&0,94) 

Sb”+(O.OO 0.16)- Pb”+(0.6&0,94) 
Sh3+(0.00 0.13) Sn”(0.67~0~85) 
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RESULTS 

In many cases it was found possible to separate one cation from numerous metal ions. 
These separations are summarized in Table 1. The ions investigated were Ag+_ A13+. 
Au3+, Ba”+, Be2+, Bi3+, CS+, Cal+, Cd’+, Co’+, Cu2+, Ce3+, Cr3+. Ce“+, Fe2+, Fe3+, 
Ga3 ’ . Hg’+, HP’, In3’, Ir3+, K+, La3’, Mg”, Mn’+. Moht_ Nil’. Nd3+, Nb5+. pb2+_ 
Pr3+ pt4+, Rb+, Ru3+, Snzf. Sr”, Sb3+, Sm3+, Se4’, Tl+. Th4+, Ti4+, U@+, V@+, 
wh+ly3+ 

, Zn’ ’ and Zr4+. 

DISCUSSION 

The results reveal certain interesting points. Thus for almost all cations the Rf values 
are lower on treated than untreated papers. This may be due to (1) ion-exchange 
(2) precipitation (3) adsorption. As shown in Fig. 1 the difference in Rf values 
on untreated and treated papers (R,) generally increases with increase in pH and becomes 
maximum at pH 2, the steep rise being between pH 1 and 2. This shows that pH 2 is the 
most favourable acidity for ion-exchange. However, Ri is maximum at pH 0 for Zr4+, Hf4+, 
Sb3 + and Bi3 ‘, and at pH 1 for Th4 &. Excessive hydrolysis of Sb3 + and Bi3+ in acidic 
solution or the formation of insoluble arsenates of Zr4+. Hf4’ or Th4+ may be the reason 
for this abnormal behaviour. 

Exceptions are Au3+, Sb3+, Ce3+, Ce4+, Pb2+. Pt4+. Pr3+, Nd3+ and Sm3+, for which 
the R, values are nearly the same on both papers. but at pH > 2 Ce3+ and Ce4+ tail exten- 
sively. and Pr3+, Nd3+ and Sm3+ are almost completely adsorbed on titanium arsenate 
papers. The similar behaviour of Au3+ and Pt4 i on all three papers is probably because 
they are present as anionic complexes which are not sorbed significantly. Ag+ has a low 

PH 

o Whatman No I paper 
x Tltanwm arsenate paper 
l Stanmc arsenate paper 

Fig. la Plots of& us. pH -- Whatman No. 1 paper; ~~ x -- titanium arsenate paper; -e 
stanmc arsenate paper. 
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Fig. 1 b. Plots of R, L’S pH 
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Stanmc and titanium arsenate papers 133 

R, value owing to its interaction with the exchanger. It has been shown by Murray Tut ~1.~ 
that cations are preferably exchanged when the gel has a negative surface charge, but Ag’ 
is considerably exchanged even when the gel has a positive charge. This has been explained 
by them on the assumption that the adsorption of Ag’ is due to Ag”--matrix interaction. 
Stannic arsenate is highly selective for Fe3+ and even at low pH the R, of Fe3’ is not 
very high. Therefore Fe3+ can easily be separated from A13+. Cr3* and Cu”. Sb3+ is 
known to be strongly adsorbed by cellulose and therefore it has very low R, values on 
both the treated papers. Sn’ ’ has a high R, value at pH 1 but at higher pH it is completely 
adsorbed on titanium arsenate papers, probably because of formation of a more stable tin 
arsenate. On stannic arsenate papers the Rr value of Sn” is the same over the whole pH 
range. 

The plots for Mob+ and Wh+ are almost identical. For both the R,. value is low at pH 0. 
increasing rapidly at pH 1 and becoming constant for* the pH range l--5. In both cases, 
the R, value on untreated paper is lower than on stannic arsenate paper. 

At pH 0 the ion-exchange effect should be negligible and therefore the difference in R,- 
values on treated and untreated papers (R,) at this pH should reflect the uptake of cations 
by a mechanism other than ion-exchange, c.g.. adsorption, precipitation etc. Because stan- 
nit arsenate is a weak ion-exchanger it will be only slightly ionized in the presence of 1M 
nitric acid. If we take the average R, at pH 0 then some general conclusions can be drawn. 
For univalent cations it is 0.06. for bivalent @IO, for tervalent 0.24 and for quadrivalent 
O-48. It increases with charge and is approximately = 0.06 x 2” ’ where II is the charge 
on the cation. Subtraction of R, at pH 0 from R, at any other pH will give a fair idea of 
the ion-exchange behaviour of the cation concerned on impregnated papers. Plots of A R, 
as. pH, almost all give a maximum at pH 2. confirming thereby that maximum ion- 
exchange occurs at this pH. Ions which hydrolyse extensively or form very insoluble 
arsenates show a negative A R,, e.g., Sb3+, Bi3+, Zr4+. Hf4’ and Th4+. 

A plot of R, us. pH, where R M = log (l/R[ - l), gives straight lines for those ions which 
are sorbed by an ion-exchange mechanism. When the sorption is not by this mechanism 
a break results in the curves as in the case of Ag+, Tl’. VO’+, Ni’+. Cu”. Zn’+. Mn”. 
Pb’“. Cr3+, InJf, Fe3+, A13+, Sm3’, Nd3+. Pr3+, Hf”, Zr”‘, Pt”‘, Mob+, W”+ and 
Ti4+. For the initial straight lines obtained, the curves obey the equation rzpH = 6 Rnr + 
constant, where II is the charge on the cation. 

Ackno,clrd~~qrrwurlt-The authors thank Prof. W. Rahman for research facilities. 
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Summary-Experimental data are presented for zero-current bipotentiometric indtcation of the 
end-pomt m tttration of Fe(H) with Ce(IV), Cr(VI) and/or Mn(VI1). based on the use of two differ- 
ently pretreated gold indicator electrodes. 

Zero-current bipotentiometry is based on the measurement, during the course of a 
titration. of the potential difference between two indicator electrodes having different 
values for one or more of the following potential-controlling parameters: C (concent- 
rations of the electroactive species at the electrode surface), i (current), a (electrode area), 
S (thickness of the Nernst diffusion layer), a (electrochemical transfer coefficient) and k, 
(heterogeneous rate constant of the electrochemical reaction). Techniques based on differ- 
ences in C. i, A and 6 are well known.’ The possibility of exploiting differences in kinetic 
parameters (2, k,), based on the use of a pair of differently pretreated electrodes, has been 
reported.’ This new principle has been applied with good results to end-point indication 
in oxidimetric Fe(I1) titrations, by use of two differently pretreated platinum electrodes 
(Part I of this series).’ A qualitative interpretation of the different forms of titration curves 
has been also advanced.’ A quantitative simulation is to be published.3 The present paper 
deals with the same titration with the use of two differently pretreated gold electrodes. 
Although gold is the first in the thermodynamic nobility scale of the metals and the fourth 
in the practical one,4 its electrochemical properties, similarly to those of platinum, depend 
to a great extent on its pretreatment and prehistory. No systematic studies on the analyti- 
cal applications of pretreatment effects on gold have been reported. 

EXPERIMENTAL 

A conventional potentiometric tttratton assembly was used, consisting of a 50-ml tall-form beaker, a IO-ml 
semimicro burette, and a magnetic stirrer. Two identtcal rectangular gold foil electrodes were used, each I cm 
square. Before use the electrodes were treated according to one of the procedures indicated m Table 1. After 
each pretreatment the electrodes were thoroughly washed with doubly distilled water. placed directly m the 
titration vessel and connected to an MV 84 Type pH-meter (input impedance > 10” Q). The potential difference 
between the electrodes was read directly. An auxihary electrode (SCE) enabled us to follow separately the poten- 
tial of each mdicatmg electrode durmg the titration. The equtvalence volumes were read from the bipotentio- 
metric titration curves and for comparison, they were calculated from the potentiometric ones accordmg to Hos- 
tetter and Roberts7 Unless otherwise stated a mixture of 5.00 ml of 10-2jVf ferrous sulphate and 25.00 ml of IN 

I35 
TAi 72 2 c 
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Table I. Pretreatment procedures used 

Pretreatment Nature of the surface 

1 

8 
9 

IO 
11 

12 

Anodtzation in IN HzSO., at different potentials L’S. SCE 
(Indicated m text) 
IN KICr,O, (m IN HzS04)* 
IN KMnO, (in IN H,SO,)* 
30”; H,O?* 
Concentrated HNOJ* 
Ayuu tqiu* 
Cathodtzatton m IN H,SO, at different potentials LX SCE 
(Indicated in text) 
1 N FeSO, (m IN H,SO,)* 
1 M KCN* 
I M Phenol* 
Oxidation with concentrated HNO, then dippmg in concentrated HCI 
for a few set 
Ignition m the oxidative zone of a Teclu flame 
for a few set 

Oxidized 
Oxtdtzed 
Oxtdized 
Oxidtzed 
Oxtdized 
Bare 

Reduced 
Reduced 
Bare 
Poisoned? 

Bare 
Mixed (w., both oxidized 
and reduced sttes) 

* Dippmg m for 2 min. 
i- Different modes of potsonmg or inhlbtting electrode processes are known.’ Quantitattve data concernmg 

the effect of phenol (interface mhibttor) on Brz and I2 evolutton have been reported.” 

sulphurtc acid was tttrated with IO-*N Ce(IV), Cr(VI) or Mn(VII). Some expertments were run with more dilute 
Fe(H) solutions (IO- 3. 10-“M). Analytical grade chemicals and doubly distilled water were used throughout. 

RESULTS AND DISCUSSION 

The 74 bipotentiometric titration curves obtained during this investigation could be 
classified according to their shape, in the following four categories. 

Type I: conventional sigmoidal curves characterized by the existence of an inflexion 
point which coincided with the end-point (Fig. 1. curves u-c). 

Analysis of the individual electrode potential data reveals that these forms appear when 

the potential variation of one of the electrodes during the titration is small, this electrode 
serving as a kind of reference electrode. Depending on the polarity of the electrodes the 
titration curves of this type have a normal (curve u. Fig. 1) or an inverse S-shape (curves 
h and c, Fig. 1). 

Type II: some distorted forms (Z-form) of an S-shaped curve, usually composed of nearly 
linear parts (curves d7f; Fig. l), without inflexion point. The equivalence point could be 
identified (known solutions being titrated) with one intersection point of the linear parts 
(see Fig. 1). 

Type III: forms similar to the first derivative of a normal S-shaped potentiometric 

titration curve (Fig. 2, curves u-c), characterized by the maximum (or minimum) value of 
the potential difference between the indicator electrodes at the equivalence point. These 
forms appear when both electrodes exhibit approximately the same basic titration curve, 

but one curve (the potential of one electrode) lags behind the other. Depending on the 
sign of the lag the peak is oriented upwards (maximum) or downwards (minimum) respect- 
ively. 

Type IV: forms similar to the second derivative of a normal S-shaped curve (curves &jr 
Fig. 2) characterized by an approximately zero potential difference at the equivalence 
point. Nevertheless, it was sometimes observed that some peak values on the titration 
curves agreed better with the known equivalence volume than did the zero value of the 



Zero-current bipotentlometric end-pomt mdicdtlon 137 

z 
a” 

I I I I 

0 0.25 0 50 0.75 103 125 150 

f 

I 1 I 1 1 1 1 
0 025 050 0.2s ioo I25 I.5 

f 

Fig. I. Type I and II titration curves. The pretreatment procedures apphed to the electrodes (elec- 
trode I and electrode 2 respectively) are mdlcated by the numbers in Table I, and the titrant 1s 

given in parenthesis. 
Type I: a-1 1 and 5 (Ce4+); h-5 and 8 (MnO;); c-8 and 2 (Cr,O:-). Type II: d-l (+2OC@ mV) 

and 7(-600mV)(Ce“+):e-5and 11 (MnO;);f-I (+2OOOmV)and 12(MnO;). 

titration signal. From this point of view these type IV curves can be considered as distorted 
forms of type III curves. Type IV appears when one curve differs from the other with re- 
spect to both shape and lag,3 including the possibility that the lag between the individual 
curves changes sign at the end-point. 

> 
E 

2 

f 
20 mV 

I 

f 

B 
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d 

0 025050075 I00 125 1% 

Fig. 2. Type III and IV titration curves. See legend to Fig. 1. 
Type III: a-7 (-600mV) and 1 (+lWOmV) (Cr,O:-); b-l (+1500) and 7 (-6mmV) 
(CrzOS-); c-l 1 and 1 (f 1500 mV) (Ce“‘). Type IV: d-9 and 2 (Ce4+); e-8 and 2 (MnO;), 

f-10 and 12 (Cr,O:-). 
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The great variety of intermediate forms obtained is attributed to the fact that to some 
extent all the parameters which determine the shape of the individual potentiometric 
curves are operative. Bipotentiometric curves similar to types II and III have been 
obtained in constant-current bipotentiometry’ (d.c. differential electrolytic potentiometry) 
as well as in a.c. bipotentiometry’ (differential electrolytic potentiometry with periodic 
polarization). All these forms (types I-IV) reflect the effect of the surface state on electrode 
kinetics, being influenced not only by the oxidation state of the electrode metal but also 
by the nature and the amount of substances adsorbed. Therefore similar pretreatments 
(oxidative or reducing) yielded different titration curves depending on whether the pre- 
treatment was chemical or electrochemical. Similarly, electrodes given the same pretreat- 
ment yielded different curves with different titrants. For instance an oxidized and a 
reduced electrode pair in most cases exhibited a type III curve when Fe(I1) was being 
titrated with Ce(IV), but always a type I curve with permanganate or dichromate. When 
one electrode was poisoned. type II curves were always obtained when titrating with per- 
manganate. In cerimetric titrations the curves were of type III (one electrode poisoned with 
phenol) or of type IV (one electrode treated with cyanide). In permanganate titrations 
no such selectivity could be observed. When one electrode was ignited type III curves were 
always obtained in titrations with dichromate, but when the electrode was bare, i.e.. free 
from both oxidized and reduced sites, second-derivative forms appeared. Also in these 
titrations a pair of chemically oxidized or reduced electrodes always exhibited S-shaped 
titration curves, but when the same oxidative or reductive pretreatments were performed 
electrochemically. well-formed type IV curves were obtained. All these results illustrate the 
effect of the adsorbed species on the form of the titration curves. At the same time this 
phenomenon is considered responsible for the poor reproducibility of the curve shapes. 
The details of this effect are still not well understood. 

The potential break near the equivalence point was evaluated as AE between J’= 0.90 
and 1.10 in the case ofpotentiometric curves and as AE betweenf= 07.5 and 1.00 (j‘= de- 

Fig 3. Expanded tltratlon curves near the end-pomt. l-l I and 7 (+300 mV) (Ce”‘). 2-I (+ 
1700mV)and7(+600mV)(Cr20~~) 
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Fg. 4. Zero-current bipotentlometrlc titration curves of Fe(H) with Ce(IV). X replicate titrations 
(sequence indicated on the curves). The pretreatments (2 and IO. Table I) repeated after each 

titration. 

gree of titration) in the case of bipotentiometric ones. In the former case values between 
530 and 100 mV were obtained, whereas in the latter the break showed variations between 
20 and 490 mV. These data enable us to choose the most efficient pretreatment procedure. 
Details of the end-point region for two recommended titrations are shown in Fig. 3. The 
observed individual redox potential values, as well as the redox potential changes corre- 
sponding to a given degree of titration sometimes showed accentuated pretreatment effects. 
Taking only the redox potentials observed at f = 0.5 (the system is well poised, the ratio 
[Fe3’]: [Fe”] is 1: l), values between 330 and 1020 mV (~a. SCE) were observed, depend- 
ing on pretreatment and the titrant used. Nevertheless. the mean values observed during 
a great many titrations (different pretreatments, randomly taken) showed no significant 
differences dependant on the titrant used. For instance the mean value of the redox poten- 
tials at f = 0.5 of 54 cerimetric titrations was 432.2 mV, whereas the same for 44 dichro- 
mate titrations was 43 1.2 mV. A similar effect was observed in other stages of the titrations. 
For example, for titration from f = 0.25 to 0.50. one would predict a potential increase 
of 30 mV. Experimental values between 0 and 30 mV were observed. Sometimes, mainly 
when excessively oxidized electrodes were used. at the beginning of the titration a potential 
decrease could be observed, which was evidently due to the interaction between the reduc- 
ing medium and the electrode surface. On this occasion it was observed that gold elec- 
trodes oxidized electrochemically at lower anodic potentials ( < 1.36 V L’S. SCE) showed 
smaller potential fluctuations than those anodized at higher ones. All these phenomena 
need further investigation. 

The reproducibility of the method and also the durability of the pretreatments have been 
investigated. The mean of all the potentiometric equivalence volumes obtained was 5.01 ml 
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(standard deviation s = 0.04, ml, II = 53), that of the bipotentiometric ones (all pretreat- 
ment combinations used) being 5.00 ml (s = 0.02, ml. II = 27). The corresponding values 
for titrations with permanganate were 5.02 ml potentiometric (s = 0.03,, II = 46): 4.99 ml 
bipotentiometric (s = 0~02~, n = 25); and with dichromate 5.01 ml potentiometric (s = 0*05s, 
II = 25); 4.98 bipotentiometric (s = 0.02,. II = 22). As expected, the bipotentiometric indi- 
cation yielded a higher precision. the potential fluctuations being partially cancelled. It has 
already been mentioned that in some cases the equivalence points agreed better with some 
well-defined points on the titration curves other than those characteristic for the respective 
curve-form (see Figs. 1 and 2). In such cases these values were taken in the calculations. 
In order to test the reproducibility and the duration of a single pretreatment combination, 
an electrode oxidized with dichromate and one poisoned with phenol were used to follow 
the cerimetric Fe(I1) titration. This combination in this case yielded type III titration 
curves, easy to interpret. At first the pretreatment was repeated after each titration (Fig. 

4). 
Inspection of the curves reveals that with repeated pretreatment the reproducibility is 

excellent as far as the form and the equivalence volumes are concerned. Only the height 
of the peaks showed some fluctuation. The same result was obtained with permanganate 
titrations (one electrode ignited, the other bare) as well as with titrations with dichromate 
(one electrode cathodized at - 600 mV, the other anodized at + 1500 mV. vs. SCE). When 
the same titration was repeated without renewing the pretreatment (the electrodes were 
only washed after each titration) the activity of the electrodes fell gradually, manifested 
in the decrease of the height of the peaks (Fig. 5). Nevetheless. the shape of the titration 
curves remained unchanged and so did the end-point. Consequently the pretreatment must 
be renewed every 2 or 3 titrations. 

80_ 

60- 

20- 

I I I I 
0 025 050 075 100 125 150 

Fig. 5. Zero-current bipotentlometrlc titration curves of Fe(H) titration with dichromate. Rephcate 
titrations without repeatmg the pretreatments (+ 1500 mV and -600 mV). Decreasing peak 

heights correspond to the succession of titrations. 
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loo- 

0 025 050 075 loo 125 150 

Fig. 6. Zero-current blpotentiometrlc titration curves of Fe(H) titrations with Ce(IV). Decreasing 
titrand concentrations: I-IO-‘M. 2-10-3M: 3-IO-4M. Condltlons as in the case of Fig. 4. 

Ferrous solutions of lower concentration were also titrated (Fig. 6). In this case also the 
shape of the titration curve varies markedly with dilution, especially the portion after the 
equivalence point. This is attributed to decrease in the charge-transfer rate and increase 
of the effects of adsorption conditions on the electrode process. 

The variation of the shape of the titration curves with dilution was also observed in ac. 
bipotentiometry.’ 

CONCLUSIONS 

Zero-current bipotentiometry based on pretreatment effects can be performed with gold 
electrodes, and the end-point indication compares favourably with classical potentiometry 
in terms of accuracy and precision. Simplicity in realization and measurement (no refer- 
ence electrode is needed) are the special advantages of the method. As little information 
is available on the effect of pretreatment on the response of the electrodes. the most suit- 
able pretreatment combination at the present time must be found by trial and error. Solid 
electrodes being used, reproducibility is assured only by repeating the pretreatment.pro- 
cedure before each titration. Even in this case the memory effect sometimes causes fluctua- 
tions in response. 

Criteria for selection are: appearance of well-formed titration curves with characteristic 
points making possible the unambiguous and exact location of the end-point, and easy 
practical realization and reproducibility. In the case of the present titrations only the peak- 
shaped first-derivative type curves gave acceptable results, the point of maximum (or mini- 
mum) potential indicating undoubtedly the end-point. S- or Z-shaped curves often yielded 
erroneous results. The favourable pretreatment procedure which should be applied to the 
electrodes differs depending on the titrant to be used. For titrations with Ce(IV), which 
is a reversible system, ignited electrodes proved useless in any electrode combination. 
Combination of an oxidized and a reduced, or a bare-metal and a reduced electrode is 
recommended. Other pretreatments were not suitable. For titrations with permanganate 
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or dichromate, where both systems are irreversible. the combination of one ignited elec- 
trode with one treated in some other way proved useful. If one of the electrodes was not 
ignited, no well-formed titration curve could be obtained. 
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Summary-The distribution of chromium(V1) between S-(4-pyridyl)nonane m benzene and hydro- 
chloric acid media has been studied as a function of the concentration of the acid, extractant, chro- 
mium(W). chloride and a few other ions. The extraction mechanism and the cornposItion of the 
extracted complexes of Cr(VI) have been proposed. The separation of Cr(VI) from uranium, thor- 
mm and fission products in 3M hydrochloric acid has been achieved. 

Stainless steel is commonly used in the construction of nuclear reactors as well as for the 
cladding of reactor fuel elements. A commonly encountered neutron-induced activity in 
stainless-steel corrosion products is that of chromium-5 1, the solvent extraction separation 
of which from reactor cooling-water or from fission products is generally desired. The sol- 
vent extraction of Cr(V1) with liquid anion-exchangers has been described by several 
authors.1-5 This communication deals with the extraction of chromium(V1) with a new 
liquid anion-exchanger, a high molecular-weight substituted pyridine, 5-(4_pyridyl)nonane, 
from hydrochloric acid solutions. 5-(4-Pyridyl)nonane is a high-boiling liquid miscible 
with water-immiscible organic solvents and is suitable for solvent extraction application. 

EXPERIMENTAL 

Reugrnts 

5-(CPyridyl)nonane (PyN) (K&K Labs. Inc., Plamview, NY.) was purified by vacuum distillation before use. 
It is a pale yellow oily hquid. b.p. 94”/0.8 mmHg, nh” 1.485, dzo 0.9208 g/cm 3 Its solubility in water 1s 1,2g/l 
The purity of the reagent was checked by GLC on a 10% Carbowax 20M column at 220”, a single peak being 
obtained. 

Mineral acid solutions were generally prepared from BDH volumetric solution ampoules and all other chemi- 
cals used were of analytlcal-reagent grade. 

51Cr tracer (as chromate) and the other tracers except where stated were obtained from Radiochemlcal Centre. 
Amersham. Sodium chromate was used in the experiments where the total concentration of Cr(VI) was raised 
to 0.05M. 233U was purified by solvent extraction” before use (the concentration of uranium in the initial aqueous 
phases was _ 10W3M). Z34Th was isolated7 from natural uramum. 99mTc was separated from its parent 66.6-hr 
99Mo by solvent extraction according to the method of Faddeeva et a1.s 54Cu, 19sAu and 99Mo were obtained 
by neutron activation of the respective reagent grade salts. CuO, AuCl, and MOO, in the research reactor of 
the Pakistan Institute of Nuclear Science and Technology. The radioisotopes “‘Co. 5qFe(III), s4Mn, %l and 
lJ4Ce in chloride form: 95Nb and 95Zr (freed from Its daughter 95Nb before use) in the form of oxalate complexes 
and ’ ‘OrnAg in nitric acid solution were pure enough to meet the catalogue specifications. 

Radiochumical assuy md instrunlrntutio,i 

For alpha assay an argon gas-flow proportional counter, Harwell type 3-7/11558. in conjunction with an 
EKCO fast scaler, type N530F. was used and also a Nuclear Chicago Corporation alpha scintillation counter 
Model DS-S Serial 1709 Solid beta-emitting samples were assayed with an end-window Geiger assembly 
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equipped with a G.E.C. tube type EHM 2/S. Gamma-ray count-rates were determmed with a Nuclear Chicago 
smgle-channel analyser. model 872, coupled with a 3 x 3 m. NaI(T1) well-type scintillation counter. Gamma 
spectra were taken with a Nuclear Data ND-4410 computer system 512-1024 multichannel analyser model 2560. 
The detector used with this analyser was a 4 x 3 in. NaI(T1) crystal. 

Mrusurrmer~t of distribution coefficients 

Equal volumes of the aqueous and the organic phase (equilibrated previously with an aqueous solution of the 
same matrix composition as the solution from which chromium was to be extracted) were shaken together for 
5 min. sufficient time for equilibration. To avoid errors due to loss of radioactive material, the material balance 
was checked, those experiments having a balance of less than 90% being repeated. 

RESULTS AND DISCUSSION 

Results obtained for extraction of trace and macro amounts of chromium(V1) from hy- 
drochloric acid with O.lM PyN in benzene are shown in Fig. 1. The higher extraction of 
macroamounts of Cr(V1) may be due to the preferential formation and extraction of con- 
densed chromate ions.’ 

The influence of PyN concentration on the extraction of trace quantities of Cr(V1) from 
0.25, 0.5 and 1M hydrochloric acid was investigated with benzene as diluent (Fig. 2). A 
linear relation between log DCr(v,) and log [PyN] with slope of unity holds for 0.25M hy- 
drochloric acid medium. which suggests that for traces of chromium the reaction sequence 
is 

PyN + HCl Z$ (PyNH)+ Cl- 

(PyNH)+Cll + HCrO; e(PyNH)+HCrO, 

In the more concentrated acid systems (0.5 and 1M). the extraction coefficients for trace 
Cr(V1) are not readily interpretable. The D value starts decreasing at reagent concentration 

)I- 

I- 

.’ 

1 

IO_ IO / IO 

HCl, M 

Fig. 1. Distribution of Cr(VI) between HCI and O.lM PyN in benzene as a function of hydrochloric 
acid concentration. 
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-.- I M HCl 

Fig. 2. Dependence of the trace Cr(VI) distribution ratio on the PyN concentration in the organic 
phase. 

greater than O.lM. This could be caused by aggregation of amine hydrochlorides, resulting 
in the monomer-micelle equilibrium involving intermediate stages (dimers, trimers and 

higher polymers) 

PyNH+ + Cl- =PyNH+ .Cl- +(PyNH+ .Cl-)? ti 

(PyNH+ . Cl-), = (PyNH’Cl-)micelle 

- 05 M HCl 

--t 3 M HCl 

A- 5M HCl 

Fig. 3. Extraction isotherms m the systems O,lM PyN in benzene/O.% 3. 5M HCI + variable 
Cr(VI). 
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The extraction curves for the systems O.lOM PyN in benzene plus 0.5, 3 and _5M hydro- 
chloric acid plus variable [Cr(VI)] are shown in Fig. 3 (extraction equilibrium curves). The 
maximum loading of the organic phase is about 6 g of chromium per litre irrespective of 
the acidity of the aqueous phase. Maximum uptake of the extracted compound by the 
organic phase from O.SM hydrochloric acid is obtained when the original aqueous solu- 
tions contain 1-20 g of Cr(V1) per litre. The uptake by the organic phase decreases sharply 
when the original aqueous concentration of Cr(VI) is increased above 20 g/l. A possible 
reason is that condensation polymerization of the large amounts of Cr(V1) in the aqueous 
phase decreases the hydrogen-ion concentration to such an extent that the stability of the 
amine salt of the type (PyNH)+ is considerably decreased. 

With 3M hydrochloric acid medium the loading of O.lM PyN/benzene decreases at 
chromium concentration above about 100 g/l. in the aqueous phase, but with 5M hydro- 
chloric acid no fall in loading was observed even up to 220 g of Cr(VI) per litre in the initial 
aqueous phase. 

The effect of various salts on the distribution coefficient of Cr(V1) between hydrochloric 
acid media and O.lM PyN/benzene is seen in Fig. 4. In the case of 0.5M hydrochloric acid. 
sodium chloride and sodium suiphate in concentrations up to 1M are without effect. The 
effect of fluoride and nitrate is probably due to competition for the amine or to the forma- 
tion of inextractable fluoride and nitrate complexes of Cr(V1). 

Figure 5 shows the Cr(V1) distribution as a function of potassium oxalate, ammonium 
acetate, sodium citrate and potassium tartrate concentration in the aqueous phase of 0.5M 
hydrochloric acid. In the case of potassium oxalate, precipitation took place after addition 

_ 

-*- Nltrote (05M HCl) 

-x- Fluoride (05M HCC) 

---+- Chlonde (3M HCl) 

_ - Chloride (5M HCI) 

-* 
10 

Id3 
I I 

Id' 10-I I IO 

Aqueous salt. M 

Fig. 4. Variation of distrlbutlon coefficient of Cr(VI) with concentration ofdIfferent salts for extrac- 
tion by O.lM PyN/benzene. 
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-3- Cltrote 

-e- Bltortrate 
-x- Oxalate 
-A- Acetate 

IO-‘ I 6’ 

Aqueous salt, M 

Fig. 5. Distribution of Cr(VI) as a function of the concentration of oxalate, citrate, tartrate and 
acetate ions from 0.5M HCl by O.lM PyN/benzene. 

- EDTA 

-e- Thlocyanate 

Aqueous concentration, M 

Fig. 6. Variation of the distribution coefficient of Cr(V1) with the concentration of EDTA and 
sodium tluosulphate from 0.5M HCI for extraction by O.lM PyN/benzene. 
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Table 1. Dlstrlbutlon coeficlent of various metal Ions between @lM S-(4-pyridyl)nonane/benzene 
and 3M hydrochloric acid 

Metal Ion 

Concentration In 
the mltlal aqueous 

phase. M D values 

99mTc(VII) 
9qMo(VI) 
‘W(VI) 
=Nb(V) 
“5Zr(IV) 
=Th(IV) 
lohRu 
“‘Ce(III) 
90Y(III) 
“‘8Au(III) 
h”CO 
““Sr(I1) 
~%l(II) 
“3Ni(II) 
‘3’CS 

C.F. .0.X 
1o-5 -0.015 
IO-” < IO_ ’ 
C.F <lo-: 
lO-9 <10m3 
C.F. <10m3 
lo-? -5.5 
IO-” <lo-’ 

C.F. < 1om3 
1O-8 > IO 
IO-R <IO-3 
lO-9 <IO-3 
10~~ <IO-3 

<IO-3 
< 1om3 

C.F. = carrier-free 

of the extractant to initial aqueous phases which were 0.0050.02M with respect to potas- 
sium oxalate. No precipitation occurred at higher concentrations. Part of the precipitate 
remained in the organic phase after centrifugation, the rest remaining in the aqueous phase 
and partially settling. Tartrate gave similar behaviour. 

The effect of EDTA and potassium thiocyanate on the extraction of 0.05M Cr(V1) from 
O..5M hydrochloric acid is shown in Fig. 6. In both cases the extraction decreases with in- 
crease of their concentration in the aqueous phase. Precipitation in the aqueous phases 
was observed at concentration greater than 0.06M in the case of EDTA. 

flsslon products 
+ 

Cr5’splke 

,f , 1 par;; ch;m)6 lie ? 

0 02 04 06 08 I 

Energy. MeV 

Fig. 7. Separation of spiked chromium(V1) from one-month cooled fission products and then 
gamma spectra. 
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Reducing agents, e.g., thiosulphate, hydrazine hydrochloride and ascorbic acid prevent 
the extraction in whole or in part (depending on their concentration) by reducing Cr(V1) 
to inextractable Cr(II1). 

From Fig. 1 it is evident that chromium(V1) can be stripped from the organic phase by 
using very dilute hydrochloric acid. It is also possible to strip the chromium by stirring 
the solvent phase with a reducing agent to convert Cr(V1) into Cr(II1). 

The selectivity of the extraction separation of chromium(V1) with O.lM PyN/benzene 
from 3M hydrochloric acid was studied. The behaviour of uranium, thorium and impor- 
tant fission products was examined. The results are presented in Table I. A 51 Cr(V1) spike 
was separated from fission products (cooled for 1 month) by extraction with O.lM PyN/ 
benzene from 3M hydrochloric acid. The 3M acid was used in order to reduce co-extrac- 
tion of Tc and MO. The interference of iodine was prevented by preliminary extraction 
with carbon tetrachloride. The organic phase was stripped with 3M hydrochloric acid- 
O.lM ascorbic acid. The co-extracted ruthenium [perhaps ruthenium(IV)] did not accom- 
pany chromium in the stripping step. The gamma spectra (Fig. 7) showed the clean separ- 
ation of chromium(V1). 

Acknowledgrments-Dr. Mukhtar Ahmad checked the purity of the reagent by GLC. Messrs M. Saeed and R~az 
Joseph gave valuable assistance with the measurement/countmg of radioactive samples and the calculations on 
D values. 
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Summary-A review of the analytical applications of hydrazones IS presented. 

Hydrazones are azomethines characterized by the presence of the triatomic grouping 
> C=N-N < . Many of the physiologically active compounds find application’ in the 
treatment of several diseases such as tuberculosis, leprosy and mental disorder. On the 
other hand, aroylhydrazones (I) are reported to possess tuberculostatic activity.‘y3 This is 
attributed to the formation of stable chelates with transition metals present in the cell. 

R-CH=N-NH-CO-R 

(1) 

Thus many vital enzymatic reactions catalysed by these transition metals cannot take 
place.4-6 Hydrazones act as herbicides, insecticides, nematocides, rodenticides and plant 
growth regulators. They show spasmolytic activity, hypotensive action and activity against 
leukaemia, sarcomas and other malignant neoplasms. Hydrazones are used as plasticizers 
and stabilizers for polymers, polymerization initiators, antioxidants, etc. They act as inter- 
mediates in preparative chemistry. The structural aspects of the compounds have been 
recently reviewed.’ 

In analytical chemistry, hydrazones find application in detection, determination and iso- 
lation of compounds containing the carbonyl group. More recently, they have been exten- 
sively used in detection and determination of several metals. Many other analytical poten- 
tialities of these compounds have also been explored. The aim of this review is to summar- 
ize the analytical aspects of the hydrazones. 

Hydrazones act as multidentate ligands with metals (usually from the transition group), 
forming coloured chelates. These chelates are then used in selective and sensitive deter- 
mination of the metals. The ligands may be co-ordinated to the metal through the nitrogen 
atoms either alone or in combination with some other electronegative atom such as 
oxygen or sulphur. In the following survey, the hydrazones which have been more exten- 
sively studied from the analytical point of view are usually taken first, followed by similar 
types or those comparatively less used. 

Hydrazones, in general, are prepared by refluxing the stoichiometric amounts of the 
appropriate hydrazine and aldehyde or ketone dissolved in a suitable solvent. The com- 
pound, which usually crystallizes out on cooling the solution, is recrystallized from a suit- 
able solvent. Many hydrazones are now commercially available. 

151 
IA, 222 I) 
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P~ridinr-7-ald~h~d~~-‘-pyridylhydra~on~ (PAPH) 

The compound PAPH (II) was introduced by Lions and Martin’ in 1958. Its pale yellow 
crystals (m.p. 179-180”) are obtained by reacting 2-pyridinealdehyde with 2-pyridylhydra- 
zine. Lions and co-workers*-l3 carried out detailed physicochemical investigations of the 

metal complexes formed with the hydrazone. The complexei’~ lo of Zn, Cd, Hg, Fe. Co 
and Ni with PAPH contained the metal and ligand in 1: 2 ratio. The complexes were of 
two types--(i) charged and water-soluble and (ii) uncharged, which were obtained by re- 
placement of the imino protons by a bivalent metal ion in mildly alkaline medium. How- 
ever, in the case of Co, the isolated complex was charged because of oxidation of Co to the 
tervalent state. The stability constants of the complexes formed with Cu, Zn, Cd, Mn, Fe 
and Ni have also been reported. The nature of complexation with Co was thoroughly in- 
vestigated.’ ’ Complexes of Cu, Zn, Cd, Hg, Sn, Cr, Mn. Co(I1) and Ni with PAPH in 1: 1 
ratio were isolated’ 2-l’ and characterized as charged species. Copper also formed an un- 
charged complex with PAPH. 

The study on analytical applications of PAPH began in 1963 when Gibson and co- 
workers14 published a survey of the visible spectra of aqueous solutions containing metal 
ions in presence of the hydrazone. They stated that PAPH should be a useful calorimetric 
reagent and an acid-base indicator. The spectrophotometric determination of Pd with 
PAPH in a basic ethanol-water medium (pH 11.6) was reported by Bell and Rose;‘” the 
method had low tolerance for some metals. The determination was also accomplished in 
acidic medium. Quddus and Bell” improved the values of the molar absorptivities by 
extracting the deprotonated complexes (IV) of the bivalent metal ions of Cu, Zn, Cd, Mn, 

r 12+ 

Fe. Ni and Pd with PAPH in chloroform and suggested spectrophotometry in conjunction 
with extraction for determination of Fe (&,,,, 405 nm) and Pd (ii,,,560 nm). From the study 
of the infrared and mass spectra it was concluded ’ * that Pd forms a square-planar complex 
(V, c1 and h) with terdentate PAPH in mildly acidic medium (pH 3.1), the complex being 
extractable into o-dichlorobenzene. The complexation is used to determine l&100 pg of 
Pd calorimetrically. Appreciable amounts of many metals including those belonging to the 
iron-group (group VIII of the periodic table) could be tolerated and the method compares 
favourably with other methods. 
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The complexes of bivalent Cu, Zn, Cd, Fe and Ni with PAPH were successfully 
employed’ 9 as visual acid-base indicators in titrations of weak and strong acids and bases. 
Based on the extraction of the intensely coloured deprotonated forms of the Cu, Ni and 
Fe complexes into organic solvents, they were used as extraction indicators” in titrations 
involving strong alkali us. strong acid. Another use of the bis-complex of tervalent cobalt 
with PAPH was in the nephelometric determination ” of Ag(1) and Hg(I1). The procedure 
is based on adduct formation by these ions with [CO(PAP)~]+. In the complex 
[CO(PAP)~]+, the two unto-ordinated nitrogen (imino) atoms are peripheral and they in- 
teract with Ag(1) or Hg(I1). The adduct formed corresponds to the molar composition 
[CO(PAP)~] ClO, . AgN03 or [Co(PAP),] C104. Hg(NO&. The method is used to deter- 
mine 0.2-2.2 pg/ml of Ag or al-O.54 pg/ml of Hg. The uses of various PAPH analogues 
have been summarized.22 

Pyridine-2-aidehyde-2-quinolylhydrazonr (PAQH) 

Slightly different from PAPH, another compound PAQH (VI) was studied by Heit and 
Ryan’3 in 1965. This weakly acidic reagent can lose the acidic hydrogen atom in the hydra- 
zone group and incorporate the resulting electron pair into a new stable resonating system 
irrespective of the type of chelated metal : PAQH formed stable square-planar 1: 1 chelates 
with Cu(I1) and Pd(I1) while bis-chelates were formed with Fe(II), Co(II), Ni(I1) and also 
Cu(I1). The stability constants of the metal complexes were determined potentiometrically 
in 1: 1 dioxan-water media. The high values of the molar absorptivities of the complexes 
suggested their possible use for spectrophotometric analysis. 

(Ia) 

Based on the extractability of the purple Pd(I1) complex with PAQH (/2,,,594 nm) into 
chloroform, a method was proposed 24-26 for determining micro amounts of Pd(I1) in the 
pH range 1.5-23. The method is sensitive (e594 = 1.2 x 10’1. mole- ’ . cm- ‘) and selective; 
the determination can be accomplished even in the presence of other platinum group 
metals. The solid palladium complex isolated from chloroform contains the metal and 
ligand in 1: 1 molecular proportion. However, Jensen and Pflaum2’ determined Pd(I1) 
with PAQH’in slightly alkaline medium (pH 8.0) after extracting the purple complex (A,,,,, 
589 nm) into chloroform. 



154 MOHAN KA~YAL and YAG DUTT 

Cobalt and nickel have been selectively determinedzH spectrophotometri~~lly. The 
cobalt complex. once formed at high pH, remains stable when the pH is lowered to 3.0, 
while other complexes are destroyed. The complex has maximum absorption at 510 nm, 
obeys Beer’s law in the range 0.2.-2.0 &ml ofcobalt and has a molar absorptivity of 3.0 x 
IO’. In the presence of thioglycollic acid only the nickel complex (E = 5.1 x IO-‘) is ex- 
tractable into chloroform, permitting determination of the metal in the range 0.1 I.0 Ccg/ml 
at 492 nm. The reagent is used’” for the determination of nickel in sea-water. Prior con- 
centration of the metal is not necessary. The interference due to transition metals is 
avoided by the application of masking agents. The absorbance of the benzene extract of 
the nickel complex is measured at 5 1 S nm. 

The fluorescence of the zinc complex with PAQH in chloroform at pH 8.0 is measured 
at 53.5 nm with excitation at 485 nm, to determine 0.0260.31 ppm of zinc3” The main in- 
terfering ions are Co(II), Cd(H), Cu(II), Fe(H), Hg(II), Ni(II), CN- and SCN- : in their 
absence the accuracy is high. 

The chromatographic properties of Cu. Fe, Co and Ni complexes with PAQH have been 
investigated.31 After the extraction of the complexes into a mixture of chlorofortn and 
amyl alcohol the four elements are separated directly by thin-layer chromatography, their 
concentration being determined semi-quantitatively from the diffuse-reflectance spectra of 
the spots. Further, a method3’ comprising the ring-oven technique and circular chroma- 
tography has been developed for the separation and subsequent determination of these 
transition metals with an error between 5 and 1 2°o. The procedure takes less than 30 min 
and is suitable for determining trace metals in water and algae. 

Extraction characteristics of Cu(II). Zn(I1). Cd(H), Fe(H), Co(II1) and Ni(II) chelates with 
PAQH have been studied33 b y means of transmission and atomic-~~bsorption spec- 
troscopy. The organic solvents used were benzene, isoamyl alcohol and methyl isobutyl 
alcohol-the last two are suitable for direct aspiration into the flame after addition of equal 
volumes of ethanol. The complexes extracted in the organic phase are of the MA, type. 
With cobalt, however. a Co(ITI)A,X ion-pair compfex (where X is a suitable organic or 
inorganic anion) is probably extracted. 

fl+& 

(PIT) 

Q.!CQ @:$Q 

Proposed structure of the analytical species of Proposed structure of the Isolated deprotonated 
interest complex 

Qt~inafi~ze-2-aldrhyd~-2-t/uirtol~dh~~~c2,-oIle (Q AQHf 

When satisfactory analytical results were obtained with PAPH and PAQH the next 
choice was to synthesize QAQH (VII) with extended n-bonding in the system. The com- 
pound finds application in selective and sensitive determination of copper31,35 and com- 
pares favourably with its precursors. The stability of the copper complex with PAQH is 
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greater than that of the copper complex with QAQH, but the correspondingly lower stabi- 
lity of other metal complexes with QAQH permits a highly selective determination of cop- 
per with QAQH. The metal is determined after extraction of the complex into nitroben- 
zene34(E = 4.7 x 1O”at 536 nm)or benzene3’ (E = 5.8 x IO4 at 540nm). The method has 
been applied 36 in direct determination of copper at the ppM (parts per milliard) level in 
sea-water. 

Metal 
ion 

Table 1. i,,,.,, and E values of the metal chelates extracted Into chloroform 

QAPH PDAPH PDAQH 

/-“UX. i”UY. 6. LX’ 6 
flill IO” 1. .,,I:~- i cm - ’ illli IO”l.nzQ1c-‘.cl~f-’ 11111 1041.1nOIe-‘.cm-’ 

Cu(II) 511 5-X 512 7. I 536 66 
NI(il) 524 6.2 530 53 - 

Zrl(ll) 512 51 525 70 530 5.7 
Cd(H) 517 +1 57.5 7.3 
PdUI) 615 I.6 625 1.x 640 1.2 

Qtrit~oline-2-aldrh!~de-2-p~r’id)~lh~dra~otic1 (QAPH) utrd t&ted cotnpxmds 

With a view to investigation of the effect of substitution of a more extended n-system 
on the aldehyde moiety of nitrogen-containing heterocyclic hydrazones, three new com- 
pounds were prepared.37*38 ok. the pyridylhydrazones of quinoline-2-carboxaldehyde 
(QAPH) and of phenanthridine-6-carbox~ldehyde (PDAPH) and the ~-quinolylhydrazone 
of phenanthridine aldehyde (PDAQH). Results of spectroscopic measurements on the 
metal chelates extracted into non-polar solvents such as chloroform (Table 1) from borate- 
buffered solutions (pH 9) show that the reactions with the higher molecular-weight hydra- 
zones are very sensitive and make them attractive for analytical applications. The values 
of &,,,,,for the red chelates, however, do not differ significantly. The reagents show no selec- 
tivity toward the metal ions with which they chelate, except for Pd(I1); the blue to greenish- 
blue palladium chelates absorb at much longer wavelengths and other platinum metals 
do not interfere. 

The dissociable imino hydrogen atom in the hydrazone molecule is remote from the co- 
ordination sites and is therefore not directly involved in the chelation. The loss of this 
weakly acidic hydrogen from the molecule and redistribution of the electron pair pre- 
viously shared by it results in a stable resonating system irrespective of the kind of metal 
ion chelated. This explains the spectroscopic similarity of the metal chelates. 

PDAPH is used38 to determine a fraction of a ppm of zinc but cadmium interferes. 
Other hivalent metal ions can be masked with thiourea. dimethylglyoxime and citrate. 
With the exception of cyanide and EDTA. which form strong complexes with zinc, com- 
mon anions do not interfere. PDAPH can also be used37.38 for spectrophotometric deter- 
mination of zinc though the method is less sensitive, and. of the less polar solvents only 
chloroform is useful as extractant. PDAPH. on the other hand, forms a chelate which can 
be extracted into hexane or benzene and has a much greater stability to light. 

Besides these terdentate hydrazones, many more (Table 2) were prepared39g40 by con- 
densation of equimolar proportions of the particular aldehyde or ketone with hydrazine. 
The fluorescence intensity of the zinc chelates of these compounds depends on the prefer- 
ence of the chelates for the >C-N- structural form. Eenzimidazole-~-alde~lyde-2-quino- 
Iylhydr~~zone has high fluorescence intensity because only one structural form, with 
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Table 2. 

N-Heterocyclic hydrazone L,,L,,,O,,~ a” /.,,,,,\w,. “fl’ 

Relative 
fluorescence 

PAPH 
QAPH 
PDAPH 
Phenyl-2-pyrtdylketone-2- 

pyrrdylhydrazone 
PDAQH 

QAQH 
Pyridine-2-aldehyde-2- 

phenanthrrdylhydrazone 
Benztmidazole-2-aldehyde-2- 

pyridylhydrazone 
Benzimidazole-2-aldehyde-2- 

pyrtdylhydrazone 
Phenanthridine-2-aldehyde-2- 

phenanthrtdylhydrazone 
Benzimtdazole-2-aldehyde-2- 

phenanthridylhydrazone 
Phenyl-2-pyridylketone-2- 

qumolylhydrazone 
PAQH 
Phenyl-2-pyrrdylketone-2- 

phenanthridylhydrazone 
Benzimidazole-2-aldehyde-2- 

quinolylhydrazone 

455 
490 
490 

420 
525 
495 

450 

510 

440 

580 

480 

470 
470 

490 

470 

515 
540 
545 

470 
610 
595 

540 

600 I IO 

510 140 

630 230 

530 

550 
535 

575 

520 

X=N-. would maintain the conjugation of the aromatic rings. This reagent is therefore 
most sensitive for the spectrofluorimetric determination of zinc (< 1 ppM can be deter- 
mined). 

2-Benzoylpyridine-2-pyridylhydrazone (BPPH) 

The ligand Sbenzoylpyridine-2-pyridylhydrazone (BPPH) has been studied in 
detai1.4’,42 Its SJW (VIII a) and arzti (VIII h) isomers were separated and identified on the 
basis of ultraviolet, NMR and infrared spectra. The svn form was characterized by intra- 
molecular hydrogen bonding. In this configuration, the ligand could not function as ter- 

(XllIa) (mb) 

dentate and formed complexes of low molar absorptivity. The anti isomer, acting as ter- 
dentate, formed the expected intensely coloured chelates. The ligand is used in spectro- 
photometric determination of iron, cobalt, nickel, copper and zinc. The metal ions are 
easily determined at the following levels: Fe, 0.3 ppm; Co, 0.2 ppm; Ni, 0.13 ppm: Cu. 
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(where hl=Fe,Ni,Cu,~n) 

0 14 ppm; Zn, 0.13 ppm. The deprotonated complexes (IX) which were obtained in alkaline 
medium contain metal and the ligand in 1: 2 ratio. With cobalt, however, cationic species 
[Co(BPPH)(BPP)’ + and Co(PP)t] result from oxidation of the metal ion by dissolved 
oxygen in the system. Besides the formation of these analytically important deprotonated 
complexes, iron and cobalt also form stable water-soluble cationic species in acidic solu- 
tion. The effect of diverse ions in determination of the metals with BPPH in basic condi- 
tions was studied. The method was successfully applied to determination of zinc in phos- 
phor bronze and in presence of large amounts of aluminium. 

Heterocyclic hydrazones of pheny/pJwvic acid (PPA-PH and PPA-QH) 

With the hydrazones described above, chelation takes place through nitrogen atoms. It 
was thought43,44 worthwhile to replace one of the nitrogen atoms of the hydrazones with 
the more electronegative oxygen atom and thereby to improve the chelating characteristics 
of the compounds. With this in view, stoichiometric amounts of a heterocyclic hydrazine 
(pyridyl or quinolyl) and phenylpyruvic acid were condensed and the following com- 
pounds synthesized: 

CD==-OH d--OH 
Phenylpyruvic acid Phenylpyruvic acid 

2 - pyridyl hydrazone (PPA-QH 1 2 -quinolyl hydrazone (PPA-QH) 

It is found that they are sensitive reagents (Cu 0002 pg/cm’ for 0401 absorbance) for spec- 
trophotometric determination of copper. The complexation takes place in the alkaline 
range (between pH 9 and 12) where most foreign ions are precipitated, and hence any pre- 
cipitate must be removed and the absorbance of the solution measured. The complex con- 
tains the metal and ligand in 1: 2 ratio. 

Heterocyclic hydrazones of 8-quinolinols 

2-Pyridyl- or 2-quinolyl-hydrazine was condensed with several carbonyl-substituted 8- 
quinolinols (Table 3) in order to prepare hydrazones of analytical interest and possibly 
use them as anti-tumour compounds.45 With most metals they formed yellow, orange or 
brown chelates, a result to be attributed to the colour of the hydrazone function masking 
that of the chelate group. One mole of a bivalent metal ion reacted with two moles of most 
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Table 3 

8-Quinolinol substltuent 

5-CHO 
5-CHO-2-CH, 
5-COCH, 
5-COCH,-2-CH, 
5-CHO 
5-CHO-2-CH, 
2-CHO 
SCOCH, 
7-CHO-5-CH, 

Hydrazme 

2-Pyrldyl- 
2-Pyridyl- 
2-Pyridyl- 
2-Pyridyl- 
2-Quinolyl- 
2-Qumolyl- 
2-Qumolyl- 
2-Quinolyl- 
2-Qumolyl- 

of the hydrazones to form a chelate. From the study it is apparent that none of the com- 
pounds possesses any significant activity either as anti-tumour agent or as an analytically 
useful chelating agent. 

Salicyl-2-aldehyde-2-quinolylhydrazone (SAQH) 

A method is discussed4h for the determination of organothiophosphorus pesticides by 
in situ fluorimetry after separation on silica-gel layers. The process involves bromination 
and spraying with a mixture of manganese and SAQH. A direct relationship exists between 
the number and oxidation state of sulphur atoms in the pesticide and the sensitivity. The 
method is applied to the analysis of natural water samples spiked with Guthion. Recov- 
eries ranging from 80% at 0.5 ppM to 92% at 100 ppM are possible and the results 
agree well with chromatographic data. 

Pyridine-2-aldehyde-1-thionaphthylhydrazone (PATNH) 

In order to replace one of the co-ordinating nitrogen atoms (in terdentate hydrazones) 
by sulphur, the compound PATNH was prepared47 by condensation of equimolar 
amounts of u-thionaphthoic hydrazide4* with pyridine-2-aldehyde. The compound pyri- 
dine-2-aldehyde-1-thionaphthylhydrazone (X) was isolated in the form of its lead salt. The 
reagent reacts with copper(I1) in 1M hydrochloric acid to give a complex extractable into 
non-polar solvents such as benzene (Iz_= 480 nm, E = 6.35 x 103) and containing the 
metal and ligand in 1: 2 ratio. It is used for absorptiometric determination of copper47 in 
non-ferrous alloys and in salts. The method, however, lacks sensitivity (Sandell’s sensitivity 
001 pg/cm’). 

Isonicotinoyl hydrazones 

o-Hydroxybenzaldehyde isonicotinoyl hydrazone (BIH) also called 1-isonicotinoyl-2- 
salicylidenehydrazine (INSH), shown in structure (XI), was prepared49 by refluxing about 



Analytical applications of hydrazones 159 

equimolar amounts of isonicotinic acid hydrazide and salicylaldehyde in water-ethanol 
solution. It was examined” for its chelatometric properties with a number of cations. It 
precipitates Cu(I1). Ni(II), Zn(II), Pd(I1) and Ce(IV), and forms soluble complexes with 
Pb(II), Fe(I1). Co(II), Sn(I1). TiO(II), VO(II), U02(II), Sb(III), Al(III), Fe(III), Th(IV) and 
Zr(IV). The precipitation of Cu(I1) is quantitative and is used for gravimetric determina- 
tion of the metal. 

HO HO 

(XI) 

Al(III)reacts with BIH, forming a yellow 1: 1 complex (A,,, 375 nm; E 12.7 x 103). A spec- 
trophotometric method was developed 51 for microdetermination of 05-3.5 ppm of alu- 
minium at pH 5.0. The Sandell sensitivity of the method is 0.0021 pg/cm2. Besides many 
other ions which do not interfere, beryllium in lOO-fold amount does not interfere in the 
determination of alumininm 

Two moles of BIH react with one mole of the metal ions Co(II), Ni(II), Zn(II), Mn(I1) or 
Cd(II), forming complexes 52-54 having 3, between 380 and 420nm with molar absorp- nl‘ix 
tivities between 1.5 x lo4 and 2.5 x lo4 (except the cadmium complex which does not show 
an absorption maximum). The complexes are soluble in 507; v/v aqueous dioxan and in 
organic solvents such as chloroform, pentan- l-01 and octan- l-01. Spectrophotometric and 
extraction studies of the complexes have been reported. A comparative study has also been 
made on the complexing ability of the comparatively less polar ligand o-hydroxybenzalde- 
hyde benzoyl hydrazone (BBH). The absence of heterocyclic nitrogen in the BBH molecule 
renders it less polar. and consequently its cobalt complex is soluble in the lower-polarity 
solvent chloroform while that of BIH remains insoluble. In 50”/ aqueous dioxan, the Zn- 
BBH and MnBBH complexes show absorption maxima at 380 (E 2.4 x 104) and 400nm 
(E 1.35 x 104), respectively. 

p-Dimethylaminobenzaldehyde isonicotinoyl hydrazone (DAIH) forms an intensely 
orange-yellow gelatinous precipitate with Hg(I) or Hg(I1) in slightly acidic, neutral or 
slightly alkaline medium. Based on this reaction, selective detection of Hg(I) or Hg(I1) is 
reported.55 The values for the limit of identification and concentration limit are 40 pg of 
mercury(1 or II) and 1: 1250, respectively. A similar condensation product p-diethylamino- 
benzaldehyde isonicotinoyl hydrazone was also synthesized and tested in the same way. 
It gives identical results but its sensitivity towards Hg(I1) is lower. 

The fluorescence of the isonicotinic acid hydrazones of a number of carbonyl com- 
pounds (2-hydroxy-1-naphthaldehyde, salicylaldehyde, 2-hydroxy-m-tolualdehyde, 3-hyd- 
roxy-p-tolualdehyde, 4-hydroxy-m-tolualdehyde, 3-chloro-2_hydroxybenzaldehyde, 5- 
chloro-2-hydroxybenzaldehyde and 2-hydroxyacetophenone) has been examined.5h In the 
presence of aluminium, these hydrazones give yellowish green fluorescence in an acetate 
buffer while under similar conditions the parent carbonyls exhibit only feeble fluorescence. 
The fluorescence intensity of the hydrazone of 2-hydroxy-1-naphthaldehyde (in presence 
of Al) is particularly strong, and the aldehyde is found to be a good reagent for the fluori- 
metric determination of 01-1.0 pg/ml of isonicotinic acid hydrazide. 

The nature, properties and physical constants of the two complexes formed by vana- 
dium(V) in acidic aqueous medium with acetone isonicotinoylhydrazone, and those of the 
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complex formed with 4-hydroxybenzaldehyde isonicotinoylhydrazone in 50% aqueous 
ethanol have been determined.57 Use of the complexation is suggested for spectrophoto- 
metric determination of vanadium. 

2-Hvdro.uv-I-naphthaldehyde hydrazones . . 

Four derivatives of 2-hydroxy-l-naphthaldehyde hydrazones (Table 4) have been syn- 
thesized. and the fluorescence due to the reaction between these hydrazones and various 
metal ions indicates58 that they are useful for the detection of aluminium. 2-Hydroxy-l- 
naphthaldehyde benzoic acid hydrazone (HNBH) gives the strongest fluorescence. A fluor- 
imetric method for the determination of 0.1-1.0 ppm of aluminium with HNBH at pH 4.6 
(acetate buffer) and in a mixed solvent medium of methanol and dimethylformamide 
(DMF) has been established. 

Copper(I1) reacts with 2-hydroxy-l-naphthaldehyde-2-benzothiazolylhydrazone~9 to 
form a 1: 1 complex which can be extracted into chloroform from solution at pH 5.3-9.5 
(acetate buffer). Up to 24 pg of copper can be determined by measuring the absorbance 
at 426 nm (E 2.2 x 104). The sensitivity of the reaction is O$lO29 pg/cm’. Several ions such 
as Ag(I), Hg(II), Ti(IV), Co(II), SCN-, citrate and tartrate interfere. 

Table 4. Identification of aluminium 

Reagent 
Fluorescence 

colour 

Limit of 
identification. 

&drop 

/ \ 

CH,CONH*N=CH ,--, 

8 
OH 

Violet 0.015 

I\ - 
(t 

- 
\ , CH&ONH*N=CH 

8 

\ , Violet 

OH 

/ \ 

CONH*N=CH 

8 

- 

\ / 
Greenish 

yellow 

0.015 

0.010 

/ \ 

-8 
CONH.N=CH - 

\ / 
Blue 0.005 
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8-Hydroxyquinaldehydt+8-quinolylhydrazonr 

In alkaline medium (preferably O.lM potassium hydroxide), calcium forms a fluorescent 
1: 1 complex with this hydrazone. The various constants of the reagent and of the com- 
plex have been determined, and a method is described for the determination of down to 
0.1 ppm of calcium in potassium chloride and methyl trichlorosilane. The fluorescence is 
measured at about 510 nm (with excitation at around 420 nm). Alkali metal salts, IO-fold 
amounts of strontium and lOO-fold amounts of barium or magnesium do not interfere. 

Fwroin-type hydrarows 

The synthesis, characteristics and analytical applications of bis(b-methyl-2-pyridyl)- 
glyoxal dihydrazone (XII) have been investigated.h l The reaction of the reagent with thirty 
cations at various pH values was studied; it reacts only with copper(I) and palladium(I1). 

” cJc&-&LcH, 
3 

“2N 
1: VNHN 

2 

(xm 

In the reagent molecule, the methyl groups adjacent to the heterocyclic nitrogen atoms 
produce the well-known blocking effect. The 1: 1 orange-yellow copper(I) complex (n,,,, = 
440 nm; E = 8.7 x 103) formed completely over the pH range 4.5511.2, can be extracted 
into various organic solvents such as pentanol. chloroform and methyl isobutyl ketone. 
A method was developed for the spectrophotometric determination of trace amounts of 
copper in saturated brine, alkalis and milk. The most important advantage of using this 
reagent is the total recovery of copper that is possible from ammoniacal solutions. 

The product which results from the interaction of diacetyl and hydrazine has been 
applied to the colorometric estimation of iron(II).h’*h3 The stable red complex formed has 
maximum absorption at 490 nm and obeys Beer’s law over the range 0.1-4.0 ppm of iron. 
In the procedure,” the reagent hydrazone is prepared in situ by mixing a 19; ethanol 
solution of diacetyl, a @5% aqueous solution of hydrazine sulphate and the buffered (ace- 
tate) solution of the ferrous salt, and incubating the whole reaction mixture at 60” for 10 
min. The interferences are the same as in the calorimetric estimation of Fe(I1) with l,lO- 
phenanthroline and 2,2’-bipyridyl, but the method has the advantages of economy, ease 
of preparation of the reagent and simplicity of the technique. In another procedure,63 1 g 
of sodium bicarbonate (to raise the pH to 9.4) was used instead of acetate buffer. Mohr’s 
salt gave different results from ferrous sulphate owing to the reaction of the ammonium 
ion (in Mohr’s salt) and diacetyl. Zn(I1) does not interfere up to a ratio of 1000: 1, and 
Cd(I1) and Al(II1) do not interfere up to a ratio of 500: 1. Addition of 5 ml of 005M EDTA 
and 5 ml of 0.05M citrate masked possible interferences. Fe(II1) can be determined by the 
same procedure after reduction to Fe(I1). The coloured complex can also be extracted into 
nitrobenzene and the absorbance measured at 498 nm. After extraction, VO;, Mn’+, Ni2+ 
and Cu’+ do not interfere. The molar absorptivity is 1.15 x lo4 f 1.5”! in aqueous 
medium and 1.38 x lo4 k 4.7% in nitrobenzene. The spectroscopic characteristics and 
composition of the solid Fe(I1) complex62*63 have also been studied.h4 

The synthesis, characteristics and analytical applications of 6-methylpicolinaldehyde 
hydrazone (6-Me-PAH) have been studied.65 The compound (XIII) gives coloured solu- 
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tions with Cu(I) (E.,,,, = 425 nm; E = 790 x 103) and with Pd(I1). It has been used for the 
photometric determination of copper, in homogeneous medium, and by using an extrac- 
tion technique with nitrobenzene. Beer’s law is followed between 1 and 7 ppm of copper. 
With the extraction technique, Pd(I1) and EDTA interfere when at the same concentration 
as copper, and Au(II1) and Ni(I1) from 100 ppm. The method is very accurate. 

The Cu(1) complex of 6-Me-PAH can easily be obtainedbh by in situ synthesis, from solu- 
tions of Cu(II), hydrazine hydrate and 6-methyl picolinaldehyde either directly or ria the 
azine-complex. depending on the amount of hydrazine used: 

6-Methylpicolinaldehyde 

I 

hydrazine hydrate (1: 1) 

) Cu(1) complex 
pH 6.5-10; 60°C: 15 min of 6-Me-PAH 

hydrazine hydrate (2: 1) 
pH 6510; 60°C; 15 min 

Cu(1) complex of 6-methyl- / 
picolinaldehyde azine 

The molar absorptivity found in this iw situ reaction is slightly lower than that for the com- 
plex produced by direct mixing of a copper solution with the hydrazone.h5 

The photometric applications of the coloured complex that results in the reaction 
between Fe(I1) and ti-pyridyldihydrazone used as such or synthesized in situ, have been 
investigated.” The complex was extracted into nitrobenzene and its absorbance measured 

at 486 nm. Mn3+, A13+ and Cd’+ do not interfere, but ions which complex Fe(H) interfere 
seriously. Beer’s law is obeyed for 0.5-5.0 pg of iron per ml. The other ferroin-type reagents 
used for the spectrophotometric determinationfig of traces of iron are 2,2_bipyridylglyoxal 
dihydrazone. diacetyl dihydrazone and phenyl 2-pyridyl ketone hydrazone. 

Condensation of oxalylhydrazide with aldehydes or ketones results in hydrazones which 
react with traces of copper salts to give a blue colour. Nilsson found that the hydrazone 
(XIV) formed by the reaction of 1 mole of oxalylhydrazide with 2 moles of cyclohexanone 
gives an intense blue colour with microgram amounts of copper. The reagent is used for 
the spectrophotometric determination of copper in paper pulp products70 and in human 
serum.‘i The copper complex of the compound has a molar absorptivity of 1.6 x 10” at 
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600 nm. The blue solution is clear, stable and shows constancy in absorbance in the pH 
range 7.CL9.0. The reagent does not give any colour with other ions usually present in bio- 
logical materials. 

R R 
N-NH-C-C-NH-N 

(XIX) 

In the course of critical investigations” on the derivatives of oxalic acid dihydrazide 
the compound bis-(ethylacetoacetate)oxalylhydrazone was found to be a sensitive and 
selective reagent for copper. At pH 9.0, copper forms a blue water-soluble 1:2 complex 
(XV) with the reagent. The molar absorptivity of the complex is 1.39 x lo4 for i.,,,,,= 
585 nm. Out of the many foreign ions examined, Pt. Co and Ni are found to interfere. 

HO 0 

“35 
I II 

6-y 
7’3 

H,C,OOC-CH,-C=N-N ,CU/N-N=C-CH2-COOC2H, 

1 

/3-ResorcylaldehJlde acetylhydra:orre 

The acid dissociation constants of the reagent in 40:/i aqueous ethanol were measured73 
potentiometrically and spectrophotometrically. Fe(III), U(VI), and Ti(IV) reacted chromo- 
genitally with the hydrazone. and Zn, Al, SC and Ga formed complexes exhibiting blue 
fluorescence. The fluorescence intensity of the %-complex was appreciable with excitation 
at 406 nm. The reaction is used for determination of SC (l-18 pg) in acetate buffer medium 
(pH 6.0). Cr, Ni, Co and Fe(II1) interfere by decreasing the fluorescence intensity and Zn 
and Al by increasing it; Mn, Cd, Be and Mg are without effect. The stability constant of 
the 1: 1 scandium complex has been determined. 

Phen!,lh~dra,ones of phenolic aldehydes and ketorles 

Eight phenylhydrazone derivatives of phenolic aldehydes and ketones were investi- 
gated74 as gravimetric reagents for copper. Of these, salicylaldehyde phenylhydrazone was 
found to be the best; 25-60 mg of Cu(I1) can be determined with an error of _ 0.04%, or 
0.080;; in the presence of not more than 100 mg of Cd. A 10% ethanolic solution of the 
reagent was used and the precipitate was ignited to the oxide before weighing. 

The possibility of using” the phenylhydrazones of salicylaldehyde, resacetophenone, o- 
hydroxyvanillin, o-hydroxyacetophenone and 2-hydroxy-1-naphthaldehyde as gravimetric 
reagents for the estimation of Pd was examined. o-Hydroxyacetophenone phenylhydrazone 
was found to be the most useful for the estimation of 15-47 mg of Pd in ammoniacal 
medium. The complex was finally ignited to the metal and weighed as such. 

Salic):laldelz~~de hydrazone (SH) and o-hydros~~acetophenone hJldrazone (AH) 

The hydrazones SH and AH have been studied7hp78 analytically. Stability constants of 
the bivalent metal complexes with SH, determined potentiometrically in 75% aqueous 
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dioxan. follow the order UO, > Pb > Co > Zn; and for those with AH, in 504,0 aqueous 
dioxan, the order is UOz > Cu > Co > Ni. There is no significant complexation of SH 

with Mg(II). Mn(I1) and Ni(I1) ions, but Cu(I1) and Fe(II1) give precipitates even at low 
pH. AH does not form complexes with Mg(II), Mn(II), Zn(I1) and Pb(I1). while with Fe(II1) 
it gives a precipitate at low pH. 

C”3 

c” 
+N- NH2 

c\ 
‘N-NH, 

OH OH 

(SH) (AH) 

Out of the six platinum-group metals, SH reacts with Pd and Os(VIII), giving coloured 
solutions suitable for their spectrophotometric determination. Besides these two metals. 
SH is used7h for the determination of copper, iron and cobalt. The characteristics of the 

complexes are summarized in Table 5. On the basis of the differences in characteristics 
of the complexes with Pd and OS. the two metals are determined simultaneously. The yel- 
low Ni(II)-complex with SH [which is Ni(C7H7N20), .2H,O] is paramagnetic and octa- 
hedral while the Pd(II)-complex [Pd(C7H7N20),] is diamagnetic and square-planar. Rele- 
vant ligand-field parameters for the Ni(II)-complex have been calculated.7”.78 

The yellow complex of Ni(I1) with AH. having I_ maxat 425 nm (E = 7.25 x 10’) has been 
studied7h.77 at pH l&10.5, in acetone-water (3: 1) medium. The complex contains the 
metal and ligand in 1: 2 ratio and obeys Beer’s law up to 1 1.6 ppm of nickel. The Sandcll 
sensitivity of the reaction is 0.08 pg/cm’. 

Some other hydrazones as analytical reayem 

At pH 1% Pd(I1) reacts with diacetylmonoxime-2-benzothiazolyl hydrazone (DMBH) 
in I:2 ratio, forming a complex (A,,,,= 560 nm, E = 5.11 x 103) extractable into chloro- 
form. The complex obeys Beer’s law up to 15 ppm of Pd(I1). In determination of 1 ppm 
of palladium, 41 cations [including Au(II1). Ru(III), Rh(III), Ir(II1) and Pt(IIt- 1000 ppm 
each; Sn(I1) and Ce(IIIt100 ppm each; V(V) 10 ppm] do not interfere. 

Table 5. Characteristics of metal complexes with SH 

Characteristic Pd(I1) Os(VIII) 
Metal Ion 

Cu(I1) Fe(II1) Co(I1) 

i.,_, nm 
fz. I mdr- ’ cl,,- 
pH for complex 

formation 
Solvent 
Composition 

(Metal, SH) 
Beer’s law 

range, pprn 
Sensitivity, 

/UJCl?l’ 

Yellow 

425 
53 x IO3 

4 G5.0 4.0 IO.0 
CHCI, 20”; DMF 

I:2 I.1 

up to 21 

0.02 

up to 19.7 

Yellowish- 
green 
430 
3.2 X IO3 

Yellow 

400 
7.8 X lo3 

7.5-8.7 
75’,, acetone 

I: 1 

Up to 5.6 

0.008 

Yellowish- 
brown 
510 
4.1 X IO3 

3 s5.0 
ccl, 

1.3 

up to 3.6 

0.014 

Yellow 

6.2 7 0 
CHCI, 

I 2 

t_‘p to 5.8 

0 0074 
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In ammoniacal medium, cobalt forms complexes with the p-nitro- and 2,4-dinitro- 
phenylhydrazones of 4-methylpentane-2,3-dione-2-oxime. Both these compounds find 
useEo in sensitive detection of cobalt. Many ions do not interfere; the interference of Cu(I1) 
and Ni(I1) is prevented by the addition of cyanide. 

The complex formed between UO,(II) and gossypol isonicotinoyl hydrazone (molar 
composition 1: 2, I,,, = 440 nm) is extractable into chloroform, at pH 3, and is used*’ in 
the calorimetric determination of 3-12 pg of uranyl per ml. 

The bis(phenylhydrazone) of oxamide is oxidized by Cu(II), Hg(II), Fe(III), [Fe(CN),13- 
or aqueous chlorine solution to give violet or blue species extractable into chloroform. 
Based on this phenomenon, photometric methods have been developeds2 for microdeter- 
mination of these ions or chlorine and also determination of the hydrazones by means of 
ferricyanide. 

Acknow~edgemenr-The authors are thankful to the University Grants Commission (India) for the scheme 
“Environmental Chemistry” under which the present review has been written. 
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MASSENSPEKTROMETRISCHE UNTERSUCHUNGEN ZUR 
ELEMENTARANALYSE ORGANISCHER 

VERBINDUNGEN-III* 

VERBRENNUNGSVORGANGE IM LEEREN ROHRt 

WALTER WALISCH@ und OTTOKAR JAENICKE 

Organische und Instrumentelle Analytik. Universimt des Saarlandes, 
66 Saarbriicken.B.R.D. 

(Eingrgangen am 20. Mai 1974. Angenommen am 21. August 1974) 

Zusammenfassung-Es wird eine MeBanordnung beschrieben, die es gestattet, alle Phasen von 
Verbrennungsprozessen m Abhangigkett von Trlgergas, Temperatur, Verweilzeit und Rohrt iillung 
zu untersuchen. Die organische Probe wnd hierzu mit konstanter Geschw.&rdigkeit einem Trlger- 
gasstrom zugefiihrt und mit diesem in wenigen Millisekunden durch eine Uberbrtickungskapillare 
dem Verbrennungsraum zugeleitet. Die dort entstehenden Reaktionsprodukte werden mittels 
emer viskosen EinlaDsonde abgeschniiffelt und einem Massenspektrometer zugefiihrt. Reaktionszeit 
und Reaktionstemperatur sind in weiten Grenzen einstellbar oder stetig veranderlich. Trlgt man, 
bei vorgegebener Reaktionszeit. den Reaktionsgrad der verschiedenen Verbrennungsprodukte in 
Abhangigkeit von der Temperatur auf, so erhalt man in den Oxidations-Thermogrammen eine tiber- 
sichthche Darstellung des Verbrennungsprozesses. Aus den Thermogrammen reprlsentativer Ver- 
bmdungen wird deuthch, da13 in Anwesenheit von Sauerstoff der Zerfall der Proben bei erhebbch 
tteferer Temperatur erfolgt. als dies in Inertgas der Fall 1st. Als Primlrschritt der Zersetzung wird 
die “oxidattve Pyrolyse” erkannt. die haufig zu volhg anderen Produkten fiihrt, als die Inertpyro- 
lyse. Die gefundenen Zwischenprodukte sind teilweise strukturspezifisch und msbesondere bei 
stickstoffhaltigen Proben sehr zahlretch und langlebig (bspw. Kohlenmonoxid, Stickstoffmonoxid, 
Dicyan. Cyanwasserstoff. CyansLure und Methylcyanat). Die oft zttierte “Schwerverbrennbarkeit” 
ist im wesentlichen darauf zuriickzuftihren, dal3 Kohlenmonoxid, Cyansiiure und Cyanwasserstoff 
erst bei sehr hoher Temperatur vollstlndig verbrannt werden. Die Verbrennungseigenschaften des 
“leeren Rohres” kiinnen durch eine Fiillung mtt Quarzwolle merklich und durch teilweise Fiillung 
mtt Platinwolle erheblich verbessert werden. 

In Teil I’ dieser Reihe wurde ein massenspektrometrisches Detektionssystem beschrieben, 
das es gestattet, alle Komponenten in einem ruhenden oder striimenden Gasgemisch such 
unter extremen Bedingungen von Druck und Temperatur verh%ltnismlBig genau zu be- 
stimmen. In Teil II2 dieser Reihe wurde dieses System erfolgreich zur massenspektrome- 
trischen Bestimmung von Verbrennungsprodukten durch Peakintegration eingesetzt. 
Dabei zeigte sich, dal3 diese Methode besonders geeignet ist, den Ablauf des Verbren- 
nungsvorgangs im “leeren Rohr” messend zu verfolgen. 

Wie vielfach gezeigt wurde, 3-6 liefert, unter geeigneten Bedingungen und bei Verwen- 
dung von Sauerstoff als Tragergas, die Verbrennung im leeren Rohr in sehr kurzer Zeit 
fur viele Elemente charakteristische Endprodukte und kann daher bei der Elementarana- 
lyse eingesetzt werden. Die manchmal ungeniigende quantitative Ausbeute wird durch hohe 
Temperaturen und Bafflesysteme,’ lange Verbrennungszonen’ oder Di,iseng verbessert. 

* Tell II-W. Wahsch und 0. Jaenicke. Talanta. 1971, 18, 175. 
t Diese Arbeit wurde als Prolekt des Sonderforschungsberetchs Analyttk durchgeftihrt. Wir danken der 

Deutschen Forschungsgememschaft fiir die Bereitstellung der Mittel. 
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Die Kontrolle der “Qualitat der Verbrennung” geschieht in den genannten Fallen 
ausschlieljlich durch Messung der Gesamtmenge des entstandenen, charakteristischen 
Endproduktes. Der VerbrennungsprozeIj selbst bleibt unbeobachtet. Dies gilt such fur die 
Beitrage von Kainz rt ~1.‘~~” sowie Klimova et al.,” die versuchten, “Verbrennungsfeh- 
ler” zu lokalisieren. Die von diesen Autoren eingesetzte gravimetrische Bestimmung der 
Verbrennungsprodukte erlaubt allenfalls die Beobachtung eines Teils der interessierenden 
Reaktionen. 

Unter dem vagen Begriff “Verbrennung” werden im allgemeinen eine Vielzahl von phy- 
sikalischen und chemischen Vorgangen, die parallel oder konsekutiv ablaufen, zusammen- 
gefal3t. Dazu gehoren beispielsweise: 

Verdampfung der Probe, Pyrolyse der Probe zu Bruchstticken wahrend oder nach dem 
Verdampfen, Primaroxidation, Verbrennung zu stabilen Endprodukten. 

Eine aussagetrtichtige Untersuchung des Verbrennungsprozesses darf deshalb nicht nur 
die Umsatzoptimierung der Endprodukte betrachten, sondern mu13 eine Aufgliederung des 
Verbrennungsprozesses erreichen. urn die Ursachen einer unvollstlndigen Oxidation ein- 
deutig zuzuordnen. Erst dadurch ist ein gezieltes Eingreifen in den VerbrennungsprozeB 
miiglich. Ferner ist hierbei auf ein strukturspezifisches Verbrennungsverhalten, wie es in 
Teil II erwahnt wurde, zu achten. Die Kenntnis der Strukturspezifitat erlaubt die Charak- 
terisierung der schwerverbrennbaren Stoffklassen und bietet dartiber hinaus die Moglich- 
keit, aus dem Verbrennungsablauf Aussagen zur Struktur zu machen. 

Aus Grtinden der Normierbarkeit und der Reproduzierbarkeit ist es sinnvoll, vorerst 
den Verbrennungsvorgang unter idealen Bedingungen zu betrachten. die sich dadurch aus- 
zeichnen, da13 die dampffijrmige Probe im SauerstofftiberschuB fortlaufend und gleich- 
maDig in das geheizte, leere Reaktionsrohr eingeleitet wird. Damit reduzieren sich alle stoff- 
lichen Vorgange auf Gasphasenreaktionen, deren Beeinflussung mittels heterogener 
Wandkatalyse durch die Rohrdimension genau festgelegt ist. Die hierbei erhaltenen Ergeb- 
nisse werden sich weitgehend auf die realen Bedingungen iibertragen lassen, denn in der 
Mikroelementaranalyse kann der Verdampfungsvorgang bei der stationaren Verbrennung 
meistens so gesteuert werden, da13 immer eine ausreichende Sauerstoffmenge vorhanden 
ist.13 Tritt eine Pyrolyse schon wahrend der Verdampfung ein, so entstehen thermisch sta- 
bile Bruchstucke. deren Verbrennung unter den oben angegebenen idealen Bedingungen 
verlauft. 

Schwierigkeiten bereiten bei dieser stationaren Verbrennung allerdings die zur Explo- 
sion neigenden Stoffklassen. Deshalb verwendet die Ultramikroelementaranalyse die un- 
kontrolliert verlaufende Schnellverbrennung ’ 4.1 5 (Puls-Verbrennung), bei der, aufgrund 
der kleinen Mengen, der grol3en Gasmengestrijme und der sofort wirksam werdenden 
Durchmischung mit Sauerstoff durch Diffusion, die Idealbedingungen mindestens fur die 
Sekundarverbrennung wieder einigermaljen erftillt sind. Insoweit sind die mittels der sta- 
tionaren Verbrennung gewonnenen Erkenntnisse such fur explosive Stoffklassen bedeut- 
sam. 

Die Aufkllrung der Verbrennungsvorggnge im leeren Rohr erfolgt zweckmal3igerweise 
in folgenden Schritten. 

(a) Bestandsaufnahme aller Zwischenprodukte, die im Ablauf der Verbrennung wichti- 
ger Stoffklassen auftreten. 

(h) Untersuchung der Verbrennung thermisch stabiler Gase. 
(c) Beobachtung des Entstehens und Verschwindens der Zwischenprodukte der Ver- 

brennung in Abhgngigkeit von Struktur, Verbrennungstemperatur und Verbrennungszeit. 
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(d) Messung des Einflusses von Sauerstoffpartialdruck, Wandgegebenheiten und Kata- 
lysatoren. 

(e) Aufklarung des Reaktionstypes und Messung der Geschwindigkeitskonstanten wich- 
tiger Verbrennungsreaktionen. 

(f) Studium der Strukturabhangigkeit der Pyrolyse in inertem Tragergas. 
Im vorliegenden Teil dieser Reihe werden wir uns ausschlieDlich mit den Aufgaben (a) 

bis (d) befassen. Die Ergebnisse unserer kinetischen Untersuchungen werden unmittelbar 
folgen. Die Unberiihrtheit des ganzen Fragenkomplexes la& erwarten, dal3 keine der 
genannten Aufgaben abschlieI3end gel&t werden kann. Wir gehen vielmehr davon aus, da13 
es sich bei unserem Beitrag allenfalls urn einen ersten Schritt in das unerschlossene Gebiet 
der “Verbrennungsreaktionen organischer Verbindungen” handeln kann. 

MESSANORDNUNG 

In Abb. 1 smd die wtchtigsten Elemente der MeDapparatur schematisch dargestellt. Das Tragergas-Sauerstoff 
oder Sauerstoff-Helium-wird aus der Druckflasche DF tlber die Kapillarschlluche DK und VK sowie em 
Absorptionsrohr AR dem Reaktionssystem zugefiihrt. Das Druckausgleichsrohr DR, hber das em kleiner Tell 
der Trlgergase abstrdmt. gewahrleistet genau einstellbare, konstante Drucke und-in Verbmdung mit der Kapil- 
lare VK-konstante Tragergasstrome durch das System. 

Das Tragergas tritt am hinteren Ende in den Verdampfer VD ein, der durch Schliff mit dem Probenverdamp- 
fungsraum VR verbunden ist. Am Ende des Verdampfers sitzt ein klemer Schhffkern. in dem sich eine Innenhei- 
zung IH befindet und auf den die Verdampfungshillse VH gesteckt wird. In die Verdampfungshiilse wird vor 
Beginn einer Messung die Probensubstanz emgeftillt. Bei richtiger Betriebsspannung von IH tritt aus emer Boh- 
rung OH, deren Durchmesser etwa I mm betrlgt, eine ausreichende Probendampfmenge mit konstanter Ge- 
schwmdigkeitinVReinundwud dort unverziiglich vom Trlgergas durch die Uberbriickungskapillare m den Reak- 
tionsraum RR transportiert. Der austretende Substanzstrom L” [mMol/s] hangt ausschlieglich von der GroRe 
der Bohrung OH und dem Probenpartialdruck in VH ab. Dieser Partialdruck wird von der Temperatur Tv der 
Verdampferhillse bestimmt. TV wird mittels des Thermoelementes TH gemessen und dadurch ausreichend kon- 
stant gehalten. da13 einerseits der Innenheizer IH mit emer elektronisch stabilisierten Spannung betrieben wird 
und andererseits em Isolations-Glasrohr GR eine reproduzierbare Warmeabgabe bedmgt. 

Mit diesem Verdampfersystem gelingt es, Probenpartialdrucke p” bis zu 20 mb im Tragergasstrom von his 
zu 1 Nml/s* ilber Stunden auf & 5’4 konstant zu halten. Das ganze Verdampfersystem ist ebenso wie das Reak- 
tionsrohr. aus Quarz angefertigt. so dal3 Verdampfertemperaturen bis 800 K moglich sind, und such Verbin- 
dungen mit sehr hohem Schmelzpunkt (bspw. Fumarsaure) erfolgreich untersucht werden k&men, solange die 
Verdampfung der geschmolzenen Probe oder die Subhmation ohne Zersetzung erfolgt. 

VD \H CjH ,--I- =qw syw 
QR 

II II 

Abb. 1. Schema der Messanordnung. 

* [Nml/s] = Normalmill~l~ter pro Sekunde. 
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Verdampfungsraum und Reaktionsrohr smd mitt& emes dickwandlgen Quarzrqbres (Innendurchmesser 
0.6 mm, LLnge 70 mm) miteinander verschmolzen. In dleser Uberbriickungskaplllare UK erfolgt der Tempera- 
tursprung von der Verdampfertemperatur T, zur Reaktlonstemperatur T m wemgen Mllhsekunden. Gleichzel- 
tlg verhmdert diese Kaplllare ein “Zuriickschlagen der Verbrennung” in den Verdampferraum. Durch eme 
zus&tzliche Helzwlcklung wlrd die aus dem Ofen herausragende HPlfte der ijberbrhckungskaplllare immer auf 
einer Temperatur gehalten, die leicht iiber Tv liegt. Kurz vor der seithchen Ofenwand SOW und in dleser Wand, 
die aus Hartasbest besteht. erfolgt dann auf einer Strecke von 20 mm der Sprung auf die Reaktlonstemperatur 
Da bei kleinen Rohrquerschmtten de! Temperaturausgleich in Gasen extrem schnell erfolgt.‘” reicht der mner- 
halb des Ofens befindliche Teil von UK such unter extremen Urns&den zur Temperaturanpassung. 

Der nach dem Reflektionsprmzlp” gebaute Ofen (lnnen- und AuDenhaut der zylindrlschen Ofenwand ZOW 
besitzen einen sehr hohen Reflektionsgrad; die lnnenwandung absorbiert wemg Strahlung, und die AuBenwan- 
dung emittiert wenig Strahlung) en&tilt ein Zentralrohr ZR. auf dem em Kanthal-Widerstandsband so gewendelt 
ist. da13 die grdReren Wlrmeverluste an den Enden kompensiert werden. Be1 einer GesamtlBnge des Ofens von 
380 mm entsteht so eme lsotherme Zone von 300 mm. lm Bereich von 50@1200 K sind die Abweichungen vom 
Mittelwert < f 5 K. Die Betriebsspannung fiir den Ofen ist iiber einen Drehtransformator emem Stablhsatlons- 
trafo entnommen, der neben einer kurzen Einstellzeit eine sehr gute Langzeitkonstanz (+0,3”,,) garantlrrt Mlt- 
tels des Drehtransformators kann die an der Ofenwlcklung anhegende Spannung entsprechend der gewunschtcn 
Reaktionstemperatur T eingestellt oder (durch Motor gesteuert) stetig verlndert werden. Die Temperature T 
wlrd mit dem Thermoelement TE gemessen und gegebenenfalls mit einem X-t- bzw. einem X-Y-Schreiber regl- 
striert. 

Das rrn Zentralrohr ligende Reaktlonsrohr hat einen lnnendurchmesser von 8 mm. was m etwa den Dimen- 
sionen der Verbrennungsrohre der Elementaranalyse entsprlcht. Das Reaktionsrohr endet auI3erhalb des Ofens 
m einem Schliflkern, auf den die Durchfiihrungsdlchtungsmanschette DM aufgesetzt 1st. Durch dlese Manschette 
fhhrt ein Quarzrohr (4.5 mm lnnen- und 6 mm AuBendurchmesser) m das Reaktionsrohr hinem. Dleses Quarz- 
rohr 1st einerseits fiber emen Schliff mit der lonenquelle IQ des Massenspektrometers MS verbunden und endet 
andererseits innerhalb des Reaktlonsrohres in der viskosen EinlaDsonde ES. Durch dlese Kapillare wird entspre- 
chend der m Teil 1 gegebenen Begriindung ein reprlsentativer Gasmengenstrom von etwa 0,001 Nml/s in die 
lonenquelle gesaugt. und es entstehen dort-gemliR Gleichung (6) in Teil I&reprlsentative Partlaldrucke. die 
die Messung der Partialdrucke p’ aller Reaktionsprodukte am Ort der Probenahme in RR erm6ghchen. Ofen mlt 
Reaktionsrohr und Verdampfer sind auf einen klemen Wagen montiert und gegeniiber der EinlaRsonde von 
Hand oder mittels Motorantrleb verschiebbar. Dadurch kann die Probenahme an Jedem Punkt des Reaktlons- 
rohres erfolgen und damit die Abhingigkeit der Zusammensetzung vom Ort der Probenahme unstetig oder stetlg 
untersucht werden. Die aus dem Ofen herausragenden Teile des Sondenrohres sind mittels einer verschiebbaren 
Spiralwicklung geheizt. so da13 im Hochvakuumteil der Sonde die Temperatur immer > 450 K blelbt, wodurch 
eme Kondensation der zu messenden Reaktionsprodukte vermieden und eine AdsorptIon weitgehend 
emgeschrinkt wlrd. Die Einstellzeit dieser Sonde (90”< des Endwertes beI sprunghafter Anderung emes Partial- 
druckes am Ort der Probenahme) betrggt 0.5 s 

Als Massenspektrometer MS wurden bei unseren blsherigen Untersuchungen das KlemgerZt THN 105 E der 
Firma Thomson-Houston, Paris (Permanentmagnet, Hochspannungsscan, bei einer Auflosung von etwa 60). 
sowie des UniversalgerPt CH-5 der Firma VARIAN-MAT. Bremen (Magnetfeldscan. mlt emer emgestclltcn 
AuflGsung von etwa 600) eingesetzt. In beiden Fallen wurden Faradayfgnger zur Messung der IonenstrGmc ver- 
wendet. Die bei R = 10” R relativ grol3e Zeitkonstante des ElektrometerverstHrkers EV (etwa 0.3 s) IlBt die 
an sich mijgliche Verkiirzung der Einstellzeit der sonstigen Meaanordnung (EinlaDsonde und Vakuumsqstem) 
momentan wemg sinnvoll erscheinen. Es sind vorerst also nur die Zwischenprodukte faRbar. die unter den 
genannten Bedingungen in geniigender Konzentration und mit emer Lebensdauer von mmdestens 0.2 s auftrctcn. 
Selbstverst%ndhch kiinnte hier, allerdings unter Verzicht auf Genaulgkeit, die Verwendung eines fingers mlt Sc- 
kundLrelektronenvervielfacher und emer schnelleren EmlaUsonde das zuglngliche Zwischenproduktenspektrum 
erheblich vergrbI3ern. 

ARBEITSTECHNIK UND AUSWERTUNG 

Durch Emstellen der Hdhe II der Wasserszule Irn Druckausglelchsrohr DR wird der TrPgergasstrom auf den 
gewiinschten Wert r [mMol/s] eingestellt: Die Reaktionszeit t ergibt sich dann aus dem Abstand 1 [mm] 
zwischen dem im Ofen hegenden Ende der Uberbriickungskaplllare und der Spitze der EinlaDsonde. dem Durch- 
messer d [mm] des Reaktionsrohres. der Temperatur T des Reaktlonsrohres und dem emgestellten Trlgerstrom. 
Solange 0” < L> kann die durch die Verbrennung zusPtzlich entstehende Gasmenge vernachllsslgt werden 

Zur Einstellung von ~1” werden I und T so hoch gewlhlt, daR vollstindlge Verbrennung des Kohlenstoffs LLI 

Kohlendioxid gewlhrlelstet ist. Dann wlrd das Massenspektrometer auf Masse 44 emgestellt und die Heizlel- 
stung des Verdampfers so lange gesteigert, bis die resultierende Peakintensitat Ugx den gewiinschten Proben- 
Strom o” anzeigt. Unabhlnglg von I kann bei genhgend hohem T der Probenstrom such dadurch gemesscn 
werden. dal3 der Trggerstrom und damlt die Probenzufuhr plijtzlich gestoppt werden. Nach genhgend langer Zelt 
1st die Verbrennung der in RR vorhandenen Probe vollstlndlg. und Uz;, wird angezelgt. Durch Messung der 
absoluten COz-Empfindlichkeit des MeBsystems (dynamlsche Zugabe eines bekannten COz-Stromes zum 
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Tragergas) und bei Kenntms der Kohlenstoffzahl c der Probe, lll3t sich der Probenstrom u” aus Ugx genau be- 
stimmen. Dies ist jedoch fir unsere Messungen gar nicht erforderlich, denn der Verbrennungsgrad des 
eingesetzten Kohlenstoffs ergtbt such m erster NLherung unmittelbar aus Ut: und CJzx. Wie Rupp et a1.1”,‘9 
zeigten, smd namlich fur die von uns gefundenen Zwischen- und Endprodukte annahernd gleiche Partialdruck- 
empfindlichkeiten fur den jeweiligen lOO%-Peak zu erwarten. Diese Erwartung wurde durch Kontrolluntersu-- 
chungeni5 m ausreichendem MaBe bestltigt ( + 20%). und wtr konnen deshalb, bet nicht zu grol3em Anspruch 
an die Genauigkeit, alle Zwischen- und Endprodukte auf U,,, 44 beziehen. Damit vereinfacht sich die Auswertung 
erhebhch. und dte sonst sehr miihseligen Eichmessungen entfallen ganz. Allerdmgs muD die Massendiskrtminie- 
rung als Folge der molekularen Stromung mnerhalb des Massenspektrometers berilcksichtigt werden. Da der 
Gesamtdruck im Reaktionsrohr gleich dem AuSendruck und damit ausreichend konstant 1st. und das Trlgergas 
m Verbindung mit der Temperatur der EinlaBkapillaren ES die Vtskositat nahezu ausschliel3lich bestimmt. ver- 
einfacht sich dte in Teil I abgeleitete Gleichung (7) fur eine vorgegebene Temperatur T zu* 

U’ = K,p’(M’)“. (1) 
Zur Auswertung der MeRergebmsse zum Zwecke der Elementaranalyse bietet such der schon erwlhnte Verbren- 
nungsgrad an, der unter Bezugnahme auf den Zustand nach vollstandiger Verbrennung angibt, wie weit die Ver- 
brennung fortgeschritten 1st. Da aber die meisten Zwischenprodukte nicht als Endprodukte auftreten, ware eine 
solche Bezugnahme nicht praktikabel. Deshalb berechnen wn aus den MeDergebnissen den Reaktionsgrad CI’ = 
$I$ = L’l/t.o. 

Aus 
p0 = U4,4,,(44_ I’* 

und 
K,.C 

p’ = U’(M’)-’ 2 

K, 

1aBt sich der gesuchte Reakttonsgrad in einfacher Weise nach Gleichung (2) bestimmen. 

Handelt es sich bei dem beobachteten Reakttonsprodukt I urn em Endprodukt, so kann der Verbrennungsgrad 
leicht aus r’ berechnet werden. 

Die Auswertung wird schwieriger, wenn der lOO%-Peak des Reaktionsproduktes i noch von anderen Massen 
belegt wnd. Dann miissen die Fragmentierungsspektren der sich storenden Gaskomponenten ausgewertet und 
der gesuchte Intensitltsanteil U’ aus dem mehrfach belegten Massenpeak in bekannter Weise mit Htlfe der Sub- 
traktionsmethode ermittelt werden. Zur vollstandigen Zuordnung der beobachteten Massenpeaks ist es dabei 
m manchen Fallen unvermeidbar. ausfiihrhche Identifizierungsuntersuchungen anzustellen. Dabei ist es eine 
grol3e Hilfe. dal3 alle Ionenbruchsthcke des gleichen Ausgangsmolekiils i im U’(t)-Diagramm gleiches Verhalten 
zeigen 

Zur Aufnahme von Oxidations-Thermogrammen wird-bei feststehender Sonde-die Ofentem- 
peratur mit etwa 0,3 K/s variiert. Das Massenspektrometer bleibt dabet auf einem fur die Komponente i repra- 
sentativen Peak eingestellt. Bei konstantem 1 und v Indert sich t entsprechend der Gasgleichung. Eine Korrek- 
tur dieser Abhlngigkeit konnte experimentell durch entsprechend gesteuerte Veranderung von I erhalten werden. 
Der Aufwand fur eine derartig synchrone Veranderung von I und T erscheint fur unsere orientierenden Mes- 
sungen noch mcht gerechtfertigt. Vtelmehr wird die Sonde bei I = 100 mm-das entspricht einem Reaktionsvo- 
lumen von 5 ml-fest emgestellt Bei dem ilblicherwetse fur die Aufnahme von Oxtdations-Thermogrammen einge- 
stellten Tmgerstrom von 0.8 Nml/s ergibt sich fiir die niedrigste vorkommende Reaktionstemperatur von 700 K 
eme Reaktionszeit von 2.35 s und fur die maximale Reaktionstemperatur von 1100 K. 1.49 s. Im Bereich von 
800 K bis 1000 K. m dem die wesentlichen Vorglnge zu beobachten sind. kann mit ausreichender Naherung von 
cmer Reaktionszeit von etwa 1.8 s ausgegangen werden. 

Wie in Tell I gezeigt. beeinfluRt die Temperatur der EmlaBsonde das Ausgangssignal gemaI3 der dort abgelei- 
tcten Gleichung (7). und die gemessenen Massenmtensitaten U; sind deshalb ensprechend zu korrigieren (vgl 
Tab. IV m Teil I) und auf die Temperatur umzurechnen, bei der die Eichung mit Kohlendioxid vorgenommen 
wurde 

Zur Messung der Reaktionstemperatur mittels TE 1st em NiCrNi-Mantelthermoelement mit Ausgleichslei- 
tung emgesetzt Die Thermospannung liegt am Y-Eingang eines X Y-Schreibers. Da im betrachteten Tempera- 
turbereich die Thermospannungskurve ausreichend linear verlauft, erhalt man. wenn man die jeweihge Peakm- 
tensitlt an den X-Emgang legt, sofort ein Thermogramm U’(T). aus dem das gesuchte Thermogramm r’(T) auf 

* Bei Gleichung (7) in Tell I ist vorausgesetzt. da13 die mterne Partialdruckempfindhchkeit E’ bei der jeweiligen 
Temperatur T, des Stromungswiderstandes W,_, gemessen wird. 1st dagegen die Empfindlichkeit EL bet der 
Bezugstemperatur To bestimmt. so ergtbt sich die Empfindlichkeit fur eme andere Betriebstemperatur T, zu: 

und entsprechend: 

E;, = E;,.T,/T, 

C’ = Cf, To/T,. 
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dte gezelgte Weise berechnet wird. Zur Aufkllrung der bei orgamschen Verbmdungen gefundenen Ergebmsse 
erwies es such als vortellhaft, das Reaktionsverhalten eimger Case. die hLufig als Zwischenprodukte entstehen. 
ausfiihrlich unter Verbrennungsbedingungen im leeren Rohr zu untersuchen. Hierzu werden diese G&se mlt der 
in Teil I beschriebenen dynamischen Technik dem Trlgergas stetig zugermscht und dann iiber die U berbriik- 
kungskapillare dem Reaktionsraum zugeleitet. Alle anderen Bedingungen bleiben unvergndert. Stehen die 
gewiinschten Gase nicht m Druckflaschen zur Verfiigung, so werden sie durch Pyrolyse geeigneter Verbin- 
dungen lm Verdampfersystem erzeugt. 

ERGEBNISSE UND DISKUSSION 

Pritniire V~rhrerlrlungsprodukte 

Bisher gibt es keine Angaben iiber die tatdchlich bei den Verbrennungsvorg%ngen der 
Elemetaranalyse enstehenden Zwischenprodukte. Vielmehr wird-auf Grund der aus- 

schlieBlich beobachteten “Vollst%digkeit der Verbrennung” durch Messung der Endpro- 
dukte-die Schwerverbrennbarkeit aufdas Entstehen von Bruchstiicken wie Methan, Koh- 
lenmonoxid, Essigslure u.%.zuriickgefiihrt. 2o Wir konnten dagegen in ersten orientierenden 
Messungen im leeren Rohr feststellen, da0 bspw. Methan nach einer Reaktionszeit von 1.8 s 
bei 1000 K bereits vollsttindig verschwunden ist, da13 aber gleichzeitig erst die Hglfte des 
erwarteten Kohlendioxids entstanden ist. Es entstehen demnach such bei einfachen Ver- 
bindungen wie Methan noch Zwischenprodukte, die eigentlich erst die Schwerverbrennbar- 
keit bedingen. Diese unbekannten Zwischenprodukte m&en also erst einmal aufgefunden 
werden. Dabei bleibt vorerst der Bereich der kurzlebigen Reaktionsprodukte noch un- 
erschlossen, da, wegen der Zeitkonstanten von EinlaD-, Vakuum-, Verstzrker- und Regi- 
striersystem, allenfalls noch Spezies mit einer Lebensdauer von einigen Zehntelsekunden 
erfaDt werden kGnnen. 

In Tabelle 1 sind die Ergebnisse solcher orientierenden Untersuchungen zusammenge- 
stellt. Die Reaktionstemperatur T betrug in allen Fgllen 970 K, die Reaktionszeit t war auf 
0,6 s eingestellt (I = 10 mm, Sauerstoff = 0,3 ml/s) und die Verdampfertemperatur so 
gewlhlt, daIj sich ein Partialdruck der Probe von wenigen mb ergab. Damit war ein ausrei- 
chender SauerstoffiiberschuD gewghrleistet. In allen Fgllen erfolgt die Verdampfung der 
eingesetzten Verbindung M gleichmll3ig. Lediglich bei Melamin zeigt sich, in uberein- 
stimmung mit den Beobachtungen von May,” eine Zersetzung der Probe, und die Zusam- 
mensetzung des Probendampfes ist nicht mit der Zusammensetzung der Probe identisch, 
weil bei der Thermolyse Ammoniak abgegeben wird. 

In Tabelle I sind bei den iiblicherweise zur Elementaranalyse benutzten Verbrennungs- 
produkten-Wasser, Kohlendioxid und Stickstoff-die cc:-Werte in Klammern angefiihrt. 
die man nach vollst%ndiger Verbrennung finden wiirde. ErwartungsgemBD wird unter den 
gegebenen Umstgnden eine vollst2ndige Verbrennung in keinem Fall erreicht, und die 
gemessenen Reaktionsgrade bestgtigen unsere Ausgangshypothese, dalj die Verbrennung 
organischer Verbindungen in mindestens zwei Schritten erfolgt: 

1. Oxidative Pyrolyse zu verhgltnism5Big stabilen Zwischenprodukten. 
2. Verbrennung dieser stabilen Zwischenprodukte zu den bekannten Endprodukten. 
Die Reaktionsprodukte der Primgrverbrennung zeigen eindeutige Zusammenhtinge mit 

der Struktur der Ausgangsverbindung. Dabei sind CHO-Verbindungen artenarm. und die 
strukturellen Unterschiede werden vor allem an der Griirje der xi-Werte sichtbar. Dagegen 
liefern stickstoffhaltige Verbindungen zahlreiche Prim5rprodukte. und die Existenz einiger 
Zwischenprodukte scheint an sich schon strukturspezifisch zu sein. 

Wider Erwarten sind-Benz01 ausgenommen-die Ausgangsverbindungen trotz der 
milden Bedingungen (970 K, 0.6 s Reaktionszeit) schon weitgehend zerstiirt. Die oxidative 



Massenspektrometrische Untersuchungen 173 

Tabelle I. Reakttonsgrad 2’: T = 973 K. t = 0.6 s 

gefundene r’-Werte fur i gleich 
Emgesctzte 

Verbindung M M Hz0 HCHO CO CO? HCN Nz NO 

Benzol 0.4 1.6 0.2 I,4 2.0 
(3.0) (6.0) 

Anthracen 4.4 11.8 
(5.0) (2:) 

Durol* 6.1 -~ 7.1 3:4 

(7.0) (10.0) 
Durochmon 

(2, 
4.x 

(I;;, 
Brenzkatechin 0.07 3.1 --- 1.8 3:2 

(3.0) (6.0) 

Azobenzol 4.6 0.04 8.2 (5.0) (I;;, 
Anilm 0.09 3.0 1.8 413 

(12, 
0.4 0.2 0.3 

(3,5) (6.0) (0.5) 
Melamin* 2.7 1.8 0.5 3.3 0.5 

(3.0) (3.0) (3.0) 
Tetramethylharnstoff 0.02 4.5 -- 0.8 2.5 0.6 

(& 
0.3 

(6.0) (5.0) 

* Zusatzlich werden noch folgende Zwischenprodukte gefunden (jeweihger r-Wert in [ 1). 
Durol: CzHh [0.3]. 
Melamin: NH, [LO]; HOCN [l.l]; (CN)? [0.05]. 
Tetramethylharnstoff: HOCN [O.?]; (CNb [O.OZ]. 

Pyrolyse scheint also in der Regel sehr schnell zu verlaufen, und die sogenannte Schwer- 
verbrennbarkeit mancher Stoffklassen muI mit der langsamen Verbrennung einiger sta- 
biler Zwischenprodukte begriindet werden. 

Besonders Bberraschend sind die sehr hohen CO-Gehalte such bei Verbindungen, in 
denen keine CO-Gruppierung enthalten ist. Sauerstoff ist in allen Fallen in grossem uber- 
schulj vohanden, und Sauerstoffmangel kann nicht hierfiir verantwortlich gemacht werden. 
Offensichtlich ensteht Kohlenmonoxid als Folge einer haufig vorkommenden Primarreak- 
tion. Andererseits wird Methan, das angeblich in vielen Fallen entstehen sol1 und dem die 
Schuld an der Schwerverbrennbarkeit gegeben wird, in keinem Falle beobachtet. 

Eine ausfiihrliche Diskussion, welche die Ergebnisse weiterer Messungen mit einbezieht, 
erfolgt. l5 Sicher reicht jedoch die bei dem geschilderten Verfahren entstehende “analy- 
tische Momentaufnahme” nicht aus, urn das vielfaltige Verbrennungsgeschehen auf- 
zuklaren. Vielmehr mussen grundlegende Untersuchungen i.iber die Verbrennung ein- 
father Gase und die Bildung dieser Gase bei der oxidativen Pyrolyse vorangestellt werden. 

Verhrerznurlg them&h stahiler Gasr 

Aus Abb. 2 ist ersichtlich, welchen EinfluB die Temperatur auf der “Verbrennung” der 
eingesetzten Gase hat. Zur besseren Vergleichbarkeit der gefundenen Werte ist nicht der 
jeweilige Reaktionsgrad a’, sondern der entsprechende Verbrennungs-Umsatz V,[I%] = 
100. &/c(, dargestellt. Die Verbrennungsdiagramme wurden. wie eingangs fur den Fall von 

Gasen beschrieben, aufgenommen. Cyansaure und Cyanwasserstoff wurden durch Fest- 
stoffpyrolyse von Harnstoff bzw. Thioharnstoff im Verdampfer erzeugt. Wasserstoff wurde 
in die Untersuchung mit einbezogen, weil das Auftreten dieses Gases als Zwischenprodukt 
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nicht ausgeschlossen ist. Mit dem von uns meistens benutzten “kleinen Massenspektrome- 
ter” kann jedoch Wasserstoff nicht gemessen werden. Die Frage des zwischenzeitlichen 
Auftretens von Wasserstoff bleibt vorerst also noch offen. Die Eingangsdampfdrucke p0 
lagen zwischen 3 mb (Cyan&ire) und 20 mb (Wasserstoll), und die Reaktionswarme hat 
demnach die Reaktionstemperatur am Reaktionsort allenfalls geringftigig tiber die gemes- 
sene Temperatur T angehoben. 

Abb 2. Verbrennung thermlsch stabller Gase: Reaktionszelt t = 1.8 s. 

Im Falle von Wasserstoff und Ammoniak wurde das Endprodukt Wasser gemessen; bei 
Methan und Kohlenmonoxid wurde Kohlendioxid registriert; der Umsatz von Cyanwas- 
serstoff und Cyanslure wurde aus dem Verschwinden der Ausgangsverbindung berechnet. 
dabei war sichergestellt, da5 in diesen beiden Fallen des Verschwinden der Ausgangsver- 
bindung mit dem Auftreten der Verbrennungsendprodukte vollig synchron verlauft und 
demnach keine Zwischenprodukte auftreten. Die mittlere Reaktionszeit t (bei 973 K) 
betrug 1,8 s. 

Lage der Verbrennung eine Molekularreaktion zweiter Ordnung mit entsprechend hoher 
Aktivierungsenthalpie zugrunde, so ware die maximale Steilheit der Verbrennungsdia- 
gramme erheblich geringer, als es bei den untersuchten Beispielen mit 3?JK der Fall ist. 
Nach der “transition state” Theorie ist, wenn die Aktivierungsentropie keine auger- 
gewohnlichen Werte besitzt, die maximale Steilheit einer Umsatz-Temperaturkurve 
namlich umgekehrt proportional der Temperaur und erreicht etwa ly,,,/K bei 1000 K. Wir 
nehmen deshalb an, da5 in den steilen Bereichen ein Kettenmechanismus vorliegt. Fur 
einen solchen Reaktionsmechanismus sprechen such die Ergebnisse unserer kinetischen 
Untersuchungen, tiber die wir in Teil IV2’ dieser Reihe berichten werden, sowie die Be- 
obachtungen anderer Autoren.23-25 

Alle Verbrennungsdiagramme der Abb. 2 zeigen mindestens teilweise den fur Ketten- 
reaktionen typischen Verlauf. Unterhalb einer Mindesttemperatur T,,,,, tritt das Endpro- 
dukt nicht in merklichem Umfange auf; die beobachtete Reaktion lauft praktsich rrrcht ab. 
Nach uberschreiten von T,,,,, steigt, nach Durchlaufen einer mehr oder weniger langen 
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Anlaufphase, der Verbrennungs-Umsatz plotzlich steil an. Oberhalb dieser “Ziindung” 
zeigt der Umsatz in der “Ziindregion” einen nahezu konstanten grol3en Anstieg dVJdT 
und lauft dann, wieder flacher werdend, in die 100% Linie ein. Die Temperatur im Wende- 
punkt eines Verbrennungsdiagramms ist genauer bestimmbar als der Beginn der Ztindung 
und wird zuktinftig als Ziindtemperatur Tz von Wasserstoff, Methan usw. (steile negative 
Kennlinie) oder zu Wasser, Kohlendioxid usw. (steile positive Kennlinie) bezeichnet. 

Wahrend bei Wasserstoff, Ammoniak und Methan offensichtlich der Kettenme- 
chanismus das ganze Reaktionsgeschehen beherrscht, sind in den Verbrennungsdia- 
grammen von Cyansaure, Cyanwasserstoff und Kohlenmonoxid flache Abschnitte 
enthalten. die einen anderen Reaktionstyp andeuten. Wir vermuten, da0 hierbei Wand- 
reaktionen mit Radikalcharakter eine erhebliche Rolle spielen. Dafiir sprechen such die 
in diesen Fallen von uns beobachtete betrachtliche Erniedrigung der Ziindtemperatur bei 
Verwendung einer Rohrftillung aus Quarzwolle (Tab. II) und der zeitliche Ablauf der 
betreffenden Reaktionen.” 

In den Abb. 3-10 ist dargestellt, wie bei einigen einfachen organischen Verbindungen 
der Verbrennungsvorgang unter “Oxidations-Thermogramm-Bedingungen” im einzelnen 
ablauft. Bei der Verbrennung von Methan (Abb. 3) tritt Kohlendioxid frtiher auf, als auf 
Grund von Abb. 2 hatte erwartet werden konnen, wodurch der Anschein erweckt wird, 
darj ein Teil des Kohlenstoffs unmittelbar zu Dioxid verbrennt. Dem widerspricht jedoch 
der synchrone Verlauf von Wasser- und Monoxid-Diagramm. Wir neigen daher zu der 
Ansicht, dal3 in diesem Fall die Primarverbrennung des Kohlenstoffs-abgesehen vom oxi- 
dativen Pyrolyseprodukt Formaldehyd-ausschliel3lich zum Kohlenmonoxid ftihrt. 
Dieses Monoxid wird dann in einer weiteren Kettenreaktion zum Dioxid verbrannt. Diese 
Annahme wird durch die Beobachtung gesttitzt, dal3 die Ziindtemperatur von CO zu CO2 
mit zunehmender Wasserkonzentration im Tragergas stark abnimmt. Setzt man z.B. dem 
Tragergas Sauerstoff etwa lo; Wasser zu, so fallt die Ziindtemperatur von Monoxid von 
1070 K auf 970 K (vgl. Abb. 22 und Tab. 15 in ’ 5). Offenbar findet eine Kettenkatalyse 
statt. bei der Hydroxylradikale die Funktion der Kettentrager i.ibernehmen.2h 

Auch die Entstehung des Kohlenmonoxids wird durch die sonstigen Bedingungen 
wesentlich mitbestimmt. So bewirkt eine Verkleinerung der Methankonzentration ein 
Ansteigen des Monoxid-Maximums von 970 K (p” = 15 mb) auf 1085 K (p” = 3 mb). 
Damit wird die Abhangigkeit des Verbrennungsverlaufs von Zufalligkeiten bereits an den 
einfachsten Verbindungen-Kohlenmonoxid und Methan-deutlich demonstriert. 
Gleichzeitig ergibt sich aus diesen Beobachtungen die Erkenntnis, da13 bei der Elementar- 
analyse der Verbrennung von CO zu CO, ausschlaggebende Bedeutung zukommt, da es 
offenbar nicht moglich ist, die Bildung von Kohlenmonoxid zu verhindern. 

Am Thermogramm von Benz01 (Abb. 4) fallt die extreme Stabilitat der Ausgangsverbin- 
dung ins Auge. Die oxidative Pyrolyse beginnt erst bei 930 K und zwar mit dem gleichzei- 
tigen Auftreten von Kohlendioxid. Wasser, Kohlenmonoxid, Formaldehyd und Acetylen. 
Die beiden zuletzt genannten treten allerdings nur geringftigig in Erscheinung. 

Eine Verkiirzung der Reaktionszeit erhoht den Anteil von Acetylen nicht wesentlich und 
es darf angenommen werden, da8 die Verbrennung zu Kohlendioxide, Kohlenmonoxid 
und Wasser rriclrt tiber prim& gebildetes Acetylen ablauft. Der Sauerstoff scheint vielmehr 
direkt am Benz01 anzugreifen. Diese Hypothese wird durch die Ergebnisse unserer Unter- 
suchungen zur Inertpyrolyse’7 gesttitzt. In Helium bleibt namlich einerseits Benz01 bis zu 
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1300 K stabil und andererseits entsteht aus Acetylen bei sehr hohen Temperaturen Benzol. 
Wahrscheinlich verlauft die Verbrennung von Benz01 iiber hydroxylierte und andere 
~uerstoffhaltige Zwischenverbindungen.2* 

Im Falle der Methanolverbrennung (Abb. 5) sind drei Phasen feststellbar. Bereits bei 
800 K treten Formaldehyd und Wasser in Erscheinung, und Formaldehyd erreicht bei 880 K 
einen Maximalwert von 20%. Bei dieser Temperatur setzt dann die Ztindung von Metha- 
nol ein, der Formaldehyd verschwindet, und es entsteht mit einer extrem steilen 
Ziindkennlinie nahezu 100% Kohlenmonoxid. In der dritten Phase verbrennt dann Koh- 
lenmonoxid bei ftacher Kennlinie und relativ niedriger Z~ndtemperatur, die auf die Anwe- 
senheit von Wasser zur~c~uf~hren sind, zu Kohlendioxid. 

HCHO 

I 
0750 800 

IL 
850 900 9% 

T t"Kl 

Abb. 3. Thermogramm von Methan 

Setzt man dem Sauerstoff 27; Methan zu, so andert sich am Verbrennungsverhalten von 
Methanol nichts. Andererseits beginnt die Verbrennung von Methan bereits bei 880K; 
also erheblich friiher als in Abwe~nheit von Methanol (vgl. Abb. 3) und gleichzeitig mit 
diesem. Dies kann nur damit erklart werden, dal3 eine Kettentibertragung bei gleichartigen 
Radikalen moglich ist, und so wird verstindlich, da13 Methan in keinem der untersuchten 
Falle als Zwischenprodukt auftritt. 

Aceton (Abb. 6) ist, im Vergleich zu den bisher besprochenen Beispielen, nicht besonders 
stabil. Bereits bei 750 K tritt Kohlendioxid in Erscheinung. Kohlenmonoxid und Formal- 
dehyd tauchen erst bei hoheren Temperatl~ren auf. Die Thermogramme dieser drei 
primaren Verbrennungsprodukte steigen dann bis etwa 900 K langsam an, wahrend das 
Aceton nahezu linear verschwindet. Der erste Kettenreaktionsmechanismus wird bei 
910 K an der Zunahme der Steilheit des CO-Thermogramms deutlich. Dieses schnellere 
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Abb. 4. Thermogramm von Benz01 
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Abb. 6. Thermogramm von Aceton. 
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Abb. 5. Thermogramm von Methanol. 
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Abb. 7. Thermogramm von EssigQure. 
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T C”K1 
Abb. 8. Thermogr~mnl von Benzoeslure. 
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Abb. 9. Thermogramm von Acetonml. 
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Abb. 10. Thermogramm van Tetr~methylh~rnstoff. 
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Ansteigen des a Co-Wertes ist aber nicht auf einen entsprechenden A~etonverlust zuriick- 
zufiihren. sondern eher auf ein gleichzeitiges Absinken von Kohlendioxid und Formalde- 
hyd. Offenbar wird das frtihzeitig aus der Carbonylgruppe entstandene Kohiendioxid durch 
Formaldehyd wieder reduziert. Die letzte Verbrennungsstufe setzt bei 950 K mit der Ziin- 
dung von CO und dem steilen Ansteigen der CO,-Kennlinie ein. Auch jetzt ist noch immer 
ein Teil des Acetons intakt, und erst bei 970 K ist die Ausgangsverbindung vijllig umgesetzt. 

Auch bei der Verbremmng von Essigsaure (Abb. 7) tritt Kohlendioxid bereits bei sehr 
niedrigen Temperaturen in Erscheinung. Aus dem gleichzeitigen und gleich intensiven Auf- 
treten von Wasser und Formaldehyd mul3 geschlossen werden, da13 Essigsaure in dieser 
Phase Kohlendioxid abspaltet und der Methylrest zu Wasser und Formaldehyd verbrennt. 
Erst bei 880K beginnt ein neuer ProzeD; das Kohlendioxid wird unter Bildung von 
Wasser durch den Aldehyd zu Kohlenmonoxid reduziert. Bei 950 K ist das iibliche CO- 
Maximum zu beobachten, und die Endphase der Verbrennung beginnt mit dem steilen 
Anstieg des CC&-Thermogramms. 

Offenbar spalten alle organischen Sauren Kohlendioxid sehr friih ab, denn such bei 
Benzoesaure (Abb. 8) ensteht CO, bereits unterhalb 750 K. In diesem Falle tritt allerdings 
als zweites Pyrolyseprodukt Benz01 auf, das dann. wie in Abb. 4 gezeigt, verbrennt. 
Erstaunlicherweise entsteht in dieser Phase eindeutig mehr Kohlendioxid, als in der Aus- 
gangsverbindung vorgebildet ist. Eine Abnahme dieser Konzentration erfolgt allerdings 
nicht, da kein Reduktionsmittel vorhanden ist. Statt dessen bleibt @co> zwischen 900 und 
960 K konstant bei 2,5; wahrend Wasser und Kohlenmonoxid wie bei den friiheren Bei- 
spielen zunehmen und bei hohen Temperaturen das typische Verhalten zeigen. 

In Abb. 9 ist mit Acetonitril erstmals das Thermogramm einer stickstoffhaltigen Verbin- 
dung dargestellt. Obwohl die Ausgangsverbindung sehr einfach strukturiert ist, gestaftet 
sich die Verbrennung einigermal3en komplex. Die Nitrilgruppe reagiert offenbar nicht un- 
mittelbar mit Sauerstoff, sondern bildet erst einmal Cyanwasserstoff, wahrend gleichzeitig 
aus der Methylgruppe CO, CO2 und Hz0 enstehen. Die zeitweise Anwesenheit von Hy- 
droxylradikalen kann daraus abgeleitet werden, da13 die Cyansaurekonzentration noch 
ansteigt, wahrend der Cyanwasserstoffanteil abfallt. Dicyan tritt ab 900 K in Spuren auf 
und kann bis 1050 K nachgewiesen werden. Daneben entstehen such bei niedriger Tem- 
peratur bereits NO und NS, und eine strukturspezifische Primarprodukt-Stochiometrie 
kann deshalb nicht beobachtet werden. Die nachtragliche Verbrennung von HCN und 
HOC’N liefert nur Stickstoff, und es entsteht kein weiteres Stickstoffmonoxid. _ 

Die au~erordentliche Stabilimt von Acetonitril-Spuren sind noch bis 1000 K nach- 
weisbar-wird durch eigene Pyrolyse-Untersu~hung~n~’ und Messungen anderer 
Autorent bestatigt. In inertem Trlgergas beginnt der Zerfall von A~etonitril erst bei 
1140 K und das Pyrolysethermogramm ver&uft anschliefiend so flach, daB bei 1260 K erst 
25% der Ausgangsverbindung zerfallen sind. Die Anwesenheit von Sauerstoff bewirkt such 
hier iiber den Mechanismus der oxidativen Pyrolyse ein schnelleres Auseinanderbrechen 
der Verbindung. 

Bei Tetramethylharnstoff beginnt die oxidative Pyrolyse bereits bei sehr niedriger Tem- 
peratur. Deshalb wurde zur Untersuchung eine engere EinlaBsonde eingesetzt, die den in 
Abb. 10 gewahlten MeDbereich von 5.50 bis 1000 K zuganglich macht. Das Geschehen auf 
der Tieftemperaturseite ist auBerordentlich vielfaltig. Bereits bei 600 K liegen mit Wasser, 
Kohlenmonoxid, Stickstoff, Kohlendioxid, Formaldehyd, Cyanwasserstoff, Cyansaure, 
Methylcyanat und Stickstoffmonoxid neun primfre Oxidationsprodukte in betrachtli- 
them Umfange neben dem Ausgangsmolek~l M vor. Bei 620 K erreicht M ein Minimum 
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von etwa 20”/,. Bei der gleichen Temperatur bilden Kohlenmonoxid, Cyansaure und Stick- 
stoffmonoxid ein Plateau, und Formaldehyd, Stickstoff und Kohlendioxid durchlaufen 
ausgeprlgte Maxima. AnschlieBend steigt die Konzentration der Ausgangsverbindung bis 
750 K wieder an, und die Primarprodukte, die ein Maximum gebildet hatten, sinken ent- 
sprechend ab. 

Es ist sehr unwahrscheinlich, dalj Tetramethylharnstoff durch Rekombination von 
primlren Verbrennungsprodukten erneut entsteht, wie bspw. CO durch Reduktion von 
CO, bei der Verbrennung von Essigsaure (Abb. 7). Wir neigen vielmehr zu der Auffassung, 
daD das Maximum im Thermogramm der Ausgangsverbindung bei 750 K darauf zurtick- 
zufiihren ist, da13 Reaktionsmechanismen, die bei niedrigerer Temperatur zu einem 
schnellen Abbau von Tetramethylharnstoff beitragen, bei hoheren Temperaturen nicht 
mehr ausschlaggebend sind und durch andere Reaktionstypen abgelost werden.3” Eine 
vollst;indige Aufklarung des sehr komplexen Tieftemperatur-Geschehens ist wohl nur 
durch Aufnahme der wesentlichen c&t)-Diagramme zu erhalten. Bis 740 K scheint jeden- 
falls der Einflurj von Pyrolysevorgangen, die ohne Beteiligung von Sauerstoff ablaufen. zu 
iiberwiegen, denn die Sauerstoffbilanz bei dieser Temperatur ergibt erst einen Verbrauch 
von l/2 Mol Sauerstoff pro Mol M. 

Ab 850K verlauft die Verbrennung in etwa analog zur Verbrennung von Acetonitril. 
Lediglich Stickstoffmonoxid steigt gegentiber dem Anfangswert noch etwas an. Das Ge- 
schehen oberhalb 1000 K entspricht in vollem Umfange dem Thermogramm der Abb. 9 
und ist-zur VergroBerung des MaDstabes im interessanten Bereich----in Abb. 10 nicht wie- 
dergegeben. Bei 1120 K ist mit &02 = 5, xH20 = 6, uNz = 0.9 und xNo = 0,2 die Verbren- 
nung abgeschlossen. 

Allen Oxidations-Thermogrammen ist auf der Hochtemperaturseite gemeinsam, daI3 
Kohlenmonoxid bei etwa 950 K ein Maximum durchlauft und dann als letztes aller 
Zwischenprodukte verbrennt. Die bei stickstoffhaltigen Verbindungen haufig entste- 
henden Zwischenprodukte Cyansaure und Cyanwasserstoff sind ebenfalls sehr stabil 
und sicher mit dafiir verantwortlich zu machen, daI3 bei der klassischen Elementarana- 
lyse einige stickstoffhaltige Stofilassen systematisch Fehler zeigen3 ’ 

Die Tieftemperaturseite der Thermogramme wird dagegen von den strukturabhangigen 
Primarprodukten beherrscht, deren Zu- und Abnahme-such in ihrer gegenseitigen 
Abhangigkeit-noch einer eingehenden Untersuchung bedarf. Schon jetzt ist jedoch ein 
Zusammenhang zwischen den in der Ausgangsverbindung enthaltenen funktionellen 
Gruppen und den entstehenden Zwischenprodukten eindeutig nachgewiesen. So bildct 
sich, wie weitere Messungen zeigen, Cyanwasserstoff immer aus Cyano- und Immo-Funk- 
tionen. Dagegen entsteht Stickstoffmonoxid primar ausschlieI3lich aus Nitro- und Nitroso- 
Funktionen und erst sekundar aus der Verbrennung von anderen stickstoffhaltigen 
Gruppen wie Ammoniak oder Cyansaure. Offenbar ist der Tieftemperaturbereich der Ver- 
brennungs-Thermogramme grundsltzlich zur Feststellung funktioneller Gruppen geeig- 
net; jedoch mussen weitere Experimente erst zeigen, inwieweit durch Wahl der Reaktions- 
bedingungen die unspezifische Verbrennung gegeniiber der strukturspezifischen oxrda- 
tiven Pyrolyse zuriickgedrangt werden kann. 

Eitljhfi drr V erbren,zungshedingungerl 

Fur die Elementaranalyse ist eine vollstandige Verbrennung zu den erwahlten Endpro- 
dukten erforderlich und das eben geschilderte strukturspezifische Verhalten eher hinder- 
lich. Andererseits beruht die haufig zur Erklarung von systematischen Fehlanalysen heran- 



Massenspektrometrrsche Untersuchungen 181 

gezogene “Schwerverbrennbarkeit” nahezu ausschlieBlich auf der therm&hen Stabilitat 
weniger Zwischenprodukte und nicht wie bisher vielfach angenommen, auf der Stabilitat 
der Ausgangsverbindungen. Die am schwersten verbrennbaren Gase-Kohlenmonoxid, 
Cyans;iure und Cyanwasserstoff-sind deshalb so schwer verbrennbar, weil Teile ihrer 
Thermogramme verh8ltnismaDig flach verlaufen und dementsprechend eine hohe Tempe- 
ratur und eine lange Verbrennzeit zur vollstandigen Oxidation benotigt werden. 

Das Fehlen einer schmalen und vollstandigen Ziindregion, wie sie als Folge einer unge- 
hemmten Kettenreaktion beispielsweise bei Wasserstoff beobachtet wird, ist also bei den 
genannten Zwischenprodukten fur die Schwerverbrennbarkeit verantwortlich, und es 
liegt nahe, nach Rohrftillungen zu suchen, die den Mechanismus der Verbrennung derart 
beeinflussen, daB diese Reaktionshemmung beseitigt wird. Eine solche Rohrfiillung mul3 
andererseits weitgehend inert sein und darf keinesfalls mit einem der Zwischenprodukte 
langerlebige Bindungen eingehen, da hierdurch eine storende Retention der Verbrennungs- 
produkte verursacht wtirde. 

Als einfachste Rohrftillung bietet sich die Quarzwolle an, die vielfach bei der Elementar- 
analyse eingesetzt wird. Durch eine solche Fiillung werden die Oberflache und die Zahl 
der WandstiiDe vervielfacht. Eine katalytische Wirkung ist dagegen nicht zu erwarten. 
Trotzdem andert sich, wie Tab. 2 zeigt, das Verbrennungsverhalten der untersuchten Gase 
nicht unerheblich. Die Quarzwolle (Fadendurchmesser etwa 0,Ol mm) war bei den 
angefiihrten Messungen mit einer Packungsdichte von etwa 0,l g/ml auf 100 mm Lange 
zwischen der Uberbriickungskapillare und der EinlaDsonde eingesetzt. Damit konnen die 
gefundenen Umsatztemperaturen T,,, T,,, und Tg5% unmittelbar mit den ensprechenden 
Werten des leeren Rohres verglichen werden, denn die Reaktionszeit bleibt mit 18 s bei 
978 K die gleiche wie im leeren Rohr, und es wurden die gleichen Spezies wie bei Abb. 
2 gemessen. 

Die Quarzwolle ergibt eine wesentliche Verbesserung der Verbrennung nur bei den 
Zwischenprodukten Cyansaure und Cyanwasserstoff. Daneben erhoht diese Ftillung 
allerdings die Qualitat des Verbrennungsrohres fur explosionsartig ablaufende Vorgange 
(Pulsverbrennung) erheblich dadurch, da13 einerseits eine innige Durchmischung mit dem 
Trlgergas Sauerstoff such unter diesen Umst;inden gewahrleistet wird, und andererseits 
das Durchschlagen unverbrannter fester oder fltissiger Primarprodukte oder Explo- 
sionsrtickstande (RUB u. a.) verhindert wird. Insbesondere die zuletzt genannte physika- 
lische Wirkung der Quarzwolle rechtfertigt ihren Einsatz in der Elementaranalyse. Dabei 
darf aber nicht tibersehen werden, da13 zumindest bei der Schwefelbestimmung lastige 
Retentionszeiten und Memoryeffekte’ 4 durch die Quarzwolle bedingt sind. 

Tabelle 2. Vergleich der Verbrennungseigenschaften von leerem Rohr. Quarzwolle und Platinwolle 

Umsatztemperaturen, K. fur b; = 5: 50; 95”, 

Verbindung 

Wasserstoff 
Ammoniak 
Methan 
Cyandure 
Cyanwasserstoff 
Kohlenmonoxid 

leeres Rohr Quarzwolle 

5% 50% 9540 57, 509, 95?, 

864 880 917 830 930 990 
882 907 930 < 670 760 830 
958 985 1010 930 1090 1100 
895 952 1120 < 670 680 735 
940 1055 1116 < 670 760 1000 
990 1070 1140 800 990 1150 

Pt- 
Wolle 
95”” 

<7?0 
760 

1030 
< 720 
< 720 
< 670 
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fm Gegensatz zur Quarzwolle greift eine Fiillung mit Platinwolle offensichtlich tief in 
den VerbrennungsprozeB ein. Obwohl in diesem Falle die aus Platindraht von 0.05 mm 
Durchmesser gebildete Wolle nur tiber eine Lange von 10 mm unmittelbar hinter der 
~berbr~ckungskapillaren locker gestopft war (die Packungsdicht~ mit 3 g/ml ergibt einen 
Fiillfaktor von etwa lo%), liegen fast alle Umsa~temperaturen bei sonst gleichen MeBbe- 
dingungen erheblich tiefer. Lediglich die Methanverbrennung verlauft wie im leeren Rohr. 
Dagegen ist Kohlenmonoxid bei 650 K bereits vollstandig verbrannt (eine niedrigere Tem- 
peratur konnte bei der verwendeten Einla~sonde nicht eingestellt werden. da mit abneh- 
mender Temperatur der Druck in der Ionenquelle unzulCssig hohe Werte erreicht). 

Erstaunlicherweise erfolgt die Verbrennung von Wasserstoff ohne steiie Ztindkennlinie; 
sie ist aber ebenfalls in erheblich tiefere Temperaturregionen verlagert und bereits bei 
730 K praktisch vollendet. Auch Cyans&re und Cyanwasserstoff verbrennen in Anwesen- 
heit von Platin bei relative niedrigen Temperaturen und die Ammoniakoxidation wird 
durch die Platinkatalyse ebenfalls begiinstigt. Im letzteren Falle ist aber-wie bei Wasser- 
stoff-die Ztindregion breiter geworden und AT, betrggt etwa 150 K (gegeniiber 50 K im 
leeren Rohr bei allerdings 900 K). 

Wahrscheinlich verlauft die Verbrennung an Platin nach einem LH-Mechanismus bei 
dem die Reaktion in der chemisorbierten Schicht geschwindigkeitsbestimmend ist. und bei 
dem Adsorptions- und Desorptionsvorgange schnell ablaufen. Als chemisorbierte Schicht 
ist eine Belegung mit ~uerstoffatomen anzunehmen. Dadurch wird die zur Kettenfort- 
pflanzung erforderliche Sauerstoffatom-Konzentration bereits bei wesentlich tieferen Tem- 
peraturen erreicht, als dies im Rohr ohne Katalysator der Fall ist. 

Da der Verbrennungsmechanismus vof! Methan offenbar keine Sauerstoffatome be- 
n6tigt,33 kann die Platinwolle such keine Anderung bewirken. Imgekehrt wird die oxida- 
tive Pyrolyse vieler thermisch stabiler Verbindungen durch Sauerstoffatome eingeleitet, 
und es ist in diesen Fallen such fur den ersten Teil des Verbrennungsprozesses eine erheb- 
lithe Verbesserung durch Platinwolle zu erwarten. 

Wir konnten beispielsweise beobachten, da13 Durol bei Verwendung von Platinwolle 
bereits bei 720K viillig verschwunden ist. wahrend im leeren Rohr bei 1OOOK noch SC,, 
der Ausgangsverbindung vorhanden sind. Auch die Zersetzung von Benz01 beginnt an Pla- 
tin bereits bei 600 K (leeres Rohr 900 K). Allerdings ist die Zersetzungskennlinie auherst 
flach, und erst bei 1010 K ist Benz01 viillig verschwunden. Damit besteht gegeniiber dem 
leeren Rohr kein Unterschied hinsichtlich der beniitigten Verbrennungstemperatur. denn 
diese wird ausschliel3lich durch die vollst%ndige Verbrennung und nicht durch den Ver- 
brennungsbeginn bestimmt. 

Im Gegensatz zum leeren Rohr werden nach Platinwolle die thermisch stabilen Zwi- 
schenprodukte CO, HCHO, HCN und HOCN nicht beobachtet. Es erfolgt vielmehr ein 
direkter Ubergang zu den Endprodukten. Die strukturspezifische oxidative Pyrolyse tritt 
z.B. bei Tetramethylharnstoff nicht auf. Hier werden ausschlie~lich die Endprodukt~ CO?. 
Nz. H,O und NO gefunden. Damit erweist sich Platinwolle als sehr geeignet. in Verbren- 
nungsrohren eingesetzt zu werden. Dies gilt such fur den Platinwollepfropfen. der die 
Kupferoxidftillung bei unserem Pulsverbrennungsverfahren’7~34 vom Verdampfungsraum 
trennt. 

Zur Untersuchung des Einllusses des Sauerstoffpartialdruckes auf die Verbrennung 
wghlten wir das Trlgergasgemisch (96,50/, Helium und 3.5:; Sauerstoff ), das in unserem 
CHN-Automaten34 verwendet wird. Im iibrigen blieben die MeBbedingungen gegeniiber 
den Versuchen im leeren Rohr unver~ndcrt fkeine Quarzwolle und keine Platinwollc). Un- 
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ter diesen Bedingungen beginnt die Oxidation von Kohlenmonoxid in etwa bei der 
gleichen Temperatur wie in reinem Sauerstoff, verltiuft danach aber ohne ausgeprggte 
Ziindung und erreicht bei 1200 K erst einen Verbrennungsumsatz von 40%. Dagegen zeigt 
die Wasserstoffoxidation in jeder Hinsicht das gleiche Verhalten wie in reinem Sauerstoff. 
Methan wiederum ztindet erst bei wesentlich hiiherer Temperatur, verbrennt dann aller- 
dings bei 1150 K mit extrem steiler Kennlinie, ohne daD Kohlenmonoxid in bemerkenswer- 
tern Umfang in Erscheinung tritt. 

Im leeren Rohr kann also allenfalls mit Sauerstoff als Tragergas erfolgreich verbrannt 
werden. 1st der Sauerstoff durch Inertgase stark verdtinnt, so m&en unbedingt Oxida- 
tionshilfen wie Platinwolle oder Kupferoxid eingesetzt werden. Bei gentigendem Sauerstoff- 
anteil (bspw. 50% Sauerstoff, 50% Helium) und Verwendung des Verbrennungskatalysa- 
tors Platin, garantiert eine Reaktionszeit von 2 s bei einer Temperatur von nur 1100 K eine 
vollstandige Verbrennung. Da eine derartige Rohrfiillung kaum Retentionszeiten bedingt, 
ergibt sich. in Verbindung mit massenspektrometrischer Detektion der Verbrennungspro- 
dukte, eine zur Bestimmung vieler Elemente geeignete Schnellmethode. 
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Summary-A measuring system is described whtch permtts study of all stages of combustton pro- 
cesses as functions of carrier gas. temperature, residence ttme and tube fillmg. The orgamc sample 
is fed at constant speed into a stream of carrier gas. The mixture reaches the combustion chamber 
wtthm a few mtlliseconds via a transfer capillary. With the help of a viscous mlet system, a sample 
of the resulting reaction products is taken and fed into a mass spectrometer. Reaction time and 
temperature can be adjusted wtthin wide ranges or varied continuously. A plot of the extent of 
reaction of the various combustion products against temperature at a chosen reaction time yields 
an oxidation-thermogram which gives a clear ptcture of the combustion process. It is evident 
from thermograms of selected compounds that the samples decompose m the presence of 
oxygen at appreciably lower temperatures than m inert gas. The primary step of the decomposi- 
tion is “oxniative pyrolysis” which often leads to other products than “inert pyrolysis” The 
intermediate products found are partly structurally specific and, especially with nitrogen-contam- 
ing samples, are numerous and long-lived (for example. carbon monoxide, nitrtc oxide, cyanogen, 
hydrocyanic acid, cyanic acid and methyl cyanate). The notorious “difficult combustibihty” 
is largely due to the fact that carbon monoxtde. cyanic and hydrocyanic acids undergo complete 
combustion only at very high temperature. The combustion properties of the “empty tube” 
can be Improved notrceably by a filling of quartz wool and markedly by partly fillmg with 
platmum wool. 
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SHORT COMMUNICATIONS 

TITRIMETRIC DETERMINATION OF GOLD BY PRECIPITATION 
WITH HYDROQUINONE 

(Recrrrrd 19 Frhruar.v 1974 Rewed 18 June 1974. Accepted 25 August 1974) 

Hydroquinone, first introduced by Beamish and co-workers, ’ is one of the best reagents for the gravtmetric 
determination ofgold. The metallic gold separates out as large particles and the reagent affords a good separation 
of gold from associated metals, but m general the method is slow because the precipitated gold has a marked 
tendency to stick to the walls of the beaker, thus offering difficulties in the transfer of the metal into the filter 
Volumetric methods possess a distinct advantage since this tedious operation can be dispensed with. 

Several volumetric procedures are recorded m the literature and Beamish 2.3 has given a critical account of 
the various reagents. Iodometric.“h ascorbic acid7-9 and hydroquinone” methods are amongst the most promi- 
nent. Iodometric methods give accurate values but require careful control ofpH and the amounts of iodide added 
when copper and iron are also present. Ascorbic acid suffers from the disadvantage of instability and both the 
visual indicator methods’,’ need prior separation of the associated metals before gold is determined. Pollard’s 
direct titrimetric determination of gold with hydroqumone,‘O using a visual indicator. does not suffer from these 
disadvantages but the method is best suited for determining gold only m amounts of 2 mg or less. With the excep- 
tion of ferrous salts, none of the transition metal salts have been recommended as titrants by Beamish.’ ’ Tm(II) 
was also not considered suitable by the same author. Iron(I1) salts are considered to be valuable for the deter- 
mination of gold by back-titration procedures but their application for the determination of gold in presence 
of foreign metals has not been extensively studied. The procedure described in this commumcation IS simpler 
and more rapid than most of the existmg procedures and gold in the range 1.3397.7 mg can be convemently 
estimated without any rigid control over conditions Moreover, many associated metals do not interfere with 
the determmatton. 

EXPERIMENTAL 

Gold chlorrde solution. Commercial gold, obtained from the local market, was purified by the procedure devel- 
oped bv Drawe.‘* The purified gold was dissolved in ayua regia, the solution evaporated thrice with concentrated 
hydrochloric acid and the residue dissolved and diluted to volume with 0.1 M hydrochloric acid. The solutions 
prepared contained 1-2 mg of gold per ml and were standardized gravimetrically.‘~i3 A separate gold solution 
of the same strength was also prepared from chloroauric acid (Johnson Matthey). and was similarly standardized 

Ccrtc mlphate solution, 0.05M Prepared from ceric ammonium nitrate according to the procedure given by 
VogeIIJ and standardized against sodium oxalate.‘5.‘6 

Hydroqrrumrw solution. About 1.35 g of pure hydroquinone was dissolved m 500 ml of l-39, v/v sulphuric acid 
and standardized with ceric sulphate. ” The solution remained stable for several weeks though tts equivalence 
was found to decrease by about 0.5% within the first 24 hr from its preparation.‘* 

Dlphen~kvnine indicator solutzon, l”/& In concentrated sulphuric acid. 

Table 1. Volumetric determination of gold by precipitation with hydroqumone 

Gold taken. rug Gold found, mg Gold taken, my Gold found, nly 

1.30 1.30 28.69 28.58 
260 2.60 3 1.82 31.79 
5.20 5.21 37.13 36 98 

13.00 13.00 87.92 88.30 
1737 17.33 97.70 97.30 
36.77 26.77 

185 
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An ahquot of the gold solution was diluted to CU. 100 ml in a comcal flask and the acid concentration adjusted 
to 0 05-0.1 111 with 2M hydrochloric acid. A known and excessive volume of standard hydroquinone solution 
was added at a rate of 56 ml/min with swirling of the mixture. A drop of indicator was added and the excess 
of hydroqumone titrated with cerlc sulphate to the violet end-point. The whole procedure could be completed 
within about 15 min. When the initial acid concentration of the gold solution was too high. the solution was 
evaporated on a hot water-bath to remove excess of acid ” and the determination was carried out as described 
above. The results m Table I show clearly that the method can be used for the determination of gold m amounts 
rangmg from 1.3 to 97.7 mg. 

Dt~tr,‘rtwutw~ of the error of the method 

SIX determmatlons of 8.90 mg of gold gave 8.96, 8.93. 8.93, 8.90. 8.93 and 8.90 mg, a mean value 8.925 mg. 
standard deviation 0.022 mg. 

Table 2. Determination of gold m presence of foreign metal ions 

Added, my 

Gold taken, my Copper Iron Zinc Nickel Gold found, my 

19.52 
19 52 
19.52 
19.52 
19.52 
19.53 
39.04 
39.04 

19 52 
19.52 
19.52 
19.52 
19.52 
1952 
19.52 

5.20 
5.20 
6.50 
6.50 
6.50 

13.00 
1300 

60 19.45 
60 19.52 

60 19.45 
60 19.60 

30 30 19.52 
25 25 25 19.60 

20 20 20 20 38.92 
40 30 30 40 39.00 

Platinum Palladium 
30 19.52 
60 19.60 

45 19.45 
60 19.60 

25 25 19.52 
40 ‘5 19.60 
50 30 1967 

Tellurmm 
IO 521 
20 5.21 
25 6.5 I 
30 6.5 I 
50 6.51 
50 13.04 
60 1306 

EJpct OJJivrrgrl rrlrtal 1OH.S 

Gold IS associated with base metals such as copper, zinc, nickel and iron in its alloys. It is also collected (by 
lead rrc.) along with other noble metals such as platinum and palladium m Its metallurgy. Gold IS associated 
with tellurmm in its ores. Hence the various metals, as the chlorides, were added m varying proportlon to the 
gold solution and gold was determined by the procedure described above. The results m Table 2 show that these 
metals did not Interfere m the estimation of gold when present in threefold w/w ratio to the gold, but when iron 
was present. the addition of 5 ml of phosphoric acid was necessary before the titration because of the rcductlon 
of Fe(II1) to Fe(I1) by hydroquinone, and the similarity of E’ for this system and the indicator 

Effecr oJ’chlorrde ,ON 

Beamish et cd.’ state that reduction of gold(II1) m cold 1 2M hydrochloric acid is complete in 2 hr. We have 
found that the gold(II1) can be completely reduced to metal with hydroqumone at room temperature within a 
few minutes If the chloride ion concentration is maintained at 0 IM or less. We have also observed that reduction 
of gold(II1) to metal with oxalic acid was quicker when the chloride Ion concentration was kept low ” In order 
to elucidate the effect of chloride ion on the reducibility of Au( III) to Au, the following experiment was conducted. 
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Ten ml ot the gold solution (19.52 mg of gold) m 0-IM hydrochloric acid were taken in a 150-ml beaker and 
evaporated on a hot water-bath nearly to dryness to remove excess of acid. I9 The residue was dissolved m about 
20 ml of water and the pH adjusted to nearly I.5 with 2N sulphuric acid during dilution to 100 ml. Gold solutions 
become unstable if the pH is greater than 2. 21 The potential of the system was then measured with a platinum 
indicator electrode coated with a fine film of gold (this was obtained when a large number of potentiometrlc 
titrations of gold chloride were carried out with oxalic acid, usmg a platinum indicator electrode) and a saturated 
calomel reference electrode. To this solution IM sodium chloride was added stepwise (l-25 ml) to give various 
chloride Ion concentrations. This procedure was necessary because the separate ahquots of the same gold solu- 
tion. after evaporation and subsequent dilution to the same volume, gave different starting potentials. This was 
due to trace amounts of hydrochloric acid bemg present with the residue even after evaporation. Complete remo- 
val of hydrochloric acid is not possible Smcc it leads to the partial decomposltlon of the gold salt itself. After 
each addition, the contents were well stirred and the potential noted after a time pause of 1-2 mm. To obtam 
chloride ion concentrations greater than 0 2M. the requisite quantity of solid sodium chloride was added to the 
solution. For practical purposes, the initial free chloride ion concentration was taken as zero. The experiments 
were repeated with concentrated hydrochloric acid in place of sodium chloride and the potentials obtained were 
noted. The values are represented graphically m Fig. I. Erdey’ carried out a similar type of experiment but did 
not take mto account the need to keep the initial chloride ion concentration to a minimum. Therefore the maxi- 
mum potential he obtained was around 855 mV L’S, SCE. whereas our experiment gave 955 mV vs. SCE. Further. 
Erdey observed a fall ofabout 100 mV for an addition of nearly 20 ml of 6M potassium chloride, but we observed 
the same fall on the addition of only 1 ml of IM sodium chloride. This indicates that a small increase m the 
chloride ion concentration will considerably reduce the potential of the system. 

Cone of chloride IO”, m 

Fig. I. Elfect of chloride Ion concentration on the formal redox potential of the gold(III)/gold 
system. 

Experiments were also carried out to find the effect of sulphate ion concentration on the potential of the system 
containing chloride Ion. The sized aliquot of the same gold solution was taken, diluted to 100 ml without prior 
evaporation and 1M sodium sulphate (or 9N sulphuric acid) was added stepwise to obtain different sulphate 
Ion concentrations. The results recorded indicate that sulphate ions do not alter the potential of the system (Table 

3). 
The effect of chloride ion on our procedure was also studied. In these experiments. the same aliquots of the 

gold solutions were taken and varying amounts of hydrochloric acid or sodium chloride were added and the 
solutions diluted to 100 ml. To each of these solutions, 20 ml of hydroquinone solution were rapidly added and 
the excess was determined Immediately with ceric sulphate. The results recorded m Table 4 lend further support 
to the fact that the reduction of gold is influenced by the chloride ion concentration.z0 Experiments 8 and 9 
m the Table indicate clearly that sodium and hydrogen Ions do not have any effective influence on the reduction 
of gold(II1) by hydroquinone. 

A commercially available gold alloy containing gold, copper and small amounts of silver was analysed as fol- 
lows. The sample was dissolved in a minimum volume of aqua wgia, and evaporated on a steam-bath, care bemg 
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Table 3. Formal redox potential of AuCl;/Au system in a medium of varymg sulphate ton concentration 

Sodmm sulphate added Sulphuric actd added 
Sulphate ton Formal redox Sulphate ton Formal redo% 

concentration, potenttal L’S, concentration, potential as. 
M NHE. I’ M NHE. J’ 

I.052 I.168 
0.005 I.058 @009 I .169 
0.0 I I.059 0.018 1.172 

0.0476 1.062 0.09 1.173 
0.1 1,064 018 I.172 

0.5 1.070 0.52 1.169 
I.0 I ,079 I ,02 I 163 

taken to avoid bakmg. The evaporation was repeated thrice with small volumes (2-3 ml) of concentrated hydro- 
chlortc actd. The residue was extracted with about 10 ml of O.lM hydrochloric acid and the solutton filtered 
through a Whatman No. 42 filter paper (9 cm) into a 250-ml flask. The filter paper was washed wtth about 100 
ml of 0 1 M hydrochloric acid. The filter paper was then ashed and treated wtth a few drops of clqua rrgra, and 
the evaporation was repeated. The residue was dissolved in 0.1 M hydrochloric actd and the solutton filtered mto 
the original flask. and the combined solution was made up to volume with O.lM hydrochlortc actd Varrous ah- 
quots of the solution were analysed for gold by our procedure. It was also stmultaneously analysed gravtmetrr- 
tally wrth hydroqumone. The gravimetrtc procedure gave the gold content of the alloy as 79.07”“. whereas our 
procedure showed it to be 78.94 & 0,06”,,. 

Table 4. Values of gold obtained at drfferent chloride ion concentrations 

No. Gold taken. mg Medium Gold found. nr<g 

1 19.52 
2. 1952 
3 19.52 
4 19.52 
5. 19.52 
6 19.52 
7 19.52 
x. 19.52 
9. 19.52 

IM HCI 
@5M HCl 
0.1M HCI 
0.05M HCI 
O.OlM HCI + IM NaCl 
0.01 M HCI + 0.5M NaCl 
O.OlM HCI + O,IM NaCl 
O.OlM HCl + I OM H,SO, 
O,OlM HCI + IM Na,SO, 

16.92 
19.31 
19.60 
19.60 
16.33 
19.00 
19.60 
19.60 
19.60 
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Summary-A rapid method for the volumetric determination of gold is described. Gold(II1) IS 

reduced to metal wtth excess of hydroqumone at room temperature and the excess IS titrated with 
ceric sulphate. The effect of chloride ion on the reducibility of gold(II1) to the metal 1s discussed. 
This method can be successfully employed for the determination of gold in presence of certain base 
and noble metals. The method was successfully adopted for the determmatlon ofgold in a commer- 
cial sample. 
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EXTRACTIVE PHOTOMETRIC SIMULTANEOUS DETERMINATION OF 
IRON(I1) AND COPPER(I1) WITH syn-PHENYL-a-PYRIDYL 

KETOXIME AND ANALYSIS OF FERRITES 

(Recewed 29 May 1974. Accepted 27 August 1974) 

Simultaneous determination of iron and copper 1s often a problem in analysis of catalysts, metals and alloys, 
mixed oxides used as ferrltes. bIologica materials and minerals and ores. 

For the simultaneous determination of copper and iron a polarographic method was suggested by Cathro and 
Walkley’ and Hetman.’ Usatenko and Suprunovlch3 developed a differential amperometric method for the 
simultaneous determination of Iridium. palladium, iron and copper. Amongst the extractive photometric 
methods for the determination of iron and copper those of Wilkins and Smith4 and of Karvanek’ use the tech- 
nique of estimation of the two elements m different phases. The complexes of Fe(I1) and Cu(I1) with 1,10- 
phenanthroline are estimated at pH 8.3 at 510 nm and 435 nm in the aqueous and organic phases (n-octanol) 
respectively. Brasted’ developed a titrimetric procedure for iodometric determination of both metals. Kitson’ 
developed a spectrophotometric method usmg ammonium thiocyanate. Successive photometric end-point detec- 
tion in an EDTA titration is recommended bv Underwood.8 Baneriea and Trioathi’ develooed a method of 
simultaneous spectrophotometric determination of Cu(I1) and Fe(I1) with methyl:?-pyrldyl ketbxime. A sequen- 
tial titrimetric procedure--with a potentiometric end-point followed by a spectrophotometric one-was suggested 
by Takeuchl.“’ Simultaneous use of two ligands for the determination of Cu(I1) and Fe(I1) in a mixture is recom- 
mended by Zak and Ressler. ’ ’ The same method was extended to determination of serum iron and copper and 
of iron-binding capacity by Joossens and Claes” and Lander and Zak.13 

A method due to Schilt and Taylor“’ consists of measuring photometrically the complexes of Cu and Fe with 
3-(2-pyrldyl)-5,6-diphenyl-1.2,4-triazme and then measuring only the Fe complex by converting Cu quantltatlvely 
into Its cyanide complex. A method using a single extraction with N-phenylbenzohydroxamic acid is reported 
by Parkov and Nhi.” We present m this paper an estractive method for simultaneous spectrophotometric deter- 
mination m which both elements are extracted into the organic phase with syn-phenyl-a-pyridyl ketoxime 
(HPPK). The method is quicker than those suggested in the hterature and the reagent is easily synthesized. Cop- 
per was estimated with HPPK m slightly acidic medium and at 370 nm by Deguchi and Yamamoto.” Sen” 
has reported the spectrum of the copber:HPPK complex m alkaline mediim with an absorption maximum at 
475 nm. Iron was estimated m alkaline medium at 550 nm with HPPK bv Trusell and Diehl ‘s The urescnt 
method is based on their findings The synthesis and the colour reactions of HPPK with several metals were 
reported by Scn.‘9.Zo The method 1s further applied to ferrltes. 
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Summary-A rapid method for the volumetric determination of gold is described. Gold(II1) IS 

reduced to metal wtth excess of hydroqumone at room temperature and the excess IS titrated with 
ceric sulphate. The effect of chloride ion on the reducibility of gold(II1) to the metal 1s discussed. 
This method can be successfully employed for the determination of gold in presence of certain base 
and noble metals. The method was successfully adopted for the determmatlon ofgold in a commer- 
cial sample. 
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EXTRACTIVE PHOTOMETRIC SIMULTANEOUS DETERMINATION OF 
IRON(I1) AND COPPER(I1) WITH syn-PHENYL-a-PYRIDYL 

KETOXIME AND ANALYSIS OF FERRITES 

(Recewed 29 May 1974. Accepted 27 August 1974) 
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by Takeuchl.“’ Simultaneous use of two ligands for the determination of Cu(I1) and Fe(I1) in a mixture is recom- 
mended by Zak and Ressler. ’ ’ The same method was extended to determination of serum iron and copper and 
of iron-binding capacity by Joossens and Claes” and Lander and Zak.13 
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3-(2-pyrldyl)-5,6-diphenyl-1.2,4-triazme and then measuring only the Fe complex by converting Cu quantltatlvely 
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by Parkov and Nhi.” We present m this paper an estractive method for simultaneous spectrophotometric deter- 
mination m which both elements are extracted into the organic phase with syn-phenyl-a-pyridyl ketoxime 
(HPPK). The method is quicker than those suggested in the hterature and the reagent is easily synthesized. Cop- 
per was estimated with HPPK m slightly acidic medium and at 370 nm by Deguchi and Yamamoto.” Sen” 
has reported the spectrum of the copber:HPPK complex m alkaline mediim with an absorption maximum at 
475 nm. Iron was estimated m alkaline medium at 550 nm with HPPK bv Trusell and Diehl ‘s The urescnt 
method is based on their findings The synthesis and the colour reactions of HPPK with several metals were 
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EXPERIMENTAL 

The reagent syn-phenyl-cc-pyrldyl ketoxlme was prepared from 2-benzoylpyrldine accordmg to Trusell and 
DiehI.” The product was crystallized several times from ethyl alcohol to give the pure syrr-form as colourless 
prisms, m.p. 15 I-1 52” (literature value 15 I- I52’).” The reagent was used as a 1”; solution m 95”; ethanol. The 
stock solutions of copper and iroli containing I mg of metal per ml were prepared by dissolving analytrcal-grade 
cupric sulphate and ferrous ammonium sulphate in doubly dlstilled conductivity water containing a few drops 
of analytical-grade sulphurlc acid, standardized spectrophotometrlcally.‘3 and further diluted as required 
Chloroform was distilled before use. Doubly dlstdled conductivity water was used throughout. Aqueous sodmm 
carbonate solution was prepared from analytical-grade material. 
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Fig. 1. Absorption spectra of (A) Pee* Copper complex (7 87 x IO- ‘M); (B) -O-Q-O- Iron 
complex (3.58 x 10m5 M) and (C) ~&&& mixture of both. 

Table I. Properties of the complexes 

1 1 

Complex max nm 

El I.molr-’ .c.t11-’ 

475 nm 550 nm Colour 

Cu(II) 475 3.94 X IO3 -‘,I6 x IO” Brown 
Fe(H) 550 517x IO3 ; 19 X IO4 Red 

Table 2. Analysis of samples 

Sample 
Fe(H). 1 O- ‘M Cu(II). IO- ‘M 

Taken Found Taken Found 

Relative standard 
deviation. ‘I<, 

Fe CU 

I 3,578 3.52 I.575 I.57 0.1 1 1 
II I 789 I 75 7.874 7.99 0.7 w9 
III 1 789 I .77 4724 3.75 06 01 
IV 2683 2.64 3 149 3 14 01 0 9 
V 3 57% 3 50 7.x74 XOI 05 I I 
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An ahquot of sample contammg up to 0.04 mg of Fe(I1) and @2 mg of Cu(II) was diluted to about 10 ml, 
I ml of I:<, ascorbic acid solution and 1 ml of reagent solution were added and the pH was adjusted to IO.0 
with sodium carbonate solution The solution was transferred to a lOO-ml separatory-funnel and was shaken 
with 3 ml of chloroform for 2 min. It was allowed to stand for 5 min and then the chloroform layer was transferred 
to a IO-ml flask through a small dry cotton plug in the stem of the separatory-funnel. The extraction was repeated 
and the combined extracts were diluted to the mark. The absorbance was measured in triplicate at 475 and 550 
nm. The concentrations of the two elements were then determined by solving the appropriate simultaneous equa- 
tions. 

Ferrites are sintered mixed oxides and are extenstvely used in electronic devices. When the material is mixed 
oxides of iron(II1) and copper(I1) the present method can be successfully applied. 

About 10 mg ofaccurately weighed powdered sample is dissolved in 2.0 ml of concentrated mtric acid by botl- 
mg. Concentrated sulphuric acid is then added and heating continued till white fumes appear and the volume 
is about 1 ml. The mixture is then cooled and made up to the mark with distilled water in a 50-ml standard 
flask. An ahquot containing up to 30 pg of Cu and 15 pg of Fe is taken in a separatory-funnel. and the procedure 
IS applied. 

RESULTS AND DISCUSSION 

The absorption spectra of the Fe(I1) and Cu(I1) complexes and of a mixture of the two are given in Ftg. I. 
The reagent does not show absorption within the region 40&7Otl nm. When the pH range 9.0-I 1.0 is used the 
absorption is constant for several hours. Hence a pH of 10.0 was used for determinations. If iron is present as 
Fe(II1). ascorbic acid acts as a suitable reducing agent. The entire amount of Fe(I1) and Cu(I1) is extracted in 
two extractions. For non(II), copper(I1) and mixtures of the two, Beer’s law is obeyed up to 0X104 mg/ml for 
Fe(H) and 0.02 mg/ml for Cu(I1) m the chloroform layer, and the absorbances are addttive over these ranges. 

The absorption maxima for the Fe(I1) and Cu(I1) complexes are at 550 and 475 nm respectively. The molar 
absorptivities at these wavelengths are summarized in Table 1. 

The equations 
A ‘$75 = &5 x CFe] + &s x [Cu] 

A 55U = l \jO x [Fe] + &, x [Cu] 

are used to develop the simultaneous equations 

[Cu] x IO“ =.3 337 x A,,, - 1,452 x A,,, 
[Fe] x lo4 = 1 106 x A,,,, - 0,606 x A475 

where .4540 is the absorbance of the mixture at 550 nm and AbT5 that at 475 nm; [Fe] and [Cu] are the molar 
concentrations of non and copper. An accurate set of equations should be derived for the particular spectro- 
photometer to be used for the determmations. 

Several synthetic mixtures were prepared and analysed m triplicate The results are summarized m Table 2. 
Table 3 gives the results of analyses of three ferrite materials; each measurement was made m quadruphcate. 

The relative standard deviattons are 0.71b for Fe(I1) and 1.1% for Cu(I1). 
Nickel and cobalt interfere strongly. and this method is applicable only in the absence of these ions. 
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Summary---A rapid method of simultaneous spectrophotometric determination of up to 4 ppm of 
iron(H) and 20 ppm of copper(H) in a mixture by chloroform extraction of the syn-phenyl-a-pyridyl 
ketoxime complexes at pH 10.0, is developed. Measurements are made at 550 and 475 nm. Two 
simultaneous equations are solved to obtain the concentrations of the two ions. Analysis of five 
synthetic mixtures m triplicate gave relative standard deviations of 0.7% for Fe(I1) and 1.1% for 
Cu(I1). 
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SEPARATION AND GRAVIMETRIC DETERMINATION OF CERIUM AND 
LANTHANUM WITH ~-~~-TOLYL-~~-NITROBENZO~YDRO~MIC ACID 

(Received 16 January 1974. Revised 1 August 1974. Accepted 29 August 1974) 

The hydroxamic acids have found wide analytical application. N-Phenylbenzohydroxamic acid (PBHA) is widely 
used as a gravrmetric reagent for determination of various metal ions.‘-’ Introduction of a bulky group into 
PBHA gives a larger molecular weight and hence better conversion factor and may improve the selectivity of 
the reagent. With this in view a new reagent, ~-m-toIyl-m-nitro~~ohydroxamic acid (TNBHA), has been devel- 
oped for the gravimetric determmation and separation of cerium and lanthanum from several commonly occur- 
ring metals and from other rare earths. 

EXPERIMENTAL 

Reagerns 

The N-m-tolyl-m-nitrobenzohydroxamic acid was synthesized by the procedure of Agrawal and Tandon.’ 
m.p. 118” (literature value 118”). Its purity was checked by thin-layer chromatography and infrared and ultra- 
violet spectroscopy. A @OlM solution in ethanol was used. 
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Aqueous OOOIM stock solutions of cerium and lanthanum were prepared by dissolving 0.4042 g of ceric sul- 
phate and 0.4330 g of lanthanum nitrate m a litre of doubly distilled water, and standardized titrimetrically * 

Solution of the masking agents (19; w/v) were prepared in doubly distilled water. 

Procedure 

In a I-litre beaker. 20ml of O.OOlM cermm or lanthanum and about 5OOml of water were heated to 60 
on a steam-bath. Then 20 ml of 0.01 M TNBHA m ethanol was added dropwise with constant stirrmg, followed 
by O.IM ammoma until precipitation was complete The pH (3,8-4.1 for cerium and 75-85 for lanthanum) was 
adjusted with 0 IM ammonium chloride. The granular complex thus obtained was digested for 2-3 hr on a 
steam-bath, filtered off on a sintered-glass crucible of porosity 4 and washed thoroughly with hot water and 
finally with ten lo-ml portions of 20% aqueous ethanol. The complex was dried at 110” and weighed directly 

as(Ci,H,,N,O,),M. 
Srparat~on of’ceriunf and lanthanurtl~romforelgn ions. A 20-ml portion of 0001M cerium or lanthanum was 

mixed with a known amount of the foreign metal ion and diluted to 5OOml. The pH was adjusted to 3.8-4 I 
or 7,558 5 with O.lM ammonia and nitric acid. A IO-ml portion of 1% potassium cyanide solution was added 
and the mixture heated to 60” on a steam-bath and the precipitation etc. completed as before, except that only 
a I-hr digestion was used. The cermm or lanthanum could be separated from and determined m presence of 
Ag+. Mn”+. Zn’+. Ca’+, Hg’+. Cu’+ Ga3+ and Ni2+ 

Cerium or lanthanum could be separated from Pd”. Pb*+, Be’+, Sb3+, Sn“+, Bi3+, Zr4+ and Ti“+ if 1Oml 
of I”,, citrate and oxalate solution were used instead of the cyamde solution. 

Cermm and lanthanum could also be separated from A13’. V5+, Mob+ by using Mg-EDTA as maskmg 
agent. 

Sepurutron of lmthcmm from cerwn. urawm, thorium and rurz earths. Lanthanum was separated from thorium. 
uramum and cerium by precipitating these at pH 3.8-4.8 with TNBHA and then precipitatmg lanthanum at 
pH 7.5585 in the filtrate. 

Praseodymmm and neodymium form soluble complexes with NTBHA at pH 8.5, which have no effect on the 
determination of cerium and lanthanum. 

RESULTS AND DISCUSSION 

The experimental results are given in Tables 1 and 3. The cermm and lanthanum precipitates are fairly soluble 

m dioxan. ethanol. chloroform and benzene, and sparingly soluble m carbon tetrachloride, ethyl acetate. ether 
andglacial acetic acid. They are decomposed when treated with concentrated sulphuric. perchloric, mtric or hydro- 
chloric acid. The analytical results indicate the composittons to be (Ci4HllN20J4 Ce and (Ci4HI iNZ0J3La. 

Precipitation is complete over the pH ranges 3.8-4.1 for cerium and 7.5-8,5 for lanthanum. The maximum 
error is 13 + 0.02 mg for 2228 mg of cerium and kO.01 mg for 2-14 mg of lanthanum. _ 

Maskmy ugrrlts 

The presence of excess of cyanide and magnesium-EDTA did not interfere with the precipitation of cermm 
or lanthanum However. excess of citrate and oxalate inhibited the precipitation. 

Infiarrd spectra 

The Infrared spectrum of a mull of TNBHA showed peaks at 3279. 1600 and 917cm-‘, due to stretchmg 
vibrations of O-H, C=O and N-O respectibcl! The spectra of the precipitates show no peak for the O-H stretch- 
ing vibration (3279 cm- ‘1. The peak due to the carbonyl (C=O). stretching vibration in the spectra of the precipi- 
tates 1s located at 1560 or 1555cm-‘, but the peak due to the N-O stretching vibration 1s almost unaffected. 

Table 1 Gravimetric determination of cermm(IV) and lanthanum(II1) with N-m-toly-m-nitrobenzohydroxamic 
acid 

Cerium taken, Cerium found. 

“Y W 

Lanthanum taken. 

trig 

Lanthanum found, 

W 

2.80 2.82 2 78 2.77 
560 5.6 I 5.56 5.56 
5.60 5 58 5.56 5.57 

14W 13.99 11.12 Il.12 
14.00 1402 13.90 13.90 
28.00 28.01 13.90 13.90 
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Table 2. Separation and determination of cerium(IV) and lanthanum(II1) from other metals 

Foreign 
Ce taken, La taken. ions, Ce found, La found, 

*g mg *g Masking mg *g 

8.40 5.56 Ag+ 60 
14.00 11.12 Mn’+ 100 
14.00 
8.40 
8.40 
8.40 

11.12 
11.12 
11.12 

Ni2+ 100 
Cu*+ 80 
Zn’+ 80 
Cd’+ 80 

14.00 
14.00 

8.40 
8.40 

19.60 
19.60 
14.00 
14.00 
14.00 

1.12 
1.12 
5.56 
5.56 
3.90 
3.90 
3.90 
1.12 

5.56 

Hg2+ 100 
Pd’+ 80 
Be2+ 100 

Ga3+ 80 
Sb3+ 80 
Bi3+ 80 
T?+ 60 
Zr“’ 60 
A?+ 80 
Pd*+ 80 

14.00 11.12 A13+ 80 
13.90 Sn4+ 100 
13.90 Ce3+ 100 

14.00 13.90 Pr3+ 100 
14.00 13.90 Nd3+ 100 

11.12 Th4+ 100 
14+xl 13.90 V(V) 100 
14.00 11.12 Mo(l/l) 100 

11.12 U(VI) loo 

Cyanide 
Cyanide 
Cyanide 
Cyanide 
Cyamde 
Cyanide 
Cyanide 

Citrate + oxalate 
Citrate + oxalate 

Cyamde 
Citrate + oxalate 
Citrate + oxalate 
Citrate + oxalate 
Citrate + oxalate 
Citrate + oxalate 
Citrate + oxalate 

Mg-EDTA 
Citrate + oxalate 

* 

* 

MggEDTA 
Mg-EDTA 

* 

8.40 
14.00 
14.01 
8.42 
8.38 
8.38 

14.03 
13.01 
8.42 
8.37 

19.58 
19.64 
1402 
14.02 
14.00 

14.02 

14.00 
1400 

14.02 
13.98 

5.57 
11.13 

11.14 
11.11 
11.12 
11.11 
11 12 
5.57 
5.56 

13.92 
13.89 
13.90 
11.12 

5.56 
11.12 
13.91 
13.91 
13.88 
13.88 
11.14 
13.92 
11.12 
11 11 

* Adjusting the pH. 

Therefore it may be concluded that the O-H group loses a proton and the residual oxygen atom and the oxygen 
atom of the carbonyl group are co-ordinated with the cerium or lanthanum. 
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Summary-Ceriurn and lanthanum were determmed gravimetrically by selective prectpitatton wrth 
N-m-tolyl-m-nitrobenzohydroxamic acid and separated from several metal ions such as Ag+, Be’+, 
Pb2’ Mnzf. Cu*+, Zn2+, Cd*+, Hg’+, Pd’+. Ga3+, A13+, Bi3+, Sb3+. Sn4+. Ce’+, Pr3+, Nd3’. 
Ti4+ ‘Zr4+ Th4+ vs+ Mo6+ and U6+. The precipitates were weighted dnectly after drying at 
110”.‘The analytical results indicated the cornpositron of the complexes to be (C14H, ,NZO&M, 
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ANALYTICAL DATA 

FORMATION OF FERROCYANIDES-IV* 

Th(IV), Nd(III), UO,(II) AND Hg(I1) 

(Recewed 23 November 1973, Revised 4 September 1974. Accepted 11 September 1974) 

In earlier studies the possibility was pointed out of obtaining complexes of the types M-Fe(CN), and M’-M”- 
Fe(CN),, depending on the characteristics of the two cations’-’ in the reaction between a metal ion and potas- 

sium ferrocyanide. For these complexes thermodynamic parameters and stability ranges were also evaluated.6,7 
The present investigation similarly studied the systems formed by potassium hexacyanoferrate(I1) and Th(IV). 

Nd(III), UO,(II) and Hg(I1). 

EXPERIMENTAL 

Potentiometric titrations were done with the cell described earlier.2 For the system Hg(II)K,Fe(CN), poten- 
tiometric titrations were also done with a membrane selective electrode for mercury. 

The K,Fe(CN), solution was standardized potentiometricallyi with zinc under the analytical conditions for 
formation of K,Zn,[Fe(CN),], and kept in dark bottles. 

The solutions of the nitrates of Th(IV). Nd(II1) and UO,(II) were standardized gravimetrically by means of 
urea,’ ammonium oxalateg and ammonia’ respectively; that of Hg(II) was standardized by oscillometric titration 
with potassium chloride.” 

RESULTS AND DISCUSSION 

System Th(NO&-KJe(CN),-H,O 

The results obtained indicate the formation of only the white ThFe(CN), irrespective of the direction of 
titration over the ranges studied: pTh = l-3 and pFe(CN)i- = l-2.92. The same compound was also obtained 
in 0.5 M potassium nitrate medium. The potential drop at the equivalence point was 8@100 mV 

System Nd(N03)3-K4Fe(CN)6-Hz0 

Nd(II1) reacts very slowly at room temperature, so the titrations were carried out at 70”. The direction of 
the titration and the presence of 0.5 M potassium nitrate have no influence on the stoichiometry of the compound 
formed; only the white KNdFe(CN), was obtained. The concentration ranges investigated were pNd = 1.42-2.96 
and pFe(CN)g- = 1.42-3.2. 

The potential drop at the equivalence point was IO&120 mV. 

System U02(N0,),-K,Fe(CN),-HZ0 

In order to avoid the hydrolysis of UO,(II) this reaction was studied in 10-I M nitric acid medium.” Only 
the reddish-brown K,(UO,),[Fe(CN),], is obtained (also m presence of 0.5 M potassium mtrate). The potential 
drop at the equivalence point was about 80 mV. The concentration ranges studied were pU0, = 1.1-2.92 and 
pFe(CN)z- = 1.43.2. 

System Hg(N0,),-K,Fe(CN)6-Hz0 

The results obtained by both the methods utilized are similar; the white precipitate obtained changes rapidly 
into a blue substance. Titration of Fe(CN)z- with Hg(II) gave a product Hg,Fe(CN),, but m the reverse titration 
it was impossible to obtain a compound of definite stoichiometry, and this is attributed to the decomposition 
of Fe(CN)z- by Hg(I1) at a rate proportional to the Hg(II) concentration. I2 Hence it may be assumed that differ- 

ent cyanide complexes are formed, depending on the amount of Hg(I1). 
Table 1 summarizes the results of a number of titrations and indicates the analytical possibilities. 

* Presented at the “Convegno Nazionale di Chimica Analitica” Ferrara (Italy), 16-18 October, 1973. Sup- 
ported by the Consiglio Nazionale delle Ricerche-Roma. 
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Table 1 Stolchlometry of the reactlon between K,Fe(CN), and Th(IV). Nd(III), UOJII) and Hg(II) 

Tltrand (50 ml) Tltrant, Found, Error. 
tW& mmolr Formula tntnolr 0 0 

Th(IV) FelCN): 
0.530 0,531 
I .060 I ,062 
I .590 1.600 
031X* 0313 
I ,sc)o* 1,585 

FelCN):- 
0.375 
0,625 
I 875 
0 175* 
1.250* 

ThlIV) 
0,372 
0615 
I.860 
@I22 
I.260 

Nd(III) Fe(CN)t- 
0.235 0,232 
0.705 0 698 
1,881 I 864 
0.470* 0.465 
1.X80* I.874 

Fe(CN)z- 
0.375 
I .occl 
I.875 
0.625* 
I .oOO* 

Nd(II1) 
0.375 
I.021 
I.910 
0,638 
1~001 

UOJII) 
0,712 
1 424 
2.136 
0.498* 
1 068* 

Fe(CN),4- 

0526 
I.095 
I.628 
0,375 
0,840 

Fr(CN),4- uo,w 
0.500 0,672 
0,750 0.982 
I-250 I.580 
0.250* 0 328 
1.250* 1.595 

Fc(CNl:- Hg(II) 
0.125 0.256 
0.250 0,508 
0.500 1,008 
0,175* 0.348 
0.500* I ,003 

KNdFe(CN), 

ThFe(CN), 0.531 
I 062 
I.600 
0.313 
I .5x5 

+02 
+ 0.2 
+06 
- I.6 
- 0.3 

0,372 
0,615 
I.860 
0.122 
I.260 

-0.8 
- 1.6 
- 0.8 
-2.4 

+08 

0.232 - 1.3 
0.698 - I.0 
I.864 -0.9 
0,465 -10 
1,874 -0.3 

0.375 
I~031 
1910 
0.638 
I.001 

0 
+ 2.1 
+ I.8 
+2.1 
+O,l 

0.714 +0,3 
1.460 + 2.5 
2.168 +1.8 
0,500 f@4 
I.088 + I.9 

0.505 + 2.5 
0,736 - I.8 
I.220 -2.4 
0.246 - 1.6 
1.200 -4.1 

HgZFe(CN), 0.128 + 2.4 
0,254 + I.6 
0,504 to.8 
0, I 74 -0.6 
0.501 +0.2 

* In 0.5 M KNOj medium. 
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Table 2. PK.,, values ofThFe(CN),. KNdFe~CN)~ and K~(UO~)~[Fe(CN)~]~ at different tempcrattlres and iomc 
strengths 

Formula KNO,, M p 25°C 

ThFe(CN), 1.0 i-04 8.17 
0.75 0.79 9.19 
0.50 0.54 8.79 
0.25 0.29 9.35 
0.10 0.14 IO.06 

35°C 45 ‘C 55’C 65°C 

8.39 S-57 SC31 9 55 
8.90 9.39 9.68 10.13 
9.06 9.32 9.54 IO.13 
9.70 IO.04 10.34 I I.16 

IO,39 1063 IO.99 Il.52 

KNdFe(CN), I.0 1.06 7-3 1 7.03 7.30 7.07 6.75 
0.75 0.81 7.86 7.65 7.87 7.89 7.72 
0.50 056 7.34 7.64 7 67 7.56 7.47 
0.25 031 8.25 s.31 8.33 8.33 8.30 
0.10 016 8.78 8.86 891 8.9 1 8.99 

20 ‘C 30°C 4O’C 50°C 
K,(UGXFe(CN),l,* I.0 I .03 29.67 29.88 29.95 30.80 

0.75 O-78 30.59 30.79 30.79 31-35 
050 0.53 30.41 30.94 31.11 31.90 
O-25 0.28 31.77 3’Qo 3207 32.88 
0.10 0.13 33.52 33.54 33.71 34.24 

*In 30.8 x 10m3 M HN03 

K,,, values of the compounds ThFe(CN),. KNdFe(CN), and K,(UO,),[Fe(CN),], were obtamed by means 
of measurements at different temperatures of the potential of a Pt electrode in a redox system of the type: 

IO-’ M Fe(CN):- Fe(CN)z- 
/ KNO, satd. 

in presence of an excess of the precipitatmg ion. 
Table 2 shows the results: those for K,(UOZ)&Fe(CN),], were obtained in nitric acid medium (3.08 x 

1o-z M). 

Instrtute oj Analytical Chemrstr~ ATHOS BELLOMO 
University oj‘Me.wna DOMENICO DE MARCO 
98 100 Mrssniu. I&/y AGATINO CA~ALE 
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Summary--The stoichiometry of the reaction between ferrocyamde and thorturn, neodymium. 
uranyl ion and mercury(H) has been investigated. The first three give single products irrespective 
of the order ofaddition of the reagents, but the last does not. If mercury(H) is added to ferrocyanide 
Hg,Fe(CN), IS obtained. but if ferrocyanide is added to mercury(I1) various cyamde complexes 
of mercury are formed The i(,,, values for the precipitates are reported. 
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PRELIMINARY COMMUNICATION 

REMOVAL OF TRACE METALS FROM SEAWATER BY A CHELATING RESIN 

T.M. Florence* and G.E. Batley 

Australian Atomic Energy Commission Research Establishment, 
Lucas Heights, N.S.W. (Australia) 

(Received 10 Januury 1975. Accepted 11 January 1975) 

Because of the very low concentrations of heavy metals in seawater, their determination 

by atomic absorption spectrophotometry requires a preliminary concentration step. Concen- 

tration is usually achieved by solvent extraction', but recently the application of chelating 

resins has rapidly gained in popularity 
2-4 

. Chelating resins are simpler to use and less 

time-consuming than solvent extraction, and allow much higher concentration factors to be 

attained. Most laboratories use a chelating resin column in the manner originally described 

by Riley and Taylor', i.e., the seawater at natural pH (pH 8.1) is passed through a 6 cm x 

1.2 cm diameter column of 50-100 mesh, hydrogen form Chelex-100 resin (Bio Rad Laboratories) 

at a flow rate of 3 mf min-1. After passage of a sufficient volume of seawater (4 a), the 

absorbed metals are eluted with a suitable solvent, usually 2 E HN03. 

We studied the retention of Zn, Cd, Pb and Cu from seawater on a column of Chelex-100 

by analysing the original seawater and the column effluent for these metals, using direct 

anodic stripping voltemmetry (ASV). Cadmium, lead and copper were determined simultaneously 

using a rotating glassy carbon electrode5, while zinc was measured at a hanging mercury drop 

6 
electrode . Labile metal was determined by adding 0.1 ma of 2 g HN03 per 25 mf of seawater 

(PH 2.3). while total metal was determined after adding 2 mL of 2 E HN03 per 25 ma seawater, 

and heating to boiling for 10 min (pH 0.7). In the case of zinc, sodium acetate was added 

before measurement to bring the pH to 4.5. The data shown in Table 1 and Figure 1 were 

typical of those obtained from a near-shore surface seawater sample. Similar results were 

found for several other Pacific samples analysed, including one taken 10 miles from the 

coast. 

*To whom requests for reprints should be addressed. 
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TABLE 1. Removal of trace metals from seawater by Chelex-100 chelating resin* 

volume of Total metal, Labile metal, Labile Bound? 
effluent 

ml? * ng E-I l&l .%-I 
removed, removed, 

% % 
En Cd Pb Cu 2x1 Cd Pb Cu Zn Cd Pb Cu Zn Cd Fb cu 

initial 3.9 0.45 0.84 0.65 1.77 0.22 0.30 0.40 

100 3.3 0.51 0.87 0.43 1.19 0.27 0.27 0.23 33 nil 10 43 0.9 nil nil 20 

250 2.9 0.40 0.80 0.30 0.75 0.15 0.25 0.13 58 32 17 68 nil nil nil 32 

750 2.12 0.34 0.76 0.19 0.11 0.12 0.23 0.05 94 46 23 88 5.6 4.3 1.9 44 

1,000 1.94 0.33 0.71 0.20 0.05 0.09 0.18 0.06 97 59 40 85 13 nil 1.9 44 

2,000 - 0.25 0.69 0.17 - 0.05 0.18 0.03 - 77 40 93 - 13 5.6 44 

*Seawater at pH 8.1 through a 6 x 1.2 cm column of Chelex-100. 

tBound metal = total metal - labile metal. 

$Samples were collected from the column and analysed after passage of the stated volume of 
effluent. 

2.5- -10 

C 
n I 

100 200 300 LOO 500 600 700 800 900 

VOLUME OF SEAWATER THROUGH COLUMN, ML 

Fig. 1. Effect of volume of seawater through column of Chelex-100 chelating resin 
on pH of effluent and removal of zinc. i removal of labile zinc, g pH of 
effluent, C removal of bound zinc. 
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In'agreement with Riley and Taylor', we found complete retention (>98%) of ionic spikes 

of all four metals when added to seawater. However, retention of the metals naturally 

present in seawater was considerably less (Table 1, Figure 1). The hydrogen form of 

Chelex-100 is gradually neutralised by the bicarbonate and metals present in seawater, and 

a plot of pH VS. volume of effluent has the shape of a typical acid-base titration curve 

(Figure l), with the pH of the effluent finally rising to 7.4 after 4 fi of seawater. AS 

expected 4,7,8 , the retention of trace metals from seawater increased with increasing PH. 

with the exception of copper, bound metals'(i.e. total- 1abile)are very poorly extracted 

by the chelating resin, even at a high PH. Labile zinc and copper are almost quantitatively 

retained after the passage of 1 a of sample, but labile lead and cadmium are not completely 

removed. On the other hand, when synthetic seawater' (prepared from salts which had been 

ignited to 600' to remove organic matter) was passed through a column of H+-form Chelex-100, 

Zn, Cd, Pb and Cu impurities were removed quantitatively even when the effluent pH was as 

low as 2.8. 1n the case of synthetic seawater, values for labile and total metal are almost 

identical. 

It is apparent that Chelex-100 chelating resin cannot be used in the manner described 

by Riley and Taylor' for the quantitative concentration of Zn, Cd, Pb and Cu from seawater. 

"se of the resin in the sodium or ammonium, rather than the hydrogen form improved the 

retention of Zn, Cd and Pb, but absorption was still not complete. A computer study 

(described in a subsequent paper) of a synthetic seawater containing typical concentrations 

of known organic chelating agents showed that at low pH values Zn, Cd, Pb and Cu would 

exist entirely as free metal ion or as chloro and sulphato complexes. Even at higher pH 

values a powerful chelating agent similar to EDTA would be bound by the relatively high 

concentrations of Mg, Ca, Fe and Cr present in seawater. It is likely then that the 

results for 'bound' metal shown in Table 1 are due to metals adsorbed on or occluded in 

colloidal organic or inorganicparticles, and not to the presence of soluble organic 

chelating agents. 

There has been considerable dispute in the literature about the correct value for the 

concentration of lead in seawater. Patterson has suggested 
10 

that most of the published 

results for lead are erroneously high due to contamination during sampling and analysis. 

Patterson and co-workers, using stable isotope dilution mass spectrometryir, found that all 

four of the surface coastal seawaters that they examined contained less than 0.08 ug E-1 of 
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total lead. Their samples were taken from an industrialised, polluted area. 

We found labile lead in the range 0.2-0.8 ~g Q-l , and total lead in the range 0.3-1-O 

vg t-1, for surface Pacific Ocean samples taken off Sydney. Great care was taken in the 

collection and filtering of these samples, and in the pre-treatment of the plastic sampling 

bottles. Direct anodic stripping is a simple method of analysis which requires minimum 

manipulation of the sample, and consequently provides little opportunity for contamination. 

In any case, contamination can be detected by the 'doubling' of each operation, and 

measuring any increase in the lead value. Blanks are extremely low, because ultra-pure 

8NO3 is the only chemical added to the sample. We believe, therefore, that the values we 

found represent the true lead content of the samples collected. A full discussion of this 

point will be given in a subsequent paper. 
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3. 

4. 

5. 

6. 

7. 
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Summary - A number of methods for the determination of 
reviewed with emphasis on sensitivity and ease of application. 

trace amounts of mercury are 

Accompanying the growing awareness of the dangers of pollution by mercury, is the need for 
more accurate and reliable methods of analysis of the wide variety of materials which may 
contain traces of mercury, present in both organic and inorganic combination. Although many 
methods for the trace determination of mercury have been published in the last fifty years, 
most date from less than ten years ago. A recent overall review of methods for trace mercury 
determination is lacking though some bibliographies and specialized reviews are availableis5. An 
attempt is made here to compare the more commonly used methods in terms of sensitivity, 
equipment and sample manipulation required, and suitability for automation or for screening 
large numbers of samples, as is required in many food analysis and environmental monitoring 
applications. 

Because of the large number of publications on the subject, this review is confined to 
discussion of methods for the determination of concentration at the ppm level or quantities less 
than 1 pg. Upper limits for mercury levels in foodstuffs have been set at O-05 ppm (World 
Health Organization) and 05 ppm (U.S. Food and Drug Administration) and it is of greater 
importance to be able to determine mercury accurately in this range than at higher levels. 

Although inorganic and phenyl mercury are the usual forms of mercury released in wastes, 
much of the mercury assimilated into plant and animal tissue is present as methylmercury. 
Organomercury compounds have been extensively used in the past in agricultural applications 
and as fungicides in the paint and paper manufacturing industries. These sources and the 
mercury compounds, organic and inorganic, from industrial processes account for a large part 
of the mercury released into the biosphere by human activity. Analytical methods must be able 
to determine either one or both of these forms. 

SAMPLING AND SAMPLE STORAGE 

Important in any environmental trace analysis is the method of sampling and, if there is a 
delay before an analysis can be made, the conditions of storage of the sample. 

Of a number of mercury compounds tested, Jenne6 found that methylmercury chloride was 
the most volatile. The vapour pressures of methyl and ethyl forms of organomercury 
compounds are greater than those for the corresponding phenyl compounds. Methyl and ethyl 
forms, other than methylmercury chloride, have vapour pressures similar to that of metallic 
mercury at room temperature, while the rate of vaporization of inorganic mercury compounds 
decreases in the order Hg, Hgs Cl2 , HgS, HgO. Prevention of mercury loss by volatilization is 

thus important not only during but also before the analysis. 
In the case of dilute aqueous solutions of mercury exposed to the air it has been established 

that major loss of inorganic mercury occurs by disproportionation of Hg(1) to Hg(I1) and Hg(O), 

*For reprints of this Review see Publisher’s announcement near end of this issue. 
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followed by loss of Hg(0) to the air.’ The addition of oxidants which will keep mercury in the 
Hg(II) form reduces this loss. A further study,s99 using ’ “Hg showed that in very dilute 
aqueous basic solution, mercury is lost at a rate increasing with pH of the solution and, in 
solutions containing chloride ion, independent of the chloride concentration. For storage of 
dilute mercury solutions it appears best to acidify the solution” and have sufficient oxidant 
present (e.g., KMn04) to keep mercury in the bivalent form.791 ’ Radiotracer and flameless 
atomic-absorption studies, however, have shown that 80% of the mercury in natural water 
samples that is initially associated with particulate matter will enter the solution phase if it is 
acidified, although loss to the container is not significant. Seldman has recently questioned the 
earlier findings, however, especially with regard to very dilute solutions.’ ’ a 

In addition to volatilization, mercury may be lost from the solution by adsorption on the 
walls of the container.’ 2-1 ’ Mercury is adsorbed strongly on glass’ ’ and heating to 500-550” 
is necessary for its removal. Polythene containers will also adsorb mercury quite strongly.1o 91 ’ 
Pyrex glass, polycarbonate and Teflon make the most suitable sample containers” and, if 
samples are acidified to pH 1 for storage, adsorption losses become negligible.12 In samples 
containing suspended matter, there is often a higher concentration of mercury in the particulate 
matter than in solution. Non-homogeneous samples containing suspended matter should be 
filtered for storing, especially if the content of suspended matter is high. The importance of 
specifying the condition of samples used in mercury analysis should be stressed, e.g., the 
moisture content of fish and other biological materials, which may vary considerably. 

METHODS OF ANALYSIS 

For samples where it is of interest to establish whether organomercurials are present, solvent 
extraction’ sT2’ and the rate of reduction in acid cysteine reagent? ’ 3’ 2 have been used to 
differentiate between organically and inorganically bound mercury. Chromatography may 
subsequently allow identification of organomercurials. ’ e2’ $2 3 Organically bound mercury 
may also be determined from the difference between total and ionic mercury present. Most 
procedures for the determination of mercury require its conversion into the metallic or the 
ionic form, although the standard procedure for determination of mercury in air has long been 
direct ultraviolet photometry. 24 If mercury in a sample can be concentrated as a compound 
which is then thermally decomposed to yield mercury vapour, a photometric determination is 
again possible. 25-27 Absorption of ultraviolet light by mercury is the basis of the atomic- 
absorption procedures which have now generally replaced the standard dithizone 
(diphenylthiocarbazone) calorimetric procedure.2 ’ Non-destructive analysis is possible by 
neutron activation. 

Determination as metal 
Stock29-3 3 was one of the first involved in trace analysis for mercury. His technique of 

heating the sample in a closed tube to distil mercury and of collecting the liberated mercury in 
a cooled part of the tube requires some practical skill. The metallic mercury, in the form of a 
drop, was placed on a microscope slide and its diameter measured under magnification. For a 
small drop, the diameter was proportional to the amount of mercury present in the sample. A 
variation of this technique was to collect the mercury by amalgamation on a copper wire. The 
mercury could then be collected as a drop by heating the wire sufficiently to release it from the 
amalgam. 

A gravlmetric determination of mercury as the metal has been described.34 The mercury 
evolved from the sample on heating in an alkali metal carbonate-peroxide melt is condensed 
and weighed. 

Calorimetric methods 
A digestion step is generally applied before colour development but is sometimes omitted 

with air and natural water samples. It is incorporated in the procedure to bring all the mercury 
into the ionic form (Hg2 3 for complexing. The most commonly used digestion media are acid 
oxidizing mixtures. 

Sample digestion and preparation. For determination of mercury in air, the sample is drawn 
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through a permanganate solution;3 5 y3 6 water samples are also generally treated with per- 
manganate to oxidize mercury to Hg’*. The Analytical Methods Committee of the Society for 
Analytical Chemistry2 s has compare d a number of digestion media and recommends an H2 SO4 
- HN03 digestion procedure using an apparatus devised by Gorsuch.28b Combining the 
distillate and the residue from the digestion should minimize loss of mercury. Loss as chloro- 
compounds is not significant below 140°.2 sb For routine analysis a permanganate digestion 
may be more convenient. 

This has been used in conjunction with the dithizone calorimetric method for mercury 
determination in biological materials,37-40 coal4 ’ Y42 and soils? 3 A combined H2S04 - 
HN03 - KMn04 digestion was used for analysis of organs and blood?4 Oxidizing acid 
digestion with per&lo& nitric and sulphuric acids has been used for plants4S and vegetable 
and animal tissues.4 6 4 ’ Provided that care is taken to avoid loss of mercury as chloride in the 
perchloric acid digestion, these procedures should be satisfactory. Hydrogen peroxide in a 
mixture with nitric and sulphuric acids has also been used.48 

A novel approach is the use of enzymatic digestion.4g The digestion is followed by 
oxidation of mercury with permanaganate. This digestion medium, though slow in action, may 
be attractive for particular sample types and eliminates the possible loss of mercury by 
volatilization when oxidation is extremely vigorous. 

Vasilevskaya and Shcherbakov 4 3 destroyed the sample matrix by heating with lead dioxide 
and distilling the metallic mercury formed. This mercury was subsequently dissolved in con- 
centrated nitric acid and extracted into dithizone solution. The method was applied to the 
analysis of soils. 

When care is taken, there should be no difference between the results of using various 
digestion media, the sample type governing the choice between a vigorous and milder oxidant. 
Schoniger-flask combustion of vegetable, grain and fish samples5o-5 ’ has led to acceptable 
recoveries of mercury. Gutenmann and L&k” were able to use up to 10 g of sample for 
combustion. 

A further method has been used to extract mercury from coals6 Inorganic mercury com- 
pounds are extracted individually from the sample. Ethanol-water mixtures extract HgO and 
HgC12, and ethanolic sodium sulphide solutions of different concentrations/extract HgS and 
elemental mercury. 

Colour development. Dithizone (diphenylthiocarbazone) is the most widely used reagent for 
calorimetric determination of mercury. The reagent is extremely sensitive (it can be used to 
measure O-01 ppm of mercury) ” but because both the reagent and the mercury complex are 
extremely susceptible to variation in laboratory conditions, the method becomes less reliable.2 * 
Addition of acetic acid eliminates the light-sensitivity shown by ‘mercuric dithizonate. 
Dithizone also forms coloured complexes with a large number of other metals and this leads to 
a greater likelihood of interferences in analysis. A number of modifications to reduce inter- 
ference from other metals which are complexed by dithizone and from organic materials which 
could be extracted together with the mercury complex have been tested, and include the 
following. 

(a) Back-extraction of mercury into aqueous acid after destruction of the dithizonate 
complex with nitrous acid or other reducing agent. The mercury is then reextracted with 
dithizone solution. A thiosulphate reversion has also been reported.‘s 

(b) Addition of complexing agents such as EDTA, CN-, SCN- to minimize formation of the 
dithizonate complexes of other metals present.2 8 33 5 Y4 * ,4 ’ 

(c) Precipitation of interfering ions with bromide, iodide or thiosulphate.3 6 3 ’ 
(d) Use of a different organic solvent and different wavelength for measurement of the 

absorbance of mercuric dithizonate complex. For example, in the presence of copper, dithizone 
in the less effective solvent chloroform is used and the measurement is made at 492 mnsg In 
the absence of copper, extraction with carbon tetrachloride and measurement of absorbance at 
485 nm is recommended. Toluene may also be used as a solvent for dithizone.60 

(e) Distillation of mercury from the digestion mixture into dithizone solution. Other 
methods for lessening interference by removing mercury from the digestion mixture have also 
been successful. Mercury can be reduced to the metal, the solution aerated and the vapour 
transported into permanganate solution. Excess of permanganate is destroyed with 
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hydroxylammonium chloride and the mercury can then be extracted into dithizone solution.6 ’ 
Mercury has been carried from the digest by a stream of dry hydrogen chloride gas, into a 
dithizone-Ccl4 solution.62 This procedure, though a simple method of removing interference, 
is unsuited to the analysis of large numbers of samples. 

u> Ion-exchange. Kuroda et al. 6 3 used ionexchange to isolate mercury from the solution of 
the sample. Mercury was collected as the thiocyanate complex on the anion-exchange resin and 
was determined with dithizone after elution. Special glass microbeads have been used to adsorb 
the Hg*‘--ethylenediamine complex from aqueous solution.64 A solution of dithizone in 
carbon tetrachloride was used to elute the mercury. 

The dithizone determination can be adapted to a wide variety of samples. Although it is 
inherently very sensitive, the drawbacks of comparatively low sensitivity in practice (0.1 ppm 
for food and biological samples6’) and the instability of the reagent and the mercury-reagent 
complex have encouraged the search for alternative procedures. 

In general, calorimetric methods are ideal for the analysis of large numbers of samples and a 
variety of colorimetric methods have been published. Usually, the mercury complexes formed 
in these methods have lower molar absorptivities than the dithizonate and are thus less 
dependent on reaction conditions for accurate results. To date, no other calorimetric reagent 
has shown itself to be superior to dithizone. 

Diphenylcarbazone is extremely sensitive to changes in pH, making its use difficult.66 The 
2naphthol analogue of dithizone, di-2naphthylthiocarbazone, has been used for the deter- 
mination of mercury in air and in selenium. 6 ’ These applications are expected to have known 
and limited interferences. In the latter case 0.04 ppm mercury could be measured. Oxamide bis- 
(phenylhydrazone) has been used for the determination of microgram amounts of mercury.68 
Use of 1-(2-pyridylazo)-2naphthol in chloroform” * appears less sensitive than the dithizone 
procedure. 4,4’-Dinitrodiazoaminobenzene may be used for determination of about 1 ppm of 
mercury.” N-F’henylbenzohydroxamic acid in chloroform allows determination of 0.4 ppm of 
mercury. ” The complex formed is apparently of lower stability than mercuric dithizonate, 
being susceptible to interference from chloride as well as cyanide and EDTA. 

Nitrofurazone is subject to much interference from reductants,72P73 while furacilin 
(5nitro-2-furaldehyde semicarbazone) has also been found to be subject to interference. The 
sensitivity is similar to that found with dithizone. Sulpharsazen has been used to determine 
mercury at concentrations of the order of O-04 ppm. 74 Thiothenoyltrifluoroacetone has been 
used to detect O-05 ppm of mercury in waste water.” Bindschedler’s Green 
[4,4’-bis(dimethylamino)diphenylamine] has been recommended as a calorimetric reagent for 
mercury ,76 and claimed to be less sensitive than dithizone to the reaction conditions. A 
sensitivity as low as 0.1 ppm has been obtained. 4x2~Pyridylazo)resorcinol lacks the advantages 
of increased sensitivity and is susceptible to considerable interference.” Metalphthalein 
allowed determination of mercury down to 0.1 ppm.” Kawase79 discussed the extractability 
and formation constants of complexes of I-(2-pyridylazo)-phenanthrene-9-01, 
l-(2-pyridylazo)-acenaphthylene-8-01 and l jbenzothiazol-2-yl-azo)-phenanthrene-9-01 with 
mercuric ion. The phenanthrenol complexes are more suitable at lower concentrations. 

Several authors have used dyes to extract mercury into another phase for measurement, 
either by directly complexing the mercuric ion or by forming an ion-association complex which 
can be extracted into organic media. For mercury determination in the ranges 0.1 - 6 ppm, 
antipyrine dyes in benzene or toluene have been used. So Complexes formed are of the type 
dye-Hg-halide (bromide or chloride). 

Crystal Violet (CL Basic Violet 3) has been used to determine 0.1 pg of mercury.81 
Rhodamine B8* is a less sensitive reagent, having been used to measure mercury down to 1 
ppm. Brilliant Green ( . . ’ 3 C I Basic Green I) forms an ion-association complex with mercuric 
chloride or bromide, which is soluble in benzene. No interference was encountered from a 
number of metal ions, though nitrate Interfered. Chloride and sulphate were tolerated. Xylenol 
Oranges4 is also liable to interferences. It is sensitive to Hg(I1) ions in the range 15 -- 20 /.LM and 
appears to have no advantage over dithizone. Methylene Blue has been used to extract HgI% 
into chloroform8 ’ For application in analysis the chloroform extract should contain 0.2 - 2 
ppm of mercury. If the mercury in the sample is at too low a concentration to achieve this, it 
may be precipitated as the sulphide on a filter impregnated with cadmium sulphide, and the 
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precipitate dissolved before proceeding with the determination. 
The metal chelate cation, t&(2,2’-bipyridyl) iron (II), has been used to extract HgI& from 

aqueous solution,8 6 and HgBri- into 12.dichloroethane, the background absorbance then 
being less intense than that obtained with HgI:18 ’ The sensitivity is poorer than that with 
dithizone (being applicable in the range 1 - 10 ppm), though masking with nitrilotriacetic acid 
enables a number of heavy metals to be tolerated. 

Although the bromide complex was found most suitable for extraction of ion-pairs, a 
pyrazolene dye, a-(4-chloro-1 ,3-diphenyl5-pyrazolon-4-yl)4,4’-bis(dimethylamino)benzhydrol, 
has been successful in extracting other anionic halide and thiocyanate complexes for the 
determination of O-1 - 2 ppm of mercury. a a Organomercurials will complex with Ruhemann’s 
Purple [2-(1,3-dioxoindan-2-yl)iminoindane-1,3-dione] . a 9 Extraction of the complex into ether 
and spectrophotometric measurement allows determination of 2 - 20 pg of mercury. 

The nickel complex with antipyrinyldithioformic acid 9o has been used in the direct deter- 
mination of about 1 ppm of mercury. The Ni(I1) is displaced by Hg(I1) and the decrease in the 
absorbance of the nickel complex is dependent on the amount of mercury present. 

Preparation of the dithizone complex of mercury has also served as a purification procedure 
before measurement of the mercury concentration by techniques other than colorimetry.9 ’ -94 

The oxidation of thiamine by mercury(H) gives rise to a high fluorescence which can be used 
for the determination of mercury in the range O-01 - 0.5 ppm.95 The fluorescence is strongly 
affected by salt concentration in the sample, which should be kept below 0.W. This factor 
may make the method unsuitable for samples requiring digestion. 

Neutron-activation analysis (NAA) 
In the majority of published methods, the comparative NAA technique is used, wherein a 

standard is irradiated at the same time as the sample. Such a procedure is much simpler than the 
absolute technique where the neutron flux must be accurately known and a quantitative 
radiometric assay carried out after the irradiation. 

Irradiation converts organically bound mercury into Hgy , Hgz+ or Hg2 + and it has been 
foundg6 that the form of mercury in the standard need not be the same as that in the sample, 
provided that the mercury levels are comparable. This work was carried out on fish samples but 
the results can probably be extended to other biological materials. 

Selection of optimum nuclear reaction. The most commonly used reactions are 
’ 9 6 Hg(n, 7)’ 9 ‘Hg and 2 O2 Hg(n, r)2 O3 Hg. Activation by ’ 9 6 Hg(n, 7)’ 97 Yg suffers no 
apparent interference from primary or secondary reactions, though there is possible 
interference from self-shielding in comparison samples. This reaction permits detection of lower 
levels of mercury than does the 2 O2 Hg(n,T)?’ 3 H g reaction where interference from 
” 6 Pb(n,a)2 ’ 3 Hg and 2 O3 Tl(n,p)2 ’ 3 Hg is possible. 

Preparation of samples for irradiation. Samples are normally sealed in quartz ampoules or in 
aluminium foil, though Pillay’ ’ and Filby et a1.y8 among others, have sealed samples in heavy 
grade polythene film for irradiation.’ 9 

Many biological samples contain a large proportion of water, which is best removed before 
irradiation, allowing the sample to be better compacted. Freeze-drying of samples before 
irradiation may lead to considerable losses of organically bound mercury. This is particularly 
important with water samples, where large volumes cannot be used. Low-temperature ashing 
may also lead to mercury losses. 9 ’ Since irradiation converts organically bound mercury into 
Hg’, Hg;+ and Hg2+, which are less volatile, high-flux y- irradiation before ashing may prevent 
these losses. 

Removal of water concentrates the mercury in the sample, a result which may also be 
achieved by the removal of the mercury as a compound or its transfer into another phase. The 
mercury dithizonate complex has been found to be involatile at room temperature even if held 
for long periods at low pressure. This property is the basis of a method for extracting the 
mercury from the sample before irradiation and depositing it on a plastic matrix as the 
dithizonate complex.’ O” Seiler’ ’ ’ separated mercury from other ions by thin-layer 
chromatography before irradiation. 

Irradiation. Irradiation may cause a rise in temperature to loo’, leading to possible loss of 
mercury. Brune102 pl” has developed a system for low-temperature irradiation of samples, 
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which should minimize loss. The method has been applied to the analysis of fish and whole 
blood samples, A water-cooled irradiation system 98 for determination of mercury in human 
blood has been described. After irradiation, it may be necessary to reduce surface 
cont~ation of the sample such as that arising from cutting. 

P~s?-i~~~~~ assays. Post-irradiation assays can involve either separation of the mercury 
from the matrix, followed by measurement of its characteristic radiation, or, where the 
radiation from mercury is sufficiently different from that of the matrix, direct measurement of 
its radioactivity.’ 9 J ’ 3 

If the matrix is not grossly activated, direct counting of radiation or y-spectrometry of the 
sample may be ~tisfa~to~. The ~tr~uction of the ~~-resolution Ge(Li) spe~tromete~ 
makes this feasible~8~104-~e8 The Ge(Li) detectors, ~~0~~ having higher resolution, have 
generally lower sensitivity than the NaIfTl) detectors. Guinn et @I. 1 O8 have used the two types 
of detector in conjunction in determination of mercury in flour. 

Non-destructive methods,’ 8 p1 ’ 4 ,l o ’ h t ough unsuitable for routine analyses because of their 
lower sensitivity and the long irradiation times required, are important when the sample must 
be preserved or when only a small sample is available and multi~lement analyses are required. 
in the latter case, only one irradiation is necessary and, though long in both irra~ation time 
and calculations required to correct for interfering elements, will allow simultaneous deter- 
mination of a number of elements. 

In contrast to the long times required (up to 30 days) for non-destructive analysis, 
destructive procedures require irradiation for only a matter of hours and the subsequent 
analysis time is correspondin~y reduced. 

Measurement of the activity of mercury present in the sample is easier if the mercury can be 
concentrated and isolated from possible interference in the matrix. Isolation has generally been 
carried out after irradiation, although Becknell et al. 1 O9 concentrated the mercury in water 
samples on an ion-exchange resin as HgC14 , 2- before irradiation and counting of radiation from 
the decay of r9 ‘Hg. Weiss and Crozier’ lo converted all the mercu~ into Hg” before 
~radiation. Ljun~ren et al. ’ ’ ’ also carried out separation before irradiation. They dissolved 
inorganic samples in hydrofluoric acid, added mercury carrier and precipitated mercury as the 
sulp‘hide. The precipitate was redissolved in a mixture of nitric and sulphuric acids. Van de 
Sloot and Das’ 1 ’ a collected trace mercury from natural waters on activated charcoal, irradiated 
the charcoal and distilled the mercury into a second charcoal trap, passing the products over 
heated sever-moated glass wool to remove bromine, 

Isolation and extraction of the mercury after the irradiation has been accomplished by 
several means, the sample matrix often determining the most suitable procedure. Digestion with 
an acid oxidizing mixture is used in almost all cases before the isolation. At the digestion stage, 
mercury carrier is usually added to compensate for loss of mercury (which may be 
considerable) and to permit a more accurate determination. Inactive mercury carrier is usually 
added as a mercu~ salt but a droplet of metallic mercury may also be used.’ ’ 2 ,* ’ 3 After 
exchange with the active mercu~ is complete, the droplet is removed and dissolved in nitric 
acid for counting of yactivity. The rapid exchange between Hg$‘, Hg” and the mercury in 
certain organomercury compounds has been utilized for the mercury determination.’ l4 The 
following isolation techniques have been applied after the digestion: ion-exchange, 
precipitation, solvent extraction, dist~lation or volat~~ation, and deposition. Combinations of 
some of these techniques have also been used: dist~ation and pre~ipitation,~ 1 ’ l1 * ’ ion- 
exchange and volat~~ation,’ O8 Z1 ” volat~zation and deposition,9p ,’ ’ 8y1 lg precipitation and 
ion-exchange,* 2 ’ solvent extraction, ionexchange and precipitation.’ ” 

ion-exchatige. The method of Ehmann and Huizenga,’ 23 adapted by Bowen and 
Gibbons,” 2 4 collects mercury as HgCl:- on an anion-exchange resin, whence it is subsequently 
eluted for precipitation as HgS for counting. This has been s~pli~ed and improved’ 6 YE ” by 
direct me~urement of the activity of the HgCli- retained on the resin. This e~m~ates the 
uncertainty in eiuting HgCli- from the resin and shortens the procedure. It has been used for 
the determination of mercury in the range from 200 ppm down to 10 ppM (parts per milliard). 
Gillette’ ” and Marowsky ’ 2o also made use of HgCli- formation for an anion-exchange 
separation of mercury. 

Ishi& et al.12 6 dissolved the sample after irradiation and, after the addition of inactive 
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carrier and thiocyanate, passed the solution through an anion-exchange resin, eluted with 
hydrochloric acid and counted the activities of ’ 9 7mHg, ’ 97Hg and ” 3 Hg. The method was 
found suitable for a wide range of materials such as rice, cuttlefish and rock. A combination of 
ion-exchange and distillation of mercury with counting of 2 03Hg allowed determination of 
0.003 ppm of mercury in blood.’ ’ ’ 

Marowsky”’ eluted mercury from an ion-exchange resin with thiourea and subsequently 
precipitated the mercury with sulphide. The activity of the precipitate was measured. Mercury 
separation by ion-exchange and precipitation as HgS has been used for the determination of 
mercury in a wide variety of foods.’ 2 2 

In a simultaneous determination of copper, zinc, cadmium and mercury in biological 
material,’ 2 ’ anion-exchange allowed isolation of mercury and its determination at levels as low 
as 05 ng. 

Paper loaded with anion-exchange resin may be used as a filter to preconcentrate the 
mercury in a sample of water.lo9 The mercury can be collected on the paper as HgCl$- and 
subsequently irradiated and counted as ’ 97Hg. Chlorine treatment has been used to convert 
organomercury compounds into HgCl:- for collection on the resin. Mercury concentrations of 
0.03 - 66 ppM have been measured by this method. As a further isolation step mercury may be 
distilled from the digestion flask before the anion-exchange step. Samples containing water may 
be freeze-dried to reduce the volume and increase the sensitivity, but losses of organomercury 
during this process are high, and the method of Becknell et al. ’ O9 offers an alternative to this 
method and to low-temperature irradiation’ O2 Y1 “J 2 * y1 2 9 as a means of increasing the 
sensitivity of analysis of water samples. 

Precipitation. Direct precipitation, without prior separation of mercury from the digest is, in 
many cases, insufficient to isolate the mercury adequately from possible interferences. 
Although most separations are carried out after irradiation, Weiss and Crazier’ lo reduced 
mercury in sea-water samples to Hg” with a stannous chloride solution, isolating the mercury 
before irradiation. Where mercury is precipitated directly, further manipulations are generally 
required to purify the precipitate for measurement of activity. However, after addition of 
mercury carrier to the digested irradiated biological sample, mercury can be precipitated as HgS 
for direct counting of r-activity. ’ JO Interference was found negligible above 0.01 ppm of 
mercury. 

Mercury has been precipitated as mercury iodide-copper ethylenediamine from the 
digestion mixture.’ 3 ’ Das et al. ’ ’ ’ isolated mercury from HgS, precipitated after digestion of 
the irradiated sample, by heating the precipitate. The mercury mirror deposited in a cooler part 
of the system is measured for the r-emission from ’ 9 ’ Hg. 

Mercury has also isolated before the precipitation. ’ 3 8 The irradiated sample is heated to 
1200” in a closed system, volatilized mercury being collected in cold traps. The mercury is 
recovered as HgC12 and its activity counted. Thatcher and Johnson,1 3 3 after irradiation of the 
sample and precipitation of mercury with carrier mercury and stannous chloride, counted the 
’ 9 ’ Hg r-activity. 

Mercury may also be precipitated as the sulphide. In the analysis of soils,’ l5 addition of 
mercury carrier to the digestion mixture was followed by distillation of mercury and precipita- 
tion of HgS from the distillate. Down to 0.03 pg could be determined by counting the activity 
of the precipitate. Fusion of soil and rock samples with sodium peroxide after irradiation 
enabled mercury to be distilled from the sample and precipitated as the sulphide for 
counting.’ 3 4 

As mentioned in the previous section, mercury has been precipitated as HgS after purifica- 
tion by ion-exchange and again subjected to ion-exchange before measurement of the activity 
of 203Hg.120 Mercury can be precipitated as the oxide” only if adequate precautions are 
taken to ensure that the sample is pure before precipitation. A solution for precipitation of 
HgO may be prepared from precipitated HgS. 

Solvent extraction. The most favoured solvent extraction procedure is based on the 
formation of the mercury-dithizone complex after irradiation and digestion of the 
sample. r 3 ’ T1 ’ 6 The solvent is either chloroform or carbon tetrachloride. This procedure has 
been used on a wide variety of samples from biological’ 3 6 to water.’ 3 ’ Extraction of mercury 
from the digestion mixture after irradiation, as a preliminary to reversion to HgCl:- and 
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adsorption on an anion-exchanger for counting, has led to a detection limit of 0.1 ppM for 
samples of laboratory reagents and materials.‘21 Anionexchange of HgCli- followed by 
extraction with tri-iso-octyl thiophosphate separated mercury from a copper matrix.’ ” 

Distillation or volatilization. In many cases, distillation has been used as a preliminary step 
for the isolation of mercury. HgC12 or HgBr2 have been distilled from the post-irradiation 
digestion mixture into absorbent solutions, for the precipitation of mercury (for example as 
HgS) for counting. 

Alternatively, a destructive distillation to volatilize HgO has been used as the final step 
before counting. The mercury-containing material, e.g., HgS’ I6 or irradiated sampleI ’ is 
heated to high temperature and the metallic mercury collected in a cool part of the system. The 
activity of the mercury distilled can then be measured. Rook et al. ’ 38 quantitatively separated 
mercury by combustion of the irradiated sample. The mercury was condensed and then 
dissolved for activity measurement. The method is applicable to a wide variety of matrices. 
Flour and coal samples with mercury between O-015 and 5 ppm have been analysed. Mercury 
volatilized on ignition of irradiated sample has been collected on filter paper impregnated with 
Se and the activity of the paper then measured. 99 The activity of mercury electro-deposited 
from a solution of HgCl, distilled from the digestion mixture after irradiation, was measured to 
determine mercury in coals. ’ ’ * The activity of mercury (oxide or bromide) in the distillate 
from the digestion of biological material has also been measured directly.’ 3 9 

Deposition. Mercury can be isolated from the sample matrix after irradiation, by electro- 
deposition or by amalgamation. The sample must first be digested to ensure that all the 
mercury is in solution. Hlsanen ’ 4o added copper powder to the digested sample, this copper 
being collected by filtration and its activity measured for the photo peak of i 9 ‘Hp. Electro- 
deposition from a solution of HgCl, ’ l8 91 ’ 9 A 4 ’ was mentioned in the previous section. In a 
specialized case, the determination of mercury in gallium, mercury was reduced to the metal 
and subsequently determined as a chelate compound.’ 42 

The volatilization and deposition methods have the advantage of being simple and applicable 
to a wide variety of sample matrices. 

Other radiometric methods 
Isotope dilution. These methods generally involve destruction of the sample (by combustion 

or digestion) followed by addition of the active isotope of mercury and (solvent) extraction of 
mercury to isolate it from other species in the solution. The activity of the extract is measured. 
Since no carrier is added, the amount of mercury present is very low and care must be taken to 
avoid contamination. The reagents added are in the form of very dilute solutions. In contrast to 
activation analysis, the activity of the sample is low and irradiation is not required, simplifying 
handling of the sample. 

This type of analysis lends itself to automation.‘43 3144 A procedure developed by Briscoe 
et al. ’ 4 3 for the Technicon “AutoAnalyzer” involves solvent extraction with zinc dithizonate 
in carbon tetrachloride of a solution of the sample to which 2 03Hg has been added. The 
method is claimed to be very sensitive but has been applied only to determination of mercury 
in low-grade ore deposits. Other sample types may necessitate the introduction of further 
purification steps. 

RfrZiEka and Lamm’ 4 4 used oxygen-flask combustion of the sample to release mercury in 
the inorganic form. This was followed by oxidation of mercury and addition of” 3 Hg isotope. 
Mercury was extracted with dithizone-carbon tetrachloride solution. A further purification 
step, viz. re-extraction of mercury into the aqueous phase and final extraction into zinc 
dithizonate, permits measure of the y- activity for determination of mercury present. 

Fish samples were prepared for extraction of mercury, by digestion in a nitric-sulphuric 
acid mixture ’ 4 ’ d 4 ’ Instead of dithizone as the complexing agent for extraction and isolation 
of mercury, ammonium pyrrolidinedithiocarbamate (APDC) in methyl isobutyl ketone (MIBK) 
was the extraction system used. 

Isotope exchange. Mercuric di-n-butylphosphorothioate containing some ” 3 Hg and dis- 
solved in carbon tetrachloride will exchange with mercury in an aqueous sample solution. A 
proportional relationship exists between the distribution of 2 ’ 3 Hg between the aqueous and 
organic phases and the mercury concentration. The amount of the complex added must be 
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known accurately and there must be between O-1 and 10 times as much mercury in the carbon 
tetrachloride phase as is expected to be present in the sample. This method works best when 
the distribution coefficient is about unity. Anions which complex mercury and prevent inter- 
change between the phases will interfere.’ 4 6 Davis and Arnold’ 4 ’ used a method based on that 
of Handley ’ 4 8 for determination of trace amounts of organomercurial. This method was tested 
only on a standard solution and difficulties may arise with other types of sample. 

Mercury in urine and tissue samples has been determined by isotope exchange.14’ After 
dissolution of the sample, mercury was complexed, in this case with EDTA, and a trace of 
” 3 Hg was added which equilibrated with a vapour containing inactive mercury. The * O3 Hg 
content of the vapour was determined. Magos and Clarkson’ So used a simplified version of this 
method in the determination of mercury in air. The sample was passed through a 
2 ’ 3 Hg-containing chelate solution. The * O3 Hg equilibrated with mercury in the gas stream and 
was subsequently absorbed in permanganate solution for measurement. The procedure was 
satisfactory for O-016 - 1.2 ppM of mercury. 

In a specific method for determination of mercury, Bankovskis et aZ.” ’ extracted the 
%mercaptoquinoline complexes of mercury halides. 

Radiorelease. These methods are based on the replacement of a radioactive ion in a 
compound by mercury. The activity released is measured. 

For determination of both organic and inorganic mercury, the sample was dissolved (Hg 
being converted into the Hg2’ form) and reacted with a complex of ‘j°Co. Mercury replaced 
6oCo in the camp lex, and after a cationexchange, the 6oCo held in the resin could be 
measured. Mercury down to 0.02 ppm could be determined in this way.’ ” 

The activity of the isotope ’ lo Ag was measured after displacement from ’ lo Ag2 S by 
mercury. The ’ * ’ Ag in solution or the decrease in activity of ’ lo Ag in the precipitate was a 
measure of the mercury initially present. ’ 53 Displacement of silver from silver dibutyl- 
phosphorothioate has also been successful for determination of mercury.* 4 8 

Interference may arise in isotopic exchange if the sample contains ions of the element that is 
being released from combination by mercury. 

Chromatographic methods 
Chromatography has been used both as a purification technique for subsequent deter- 

mination of mercury by other methods, and as an analytical technique for direct analysis. 
l’hin-layer chromatography (TLC). The TLC methods are usually only semiquantitative, 

emphasizing detection of mercury in trace amounts in the presence of other metal ions. 
Starch has been used as the substrate in separation of cations of elements of group II of the 

periodic table and Pb2 + , Ag’ and Hg2 + .l So 4 ’ 4 
A quantitative method has been described by Wysocka. ’ ” After digestion of the sample to 

bring mercury into the Hg 2 + form, this is extracted with dithizone in chloroform. After 
reduction of the volume, the chloroform extract is chromatographed on silica gel with 
propanol. The mercury is determined by comparison with a standard. Silica gel’ 56 has also 
been used in the control of mercuric oxide ointments, an application where the total mercury 
contents are much higher than in environmental samples. Planimetry and photo-densitometry 
are commonly used to measure the amount of mercury present, planimetry giving only a 
semi-quantitative measure. 

TLC has been reported as a separation method for isolating mercury for neutron-activation 
analysis.102 A number of inorganic nitrates were separated on Kieselgel, with butanol- 
HNO3-H3O. The mercury zone, detected with diphenylcarbazide, was removed and irradiated 
in a neutron flux and the activity measured by spectrometry. This method, however, has been 
used only for a mixture of inorganic salts and would require some modification for analysis of 
other samples. 

Paper chromatography. Paper chromatographic separations have been described for 
biological samples, 1 ” 1 ng of mercury being detectable. Mercury has been separated from a 
number of other metal ions by paper chromatography ’ 5 8 but such separations have often been 
confined to almost ideal conditions and have not been applied to actual samples. Barbiroli and 
Lipparini’ 5 ’ extracted the mercuric dithizonate spot from the paper chromatogram for 
quantitative spectrophotometric determination of the mercury present. 
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Liquid ion-exchangers in benzene or chloroform solution have been used as developing 

solvents in the separation of metal ions on thiocyanate-impregnated paper.’ 6o Ion-exchange 
paper has been used to separate mercury from other ions.r6’ In contrast to most other 

methods which require that mercury be in the inorganic form, this procedure permits detection 

of inorganic, alkyl and aryl mercury with dithizone spray reagent. 
ion-exchange chromatography. Ion-exchange resins, both cationic and anionic, have also 

been successfully applied to the separation of mercury from other ions.’ 6 *-r 6 4 Mercury can be 

eluted and detected calorimetrically, for example by the reaction with iodide and sulphite.’ 6 * 
Gas chromatography. Gas chromatographic methods can be used for the determination of 

organomercury compounds. West& 8-2o used a solvent extraction technique for the 
preliminary isolation of methylmercury compounds (the form of mercury predominant in 
animal tissue) which could then be determined by gas chromatography. TLC was used 
separately for identification. Methylmercury compounds attached to the sulphur atom of non- 
volatile compounds could not be determined initially l8 but a modified procedure allowed 
this.’ 9 ,*’ However, Hartung’ 65 claims that under the acid conditions of the extraction, 
dimethylmercury dissociates to monomethylmercury and the total of mono and dimethyl- 
mercury is determined. Hartung ’ 65 finds that at pH 8.2 this hydrolysis does not occur and 
both mono and dimethylmercury may be determined. Monomethylmercury forms a water- 
soluble cysteine adduct and leaves the dimethylmercury to be extracted by toluene. To increase 

the sensitivity of the determination of dimethyhnercury, it is converted into monomethyl- 
mercury bromide which gives greater response with an electron-capture detector. This method 
is useful when it is necessary to differentiate between various forms of organically bound 
mercury, but if total organically bound mercury is required, the Westoii procedure has been 
much used and found satisfactory. 

Kamps and McMahon ’ 66 have utilized the Westoo procedure for determination of mono- 
methylmercury in fish, a cysteine back-extraction procedure being used to provide clean-up. In 
another modification, the methylmercury from fish samples was extracted into toluene rather 
than benzene.’ 6 3 31 6 ’ The methylmercury was extracted as the bromide, partitioned as the 

thiosulphate complex into aqueous ethanol and finally reextracted as the iodide into benzene. 

It was subjected to gas chromatography in this form. 

Newsome’ 68 used a similar procedure, extending it to the determination of methylmercury 
in cereal and grain products. The methods are sensitive to about 0.01 ppm of methylmercury. 

A procedure for the isolation of methylmercury from biological tissues, in which methyl- 

mercury is converted into the cyanide in a diffusion cell and is then trapped on cysteine- 
impregnated filter paper has been described. ’ 6 9 After this isolation, the mercury is extracted 
from the paper into benzene and determined by gas chromatography. The method has been 
applied to a wide variety of samples and because of the enrichment achieved in preparation as 

little as 1 ng per g of sample can be measured. 
A number of alkyl mercury halides have been separated by gas chromatography,“’ the 

retention volume being dependent on the length of the alkyl chain rather than on the identity 
of the halide. The electron-capture detector has been used for detection of methylmercury 
chloride salts’ ’ ,* ‘pl 68 $r 69 as well as other alkyl and aryl mercury salts” l-l 72a and their 
dithizonate derivatives.173 An emission spectrometer ’ 74 has been used for detection of 

organomercurials and construction of a simple mercury-specific gas-chromatographic detector 
has been described.“’ In the latter detector, mercury compounds are converted into free 
metallic mercury by combustion, and the concentration is measured by monitoring the 

absorbance at 254 nm. 
Although solvent extraction and differential reduction’ 1 ,* * 91 ’ 6 can be used to distinguish 

between organically and inorganically bound mercury, the chromatographic procedures may 
provide more specific identification of the form in which mercury is present and may thus find 
considerable use in environment and control studies. 

Atomic fluorescence 
As with atomic-absorption spectrophotometry (see below), atomic-fluorescence deter- 

mination of mercury has been carried out with both flame and non-flame vaporization 
techniques. Atomic-fluorescence determination has certain advantages over atomic-absorption 
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methods. No closed cell is required, hence fogging of cell windows (as encountered in non-flame 
or cold-vapour atomic absorption) is eliminated, no drying agent need be used, no spurious 
signal from broad band absorption by organic contaminants is encountered, sensitivity can be 
high and the calibration graph is linear over a wide range of concentration. 

A number of improvements in the instrumentation and technique which have led to 
increased sensitivity have been described in the literature. Among these are numbered the use of 
electrodeless discharge tubes as sources’ ” and the use of pulsed selective vaporization of 
mercury into an inert (argon) atmosphere for the determination of mercury in graphite.‘78 The 
latter technique resembles the use of the carbon-rod atomizer now increasingly used in atomic- 
absorption determinatibns. Increased sensitivity has also been obtained with the use of an 
elliptical aluminium cylinder which reflects radiation into the flame.“’ The increase in 
sensitivity was aided by use of a hydrogen flame and a total-consumption nebulizer. The 
previous detection limit of the order of 0.1 ppm’ *’ compares with 0.3 ppm by this method. 
This also improves on the sensitivity attainable by use of emission with low thermal-flame back- 
ground in an instrument for non-dispersive atomic-fluorescence determination, where the 
detection limit was 1 ppm. r a ’ Concentration of the sample by solvent extraction and 
vaporization of the organic phase has also been successful in lowering the limits of detection. 
The mercuric dithizonate complex has been extracted into chloroform or MIBK for 
nebulization into an oxygen-hydrogen flame. ’ * 2 By this method 2 ppM were detectable, 
compared with only ppm levels without the extraction. 

Use of a low-temperature butane-propane-air flame and addition of stamrous chloride to 
the solution for atomization increased the conversion into atomic -mercury and enabled 2 ppM 
of mercury to be determined.’ * 3 An increase in sensitivity of the same order was obtained by 
Muscat et al. ’ 84 when they used a reduction-aeration step to bring mercury into the atomic 
form in the analysis of rocks and sediments. The procedure is similar to that used to increase 
the sensitivity in the atomic-absorption determination of mercury. Detection limits of 3 ng 
(0.06 ppM) were possible. 

A further increase in signal is obtained by using silver to collect the mercury before the 
fluorescence measurement. The mercury is released for measurement by heating. The signal is 
increased because all the mercury is present at one time. Signal noise is also reduced.’ * 5 Its 
performance and operation have been discussed in connection with a monitoring method that 
gave a detection limit of 2 ppM.r * 6 

Direct determination of mercury in air was found unsatisfactory, the fluorescence signals 
being too weak owing to quenching by carbon monoxide and nitr0gen.r *’ Induction-heated 
carbon rods were used in the cell. 

Since mercury lamps of intense and stable output are readily available, and the width of the 
line is not important provided that the source intensity is high, such sources are well suited to 
fluorescence determination. On the other hand, for atomic absorption, a narrow-line source is 
required to achieve high sensitivity. Hollow-cathode discharge tubes are far less intense than the 
simple mercury lamp, permitting the use of much simpler instrumentation for fluorescence 
determination. 

Atomic-absorption spectrophotometry (AAS) 
Mercury vapour meters (ultraviolet photometers) utilizing the special properties of mercury, 

namely its high vapour pressure and the relatively low stability of the oxide, have long been 
used for the determination of metallic mercury in air.? ’ 

Following the introduction of AAS and its application to the determination of mercury in 
solution, a number of modifications to increase the sensitivity of the procedure have emerged. 
The two major developments have been “flameless atomic absorption” and the “cold vapour” 
techniques, each capable of detecting around 0.1 ng. 

Conventional AAS. Conventional flame atomic-absorption determination of mercury has 
been applied to both aqueous and organic extracts of the sample.’ * *-’ ‘* The usual measuring 
wavelength for the atomic-absorption methods is 253.7 nm but the principal mercury resonance 
line at 184.9 nm has been used with a nitrogen-purged optical path and a nitrogen-separated, 
premixed, nitrous oxide-acetylene flame. lg ’ Detection limits for aqueous solutions were 0.02 
ppm for Hg’: + and 0.05 ppm for Hg” at the shorter wavelength. The sensitivities of the two 

IAL X/i-H 
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resonance lines have been compared.’ 9 9 
Before the atomic-absorption measurement, the sample is usually digested to bring mercury 

present into solution, this being required for nebulization. The common pretreatments involve 
acid oxidizing digestion or Schdniger-flask combustion, mercury being brought into solution as 
Hg2 + . Detection limits are of the order of 05 ppm. 

The sensitivity of the atomic-absorption procedure was increased by extracting mercury into 
an organic solvent before introduction into the flame. As little as O-05 mg of mercury per gram 
of sample could be determined when the acid digest was extracted with MIBK’ 9o or 
ammonium pyrrolidinedithiocarbamate in methyl n-amyl ketone’ ’ * and the extract used for 
AAS, and 0.01 mg per g when the mercury was extracted with ammonium pyrrolidine- 
dithiocarbamate in MIBK.’ ’ 9 31 9 2 J 9 3 Dith’ rzone in MIBK has been successfully applied to the 
chelation and extraction of mercury in digested rock samples before AAS.’ 94 ,’ 95 The effect 
of iodide concentration on the extraction of mercuric iodide has been investigated although the 
system has been applied only to the determination of more than 5 ppm of mercury.’ 9 6 

The ion-association complex formed between the zinc 22’.bipyridyl cation and the bromo- 
mercurate anion enables mercury to be extracted into 1,2-dichloroethane. Indirect analysis for 
mercury has been achieved through AAS of the zinc extracted into the organic phase.19’ 
Trioctylamine has been used for extraction of HgIq- before AAS determination.’ 99a 

Poluektov and Vitkun2 O” observed that mercury solutions containing tin(I1) gave a greatly 
enhanced signal when aspirated into the flame. It was shown that this enhancement was due to 
the more efficient reduction of mercury to the elemental state by stannous chloride than by the 
flame.2o l-203 Further, Hingle et aL204 using an air-acetylene flame,” l-2 O3 found that the 
sensitivity of the AAS procedure was increased when the mercury was present as Hgz’ rather 
than Hg2+ and when complexing agents such as EDTA, which form strong complexes with the 
mercuric ion, were added to the solution containing mercury as Hgz + . The enhancement is due 
to the disproportionation of Hg% + into Hg2 + and Hg’. It was also confirmed that if reducing 
agents such as ascorbic acid or stannous chloride were added just before aspiration of the 
sample into the flame, the absorption signal was increased even further. 

It was found’ ’ ’ ,’ ’ 2 that a flame was not necessary and that the nebulizer could be replaced 
by a system which passed air through the sample after the addition of stannous chloride. The 
metallic mercury was carried by the air-stream into an absorption cell in the light path of a 
spectrophotometer. For the readings to be stable the mercury-carrying air-stream had to be 
dried. Earlier findstrom’ OS had used an air-hydrogen flame to convert mercury into the 
elemental staie but, instead of measurement of the absorption due to mercury in the flame, the 
combustion gases and mercury vapour were led through scrubbers and condensers to remove 
interferences, before the absorption due to mercury was measured. This may be considered the 
forerunner of the flameless atomic-absorption technique, while the reduction - aeration 
procedure has developed into the cold vapour technique. 

The boat technique, where mercury is extracted from the sample and the extract dried 
before the boat is heated in the flame to release mercury,206 and the Delves sampling cup 
method, where the boat is made of nickel instead of tantaIum,2o7 are very dependent on the 
position of the sample and its rate of vaporization. 

Cold-vapour techniques. The “cold vapour” method requires that the mercury first be 
brought into solution as Hg2 + , and then reduced to the metal and carried into a spectro- 
photometric cell by a stream of air or inert gas passing through the solution. 

Following the observation of the enhancement of the absorption signal when mercury was 
reduced in solution? ’ 2 y2 ’ 3 Hatch and Ott’ OS reduced mercury in the sample solution with 
stannous sulphate and recirculated the mercury vapour in a closed system to permit an 
equilibrium atomic-absorbance measurement. Samples of rocks and soils with mercury as low as 
1 ppM could be analysed, but only acid-soluble mercury would be extracted. The procedure has 
since been widely applied. Sample types include water,” 3204-209 biological fluids and 
tissue 2 ’ 5-2 2o rocks and sediments,2o * 92 2 ’ p2 2 2 soils and related materials2 2 2 a 

It Is important that recoveries of added organomercury compounds should be checked since 
the digestion before the reduction should give quantitative conversion of all mercury into Hg2 +. 
It is now customary to use an acid permanganate digestion medium for most sample types. 
Alternatives are aqua regia” 3 used on pulp and paper-board samples, and nitric acid for 
biologicaL 2 3 atmospheric and aquatic samples,2 ’ 8-2 ’ ’ y2 2 4 and foode2 2 ’ However, the nitric 



Determination of small amounts of mercury 217 

acid procedure was reported to be unsatisfactory for blood samples,2 l6 for which 
HC104 -HNOs is recommended. 226 The efficiencies of a number of digestion media for 
biological and other samples have been compared? 2 6 32 2 6a A mixture of perchloric, nitric and 
sulphuric acids has been used in the preparation of fish samples for analysis.2 1 ’ Vanadium 
pentoxide acts as catalyst in the digestion of biological materials.2 2 ’ Persulphate has been used 
to oxidise organomercurials in natural waters. 227a Loss of mercury during digestion must be 
guarded against (see section on calorimetric methods, above). A decompsotion bomb for break- 
down of rock and soil samples has been described. 2 2 ’ After decomposition, the contents of the 
bomb are dissolved and the solution analysed for mercury by the cold vapour method. 

The determination of mercury present as other than organomercurials in blood, urine and 
tissue does not require a preliminary digestion step.2 ’ Adjustment of the reaction conditions 
allows differentiation between organically and inorganically bound mercury. Magos2 2 8 digested 
biological samples with acid cysteine. Subsequently, reduction with SnC12 released only 
inorganic mercury but reduction with alkaline S&l2 -CdC12 released all mercury. Both 
procedures exploit the differences in rate of hydrolysis of mercury compounds. Baltisberger 
and Knudson used hydrogen peroxide to decompose organomercurials in a preliminary 
oxidation.2 2 8a A further differential reduction method has also been used to determine 
mercury.2 O 9 

In the cold vapour procedure, excess of oxidant remaining after digestion is destroyed by 
addition of a reducing agent such as hydroxylammonium sulphate or ascorbic acid. The 
stannous sulphate or chloride which reduces the mercury to the metal is added immediately 
before the aeration. If the reducing agent is omitted, the response to mercury is linear but 
somewhat lower. A number of techniques and modifications have been described which reduce 
interference and increase sensitivity. A common interference is water vapour, which is carried 
into the spectrophotometric cell from the reduction vessel and tends to condense on the cell 
walls. Water has been removed by passing the gas stream through a drying 
tube ’ y1 9 3 ,2 3 l-2 3 3 y3 2 9 usually containing magnesium perchlorate. However, the use of such a 
dryiig tube has been reported to lead to broadening of the absorption peaks as well as the 
introduction of memory effects. 2 3 4 Additionally, there is a danger that mercury may be lost 
by adsorption. It has been claimed that no interference from water is encountered if the 
spectrophotometric cell is kept at 16” - 21”.2 lo Lindstedt and Skare235 warmed the gas 
stream to 200’ before it entered the spectrophotometric cell - this also reduced the possibility 
of deposition of mercury on the walls of the apparatus. Drying agents were not required when 
the cell was heated to 200” .2 3 6 Vapour from the reduction vessel has been diluted with air to 
prevent condensation of water in the spectrophotometric ce11.2 34 A similar approach described 
by Thorpe14 involves the transfer by syringe of headspace vapour from the reaction mixture to 
the spectrophotometric cell. In contrast to the previous method, an equilibrium absorption 
reading may be taken although the flow-through method234 is perhaps better suited to the 
analysis of large numbers of samples. Other procedures take no specific precautions against 
water vapour interference’ 3 ’ or simply recommend a filter, e.g., cotton wool and sintered 
glass.2 3 8 

Sulphur-containing molecules and some cyclic organic compounds will interfere in the AAS 
measurement. Bubbling air through the sample under oxidizing conditions will remove some 
organic solvents before analysis.’ Chau and Saitoh’ ’ extracted the mercury in lake waters with 
dithizone, which served both to concentrate mercury and reduce interferences, before 
proceeding with reduction and aeration of the sample. Dithizone extraction of the digested 
sample followed by thermal decomposition of the dithizonate and measurement of the 
absorption of the mercury vapour released, has been used to try to overcome interferences from 
other species absorbing at the reasonance wavelength of mercury.’ 1 p2 3 ’ p2 4o Similarly, mercury 
has been precipitated from the digested sample as sulphide, which is collected and vaporized 
into a spectrophotometric cell. 2 5-2 ’ A concentration step in which mercury from the original 
sea-water sample is reduced and carried by an air-stream into a smaller volume of permanganate 
before determination of mercury is described. 2 9 ’ Since mercury readily amalgamates with 
noble metals, formation of an amalgam may be used to separate mercury from possible inter- 
fering species in the sample. The mercury may be trapped on gold, silver or copper after 
combustion of the sample or may be deposited from a solution after digestion. These methods 
will be discussed under the next section, on flameless techniques. 
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It is important for the attainment of maximum sensitivity that the volumes of the reduction 
cell and the spectrophotometric cell are in optimum ratio and that the dead volume in the 
system is at a minimum. This permits the highest concentration of mercury in the spectro- 

photometric cell. Although the “open” system, which records the maximum absorbance as the 
mercury is flushed through the cell, may give a higher instantaneous reading than is obtained 
for a closed circulating system, correction for non-atomic absorption by a continuum 

source242 must usually be done on a second “run” of the sample. The circulating system 

permits such a correction to be made on the vapour measured by means of the mercury 
resonance lamp. In addition, the open system requires that a recorder be used to register the 

signal, which may be affected by gas flow-rate through the reduction cell. The closed system is 

independent of this, but the need to provide a pump complicates the apparatus and may 
increase mercury losses by adsorption. Larger volumes of sample may be used in the closed 
system without affecting sensitivity, making it suitable where wet-ashing procedures are 

required. 
The cold vapour procedure has been automated. The samples may be digested separately 

before sampling by the automatic analyser.2 ’ 2 p2 ’ a y2 2 5-2 2 ’ y2 3 ’ y2 4 3-2 4 ’ Depending on the 
sample type, only a mild digestion may be required and this could be carried out by the 

automatic analyser. 

The method has been standardized for determination of inorganic mercury in inorganic 
samples.2 4 ’ a 

FlumeZess techniques. Flameless atomic absorption covers procedures where the mercury is 
released as elemental vapour either by combustion or thermal decomposition of the sample. 
The atomic absorption is commonly measured away from the decomposition point. Where the 
combustion procedure is followed, the gaseous combustion products often include interfering 
molecules for which a correction must be made. Both chemical and physical techniques have 
been used in efforts to solve this problem. 

For air samples, the air has been passed directly into a cell for spectrophotometric 
measurement, interferences being negligible. 246 To reduce mercury compounds in air to the 
atomic state, samples were passed through a carbon column at 1350” before entering a silica 
tube for measurement of mercury, with the 184.9~nm resonance line.24 ’ Mercury in air has 
been adsorbed on iodine-impregnated charcoal before being released by heating.224 This 

serves both to concentrate the mercury and to isolate it from possible interferences. Active 
charcoal alone has been used.2 4 7a 

For direct combustion of rock and mineral samples a glass-wool filter between sample- 

decomposition chamber and spectrophotometric cell was satisfactory.248 Direct absorbance 
measurement has also been made after direct heating of rocks.24 9 52 So Little interference 

(except perhaps from sulphurous minerals) would be expected from such samples. A stream of 

nitrogen, air or oxygen passing over the sample aids combustion and carries the released 
mercury into the spectrophotometric cell. Passing the combustion products over heated copper 
oxide, and mixing copper oxide plus silver vanadate’ ’ 2 or sodium nitrate’ ’ 3 with the sample 

has been used to aid the combustion. A mixture of silver and manganese oxides at 620” has 

been used for oxidation of gaseous organic products.2 5 4 
Halides and sulphur compounds in the gas-stream may be removed by passage over heated 

silver.2 5 ’ 92 ’ 3 Use of hot silver coils or heating with Na2 SO3 and passing the vapours through a 
silica-gel trap’ 5 5 (at 400’) also aids in oxidation of vapours.’ l8 A magnesium perchlorate 

drying tube has been used to remove water.2 48 LindstromZo5 and Lidurns’ 54 have used 
chemical absorption systems for the removal of interferences. 

Sodium carbonate reduces tar formation from the thermal decomposition of samples such as 
coal, sugar and cellulose materials. 25 6 The alternative to removal of interferences from the 
mercury-carrying gas-stream is to remove the mercury from the sample itself, collecting it in a 
form in which it may readily be volatilized into the spectrophotometric cell. Although mercury 
has been collected as the dithizonate’ ’ j2 3 9 y2 4o y2 5 ’ and as the sulphide2 5-2 ’ ,’ 4 Y2 ” a simpler 
method is probably amalgamation on gold, silver, or copper, or adsorption on a cool mixture of 
cobalt and manganese oxides. 254 Mercury is released for ultraviolet measurement by heating. 

One of the procedures with dithizone2’ ’ amalgamates mercury, released by thermal 
decomposition of the complex, on gold foil before its release for photometry. 



Determination of small amounts of mercury 219 

Although mercury absorbance has been measured in the vapour resulting from combustion 
after possible removal of some interferences’ OS ,* ’ ’ ,* ’ 9 ,* 6 ’ the majority of applications 
would require the further separation of mercury from other constituents in the vapour by 
amalgamation. Gold’ ’ * ** ’ 3 ,* ’ ‘-* 6 3 is generally used in the form of powder or wire, but a 
fritted glass disc coated with gold, through which the combustion gases are drawn, has been 
described.* ’ 6 Several amalgamations and desorptions are common in the separation of mercury 
from organics and water vapour. ’ l8 The methods depend on the gold remaining cool enough to 
be amalgamated by the mercury and there being a sufficiently clean surface for this. Though 
silver262 has been investigated as an absorber for mercury,264 gold has been used for 
amalgamation of mercury in analysis of stack gases from smelters* 65 while platinum foil has 
been used for retention of mercury after combustion of blood and urine samples? ’ * 

Copper’ 6 3 has been used for amalgamation of mercury vapour released from rock samples. 
Copper may be less satisfactory for amalgamation if reactive compounds are present in the 
combustion vapour. The amalgamation procedures where mercury is subsequently released into 
the spectrophotometric cell have the advantage that all the mercury can be released into the cell 
at one time. Studies of the release of mercury from samples by combustion* ’ 9 ,* 6o ,* 6 6 and 
from amalgam by heating * 64 show that gas flow and sample type will affect the rate of release 
and thus the absorbance reading in an “open” system. 

Amalgamation of mercury produced either electrolytically or spontaneously from a solution 
of the sample, also isolates and concentrates the mercury. Silver wire has been used for 
spontaneous deposition? 6s of mercury from sediment samples’ 6 ’ as well as foods, minerals 
and environmental material, and mercury was released by heating the wire. Gold foil retained 
mercury from digested rock samples.* 6 9 

Brandenberger and Bader *” deposited mercury onto a copper wire from solution. Mercury 
was released into the evacuated spectrophotometric cell when the wire was heated by passage of 
a current.* ” ,* ‘* Deposition on copper wire has also been used for the analysis of water 
samples* ’ 3 and radioactive samples,* 74 and the Hg was also released, by resistance heating, 
into a spectrophotometric cell. Electrolytic deposition on other electrodes has been 
described.275-2’6 

A combination of the reduction-aeration method and the amalgamation procedure, in 
which mercury released after reduction of the digested geological sample with stannous chloride 
is collected on gold wire clippings which are heated in a furnace to release mercury, has been 
described: ” as has the similar use of silver foil.* ” 

Correction for background absorption. In addition to the chemical and mechanical methods 
for separation of mercury from interferences in the absorption measurement in both flameless 
and cold vapour techniques, several instrumental techniques have been developed, testifying to 
the difficulty of obtaining adequate isolation. 

One of the earliest attempts*’ measured the absorption of the vapour in two units, the first 
using the mercury line at 253-7 nm while the second had a wide spectral bandpass and 
continuum source. The contribution of atomic absorption to the measurement in the latter unit 
is very small and it thus gives a measure of any non-atomic absorption. This is somewhat 
cumbersome and the principle has been adapted for a single instrument with the two 
measurements being made simultaneously .* 79 ,* *’ 

Another technique uses pressure broadening of the 253.7~nm mercury emission line to 
determine the effect of other absorbers.248 ,*’ ’ ,* ** Th e central portion of the pressure- 
broadened line is absent because the light is passed through an absorption cell saturated with 
mercury vapour; thus mercury will not absorb when this beam passes through the cell, but 
broad-band absorbers will. This absorption is compared with that obtained for the usual 
mercury emission which is affected by both atomic and non-atomic broad-band absorption. 
Ling’s instrument* s ’ ,* * * corrects for this before the final absorption is read. 

Removal of mercury by adsorption on palladium-impregnated glass wool allows 
measurement of residual absorption. This principle has been utilized* *3 in a double-beam 
instrument where the gas-stream is split, one half travelling directly to an absorption cell while 
the other passes over the palladium chloride filter before entering the second absorption cell. 
The difference in signal is due to absorption by mercury. 

In comparison with neutron activation, which has similar detection limits (l-10 ng), 
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non-flame atomic-absorption techniques are generally much less time-consuming and require 
relatively simple apparatus. They are being increasingly used. 

Catalytic procedures 
Catalysis by H2 +. Mercury in the Hg2 ’ form will catalyse the reaction between 

ferrocyanide, water and nitrosobenzene. Hadjiioannou284 utilized this property ln a method 
for the detection of mercury down to 0.1 ppm. The rate of formation of the reaction product is 
dependent on the amount of mercury present. The same reaction, which produces a violet 
compound, was followed on samples of soils and rocks where concentrations down to 30 ppM 
in a l-g sample could be detected. 2 * ’ In these methods, the catalytic effect is dependent on the 
concentration of Hg2 + present. This requires that all mercury present must be brought into this 
form. For biological samples this is probably best accomplished by oxidative digestion. 

Mercury(I1) will also catalyse the reaction between ferrocyanide and 1 JO-phenanthroline to 
yield ferroin and cyanide. The cyanide can be titrated coulometrically with iodine. The method 

determines down to 10 ppM of mercury? 85 a 
Inhibition by H?+ . The inhibition of an enzyme reaction by mercury allows determination 

of the mercury in the range 0*004--0.02 ppm. 2 8 6 The system under observation was that of the 
inhibition of invertase (P-fructofuranosidase) in its hydrolysis of sucrose. Toren and Burger,2 8 ’ 
using the glucose-glucose oxidase reaction, were not able to reach such sensitivity by their 
procedure (O-l-0.4 ppm Hg2 ‘). They made use of the further rapid reaction of one of the 
reaction products (Hz 02) with odianisidine, the reaction being followed spectro- 
photometrically. Because the system involves a coupled reaction, it may be expected to incur 
greater errors. 

In the case of inhibition of biological reactions, many metals will have effects similar or 
opposite to that of mercury and a large number of interferences are possible. The methods thus 
have limited application. 

Iodide catalyses the reaction between Ce(IV) and As(II1) or Sb(II1). Mercuric ion inhibits the 
catalytic effect of iodide to an extent depending on the amount of mercury present. The 
reactions are suitable for automation, and the automated procedures, eliminating operator 
variables, give the best results. A flow-through cell,2 8 8 in which the progress of the reaction 
between As(II1) and Ce(IV) in the presence of iodide and the mercury-containing sample could 
be followed, has been used to determine down to 0.2 ppm of mercury. The dynamic system 
reaches a steady-state concentration of Ce(IV), which is dependent on the concentration of 
mercury in the sample added. Bognir and Sfirosi used the iodide-catalysed Ce(IV)-As(III), 
Ce(IV)-Sb(II1) and the iodate-arsenite2 89 reactions. The level of mercury in the sample 
determined the time required to achieve the steady-state condition (Landolt effect). For the 
Ce(IV)-As(II1) and the Ce(IV)-Sb(II1) systems, ferroin was present to enable this point to be 
observed. The sensitivity of this procedure is poorer, the working range being l-10 ppm, but 
the iodate-arsenite system is useful for 0.2-2 ppm. The reaction between Ce(IV) and Sb(II1) 
in the presence of ferroin has also been used by Mottola. 2 9 o The Ce(IV)-As(II1) reaction has 
also been followed photometrically.2g r 

Elements which affect the rate of reaction between Ce(IV) and As(II1) and Sb(II1) must be 
absent. Additionally, the sample should be free from iodide or ions which react with iodide. A 
number of reactions for the determination of mercury, based on catalytic and inhibition 
effects, are discussed by Beck and Gaizer.’ g2 

X-Ray methods 
X-Ray detection methods generally require a concentration step since the sensitivity is 

inadequate for many present requirements. Leroux et al. 2 9 3 determined mercury in solution by 
X-ray absorption but the method is incapable of measuring mercury at levels below O.l%, 
making it unsuitable for many environmental mercury analyses. 

To overcome this lack of sensitivity, mercury from the sample has been collected on ion- 
exchange paper. Mercury, present on the paper in microgram quantities, has then been 
determined by an X-ray emission procedure. ’ 9 4 Another but less sensitive method has been 
described by Starchik et al. 2 9 5 (threshold sensitivity 1.9 mg). 

The accuracy of X-ray procedures can be affected by matrix effects such as absorption by 
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other species present in the sample, enhancement and particle-size effects. Optimum excitation 
and detection energies must be chosen to minimize these effects.’ g6 

A recently described procedure has a greatly increased sensitivity? ” Mercury vapour from 
the sample is mixed with an argon-nitrogen mixture, which intensifies emission at 253.7 run 
when the vapour is subjected to X-ray irradiation. The limit of detection is below 1 ppM. The 
disadvantage of the method lies in the requirement that all mercury from the sample must be 
brought into the vapour phase. 

The X-ray fluorescence determination of trace elements suffers from the disadvantages that 
the sensitivity (considerably lower than that of neutron-activation analysis or AAS) is affected 
by a large number of factors and any corrections for interference require involved calculations. 
In addition, fewer laboratories are equipped for this type of analysis than for atomic 
absorption. 

Spectrographic emission methods 
A number of attempts have been made to improve the sample preparation technique and 

thereby increase sensitivity. A spectrographic procedure for the determination of the mercury 
in wet digested biological samples involves collecting mercury as an amalgam when the digest is 
passed through a column of copper dust and, after drying with acetone, transfer of the copper 
dust to the cavity of a carbon electrode. This is then excited in a d.c. arc. Less than 10 pg of 
mercury in a sample may be recovered by this method. ” * A similar procedure also involves the 
collection of mercury on copper dust.’ ” 

A polystyrene-coated cavity in a carbon electrode has been used to hold dissolved sample3 O” 
for spectrographic analysis. Mercury in sulphuric and acetic acids has been determined by 
evaporation with carbon powder and subsequent excitation of this carbon powder in a d.c. 
iXC. 3 o l Although a sensitivity of 0.01 ppm is reported for sulphuric acid, a flameless atomic- 
absorption measurement on the carbon deposit allows the same sensitivity to be attained, while 
in the case of acetic acid, a sensitivity of O*OOS ppm is possible, compared with the O-02 ppm 
by the spectrographic method. An increased sensitivity enabling detection of mercury down to 
1 ppM, has been obtained for effluent samples by extracting with dithizone in carbon tetra- 
chloride before absorption of the extract on carbon powder.3o2 The carbon powder is then 
placed in a special electrode for spectrographic analysis. 

To increase the sensitivity of the spectrographic determination of mercury, elements of 
lower ionization potential may be removed by controlled distillation. Separate evaporation is 
achieved by the use of specially designed electrodes and arcing conditionsJo which also 
produce more intense spectra. A low intensity a.c. arc and two electrodes, each carrying sample, 
have been used in the determination of 3 x 10m4% mercury in minerals.3 O4 

An inductively-coupled high-frequency plasma source has been applied to the determination 
of mercury by atomic emission spectrometry at wavelengths below 200 nm.3o5 One of the 
most significant developments in emission analysis has been the introduction of the helium 
plasma discharge. By this means 0-l ppM of mercury306 may be detected. The mercury from 
the sample must be introduced into the discharge region as elemental mercury in a stream of He 
carrier gas. The elemental mercury may be released either by direct combustion or by the 
reduction of mercury in solution and purging with carrier gas. 

A method using a radiofrequency plasma into which elementary mercury from a solution of 
the sample is carried by a stream of helium, and measurement of the rise in emission intensity, 
has also been described.“’ The detection limit is given as 2 ng, noble metals and chloride ion 
being the strongest interferences. 

Titration procedures 
Indicator methods. The most common type of titration, where the end-point is detected by 

some type of visual indicator reaction, is not widely used for microtitrations. The end-point is 
more often detected by physical methods. Further, the very low concentrations of interest mean 
that mercury cannot usually be determined by direct titration. Usually, some kind of indirect 
procedure, back-titration or determination of a species the concentration of which is dependent 
on that of the mercury present, is used. 

‘Ihiosulphate was used as titrant for determination of down to 60 pg of mercury by the 
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Schulek cyanogen bromide procedure. 3 Og Two methods based on reduction of Hg2 + have been 
published. One, having a working range of 50-100 mg of Hg in the sample used,310 is not 
sufficiently sensitive for many applications. The mercury is reduced to the metal by reaction 
with alkaline glucose. The metallic mercury reduces Fe(II1) to Fe(H) and the Fe(I1) formed is 
determined by titration with acidified ceric sulphate, iV-phenylanthranilic acid being used as 
indicator. A large number of metal ions can interfere in the reaction and the mercury must be 
in the inorganic form. The second3 1 1 is based on the reduction of Hg2 + to Hgz+ by ascorbic 
acid and titration of the unconsumed ascorbic acid with bromosuccinhnide, with Methyl Red as 
indicator; 100 pg of mercury were determined but only in urine and food samples where 
mercury was added as HgCl2. The method was not tested on organomercury compounds. 

N-Carboxyalkyl derivatives of aminonaphthalenesulphonic acids can act as metallo- 
fluorescent indicators for titration of mercury with EDTA. However, these will probably not be 
useful for concentrations below 1 ppm.3 ’ 2 

Thermometric titration. Thermometric titration with periodate31 3 has been used to 
determine 1 mg/ml Hg. A much more sensitive procedure3 ’ 4 developed by Burton and Irving 
used potassium iodide as titrant. The end-point was detected by the catalysis, by excess of 
iodide, of the oxidation of As(III) with Ce(IV); O-1 ppm of mercury can be detected by this 
method but the system is subject to interference from species which will affect the reaction 
rate. 

High-frequency titration. High-frequency titration in non-aqueous media has been used for 
the complexometric determination of mercury above 5 ppm with EDTA.3 ” 

Amp&ometric titrations. These methods are generally able to determine lower concentrations 
of mercury than thermometric or volumetric procedures can. However, even here, the lower 
limit of the working range is much higher than can be obtained with atomic absorption or 
neutron activation analysis. 

Lotareva3 ’ 6 titrated Hg2 + with sodium diethyldithiocarbamate solution and was able to 
determine lo-100 pg of mercury in a 15ml sample. A more sensitive method involves the 
formation of the imidazolidine-20-thione complex. This enables 0.4-100 ppm of mercury to be 
determined.3 ’ ’ 5-Bromo8-mercaptoquinoline has also found use in amperometric titration, 
allowing mercury down to 0.18 ppm to be measured.3 r* It is doubtful whether the 
amperometric titration of mercury with sulphide (used for analysing mercury-antimony 
sulphide ores) can be adapted to very low concentrations.3 1 ’ 

Potentiometric titration. The iodide ion-selective electrode has been used as the end-point 
detector for potentiometric titration of mercury?72 3320 This procedure would also be 
expected to be less sensitive since the iodide electrode would show some instability at low 
iodide levelsand could be affected by other ions in solution. 

Generally, the titrimetric procedures lack the sensitivity of other methods. The absence of 
the many interfering species which could react with the complexing or precipitating titrants 
must be ensured. 

Polarographic techniques 
The anodic stripping technique using a carbon electrode permits direct determination of 

mercury. The wax-coated graphite electrode originally used 3 2 ’ ,32 2 has given way to the glassy 
carbon electrode, which increases the sensitivity. From 0.1 ppm down to 5 ppM of mercury can 
be determined by the procedure of Miwa et al. 3 2 3 Other approaches have involved extraction 
before the polarographic determination. 32 3 T3 2 5 An extremely sensitive procedure which uses 
solvent extraction to isolate the mercury, followed by anodic stripping polarography, is 
described for the determination of mercury in high-purity lead.3 24 The method will be limited 
to samples where similar interferences are encountered. 

Some indirect polarographic procedures have been described.32 s-32 ’ Mercury can be 
determined from its effect on the height of a standard sulphide peak when sample is added.326 
Noble metals would interfere in the analysis. A modification of this procedure uses 
organosulphur compounds such as thiourea, thionalide, 2-mercaptobenzothiazole or 
dithio-oxamide instead of sulphide.3 2 ’ 

Mercury is measured indirectly by a.c. polarography of dithizone solution, where the change 
in dithizone concentration after extraction of the mercury dithizone complex is related to the 
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amount of mercury in the sample. 32 5 Steps may be taken to minimize interferences from 
cations which form extractable complexes with dithizone. The use of a.c. polarography allows 
more accurate determination at low concentrations, although the anodic stripping procedure 
has greater sensitivity. 

Although the polarographic procedure can achieve sensitivities down to the order of ppM, 
this is only possible where interferences can be eliminated. The sample must be brought into 
the correct form for analysis. 

Coulometric production of iodide for use in titrations of mercury has been used for 
determination of microequivalent amounts of mercury in a sample.328 Anodic stripping 
chronopotentiometry has allowed determination of O-l-100 ppm of Hg.j’ ’ 

Miscellaneous techniques 
Developed for the determination of mercury in air, a diffusion-chamber apparatus, capable 

of measuring down to 10-l ’ mole/cm3 (approximately 0.05 ppm) is used to observe the 
formation of condensation nuclei under the influence of 253*7-nm radiation.330 This 
procedure would require that the mercury be present in the atomic vapour form. Another 
apparatus 331 for determination of mercury in the elemental or reducible forms collects 
mercury on a gold or silver surface as amalgam. This is then heated to vaporize the mercury, 
which in the presence of air and ultraviolet radiation, forms HgO condensation nuclei which are 
counted. This procedure is applicable to liquid or solid samples from which mercury can be 
collected as an amalgam, either directly from solution or after reduction and aeration of the 
(dissolved) sample to convert mercury into the elemental form. 

Adsorption of elemental mercury vapour on a thin gold film leads to resistance changes in 
the film. A portable instrument, capable of measuring 0.05 ng of mercury by using this 
phenomemon, has been constructed. 332 If mercury in the sample can be brought into the 
elemental vapour form, this method can be used. However, as in the combustion- 
amalgamation-atomic-absorption procedures, it is important that Impurities present in the 
mercury vapour stream are not deposited on the surface of the gold film, thereby reducing its 
adsorption efficiency. In this procedure the vapour is scrubbed to eliminate interfering species 
(e.g., H2 S) before reaching the gold film. 

Spark-source mass-spectrometry has been used in conjunction with isotope dilution to 
measure traces of mercury in orchard leaves. The samples were wet-ashed and mercury 
electro-plated onto gold wire cathodes.3 32 a 

SUMMARY 

Since analysis for trace amounts of mercury is most often carried out on environmental 
samples (tissue, water, air) most methods of analysis will encounter at least some interferences 
as well as being dependent on a preliminary digestion to bring mercury into solution in the 
desired form. 

Because of their comparatively low sensitivity, X-ray fluorescence and spectrographic 
emission methods usually require a concentration step. In the case of the former the equipment 
is not found in many analytical laboratories. The volumetric and thermometric titration 
procedures lack the sensitivity of atomic absorption or neutron activation while methods based 
on catalysis or inhibition by Hg” are too susceptible to interferences to be generally 
recommended. Of the electrochemical techniques, polarography is probably the most sensitive 
but this will depend on the complexity of the sample to be analysed. 

The susceptibility to interference from other constituents in the sample makes the 
calorimetric procedures less attractive, though in ideal conditions they could detect O-05 ppm. 
Minimizing the interferences may make the procedure quite tedious. In addition, one of the 
most commonly used and sensitive reagents (dithizone) forms a complex which is very sensitive 
to light and temperature. All procedures In which reagents are added to remove interferences or 
to concentrate the mercury run the risk of introducing mercury as an impurity in the reagents. 
High blank values reduce the sensitivity of analysis. 

Atomic fluorescence, having the advantages of not requiring a closed cell and thereby 
eliminating fogging of windows as well as being virtually unaffected by broad-band absorption, 
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may become more attractive with the improvement in light-sources and the adoption of the 
cold vapour or flameless procedures, although a closed system with all mercury from the sample 
present may be more sensitive. 

Radiochemical procedures require activation sources or a supply of tracer, the availability of 
which probably reduces the degree of their usage. The methods are, however, very sensitive and 
as well as having much lower levels of activation require generally less manipulation than 
neutron-activation procedures. Isotope dilution methods are readily automated. 

Neutron activation, although applicable to samples where there is an extremely low mercury 
content, is not widely used because of the equipment and instrumentation required. Detection 
of mercury at the O-1-ppM level is possible. Considerable manipulation of the sample may be 

required to reduce interference, however. Nevertheless, in cases where the amount of sample is 
limited, neutron activation provides the only suitable means of non-destructive analysis. 

In addition to differentiating between organically and inorganically bound mercury, 
chromatography may allow identification of the organomercurials present, making it a 
technique particularly useful in environmental studies. 

Conventional atomic absorption has a poor sensitivity compared with that of the flameless 
and cold vapour modifications, which approaches that of neutron-activation. Concentration 
procedures such as amalgamation have the advantage of removing a considerable amount of 
interference with little danger of contamination and the mercury can be easily driven off the 
amalgam for flameless atomic-absorption measurement. The techniques are generally fairly 
simple and, if required, corrections for non-atomic absorption can be readily made. The cold 
vapour system has the disadvantages that absorbers such as water vapour may be present and 
that not all the mercury is present in the absorption cell at the same time, but these can be 
minimized by careful design of the system. The sample-combustion procedure has the 
advantage that the mercury is released without long digestion being required but this is offset to 
some extent by limitation on the size of organic samples which can be burnt completely in the 
system. Again, with modification of the system (traps for interferences or amalgamation and 
release of mercury) most such drawbacks can be overcome. The relative simplicity of the 
system and its sensitivity make it attractive for routine use for a wide variety of samples, 
although it is more difficult to automate, a solid sample usually being analysed. Most 
automated methods still reply on a separate digestion to bring mercury into the Hg2+ form 
before its introduction into the analyser. 

The wide use already being made of the atomic-absorption procedures is indicative of their 
suitability for routine determinations. Analysts are familiar with the principles involved and the 
equipment can be assembled relatively easily and inexpensively. Since the sensitivity attainable 
is comparable to that of the most sensitive procedures, there is likely to be increasing use of the 
method when values for mercury content are sought. 
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APPENDIX 

The following tables constitute a guide to the types of sample which have been analysed by 
some of the methods described in the text. In cases where sample type is not specified the 
method has been applied to solutions containing Hg2’ . The concentration limits quoted are the 
approximate lower limits to which the procedure is applicable. In the flameless atomic- 
absorption procedures the lower useful limit of the method is often better described by the 
amount of mercury measurable. However, to facilitate comparison with alternative procedures 
these limits are quoted as concentrations on the basis of a l-g sample. Where a larger sample 
may be used the method becomes more sensitive. The quoted lower useful limit of the method 
is an approximation to the nearest order of magnitude. 

Calorimetric methods 

Reagent Sample type Lower useful References 
limit 

water 
air 
soil 

coal 

0.15 /.!g 
0.1 ppm 
0.01 ppm 
1 ppm 

?’ ppm PPM 
0.1 ppm 
0.1 ppm 
0.01 ppm 
1 ppm 
0.1 ppm 
0.01 ppm 
0.1 ppm 
0.01 ppm 
1 PPM 
0.1 ppm 
0.1 ppm 
0.1 ppm 

0.01 ppm 

337 
36 

f3 
56 
42,43 
41 
338 
45,46,47 
61 
55 
44,47,48 
39,s7 
37 
38 
336 
44 
53 
28,94 

2; 

:x 

:: 
76 

metals 
plant material 

animal tissue 

Dithizone 
Di-(2-naphthyl) thiocarbazone 

Diphenylcarbazone 
1-(ZPyridylazo)-2-naphthol 
4-(2-Pyridylazo)-resorcinol 
1,3-bis-(4-NitrophenyD-trlazene 
4,4-bis(Dimethylamino)diphenylamine 

(Bindschedler’s Green) 
Methyl Green(C.1. Basic Green 5) 
Brilliant Green (CL Basic Green 1) 
Crystal Violet (C.I. Basic Violet 3) 

Ruhemann’s Purple 
Methylene Blue 
Xylenol Orange 
Rhodamine B 
Antipyrine dyes 
Pyrazolone dyes 
5-Nitrofurfuralsemicarbazone 
Thiothenoyltrifluoroacetone 
Oxamide bis@henylhydrazone) 
N-Phenylbenzohydroxamic acid 
Sulpharsazen 
Meialphthalein 
2,2 -Bipyridyl-Fe(H) 
his-AntipyrinyWdithioformato-Ni(I1) 

urine 

blood 
eggs 
organic matter 
air 
selenium 
organomercury residues 1 ppm 

1 ppm 
0.1 ppm 
1 ppm 
0.1 ppm 

0.1 ppm 
0.1 ppm 
0.01 ppm 
0.1 ppm 
0.1 ppm 
0.1 ppm 
1 ppm 
1 ppm 
0.1 ppm 
0.1 ppm 
0.1 ppm 

water 0.1 ppm 
0.1 ppm 
0.1 ppm 
0.1 ppm 
0.1 ppm 
0.1 ppm 
0.1 ppm 

335 
a3 
81 
334 
89 
85,333 
a4 

z 
88 
72,73 
75 
68 
71 
74 
78 
86,87 
90 
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Neutron activation methods 

Sample type Lower useful 
limit 

References 

water 

air particulates 
rocks 

1 PPM 129 
0.1 ppM 110 
0.01 ppM 99,109,111,133 
1 in 101s 105 

123.126.132 

soils and sediments 
coal 
metals 
plant materials (including grains) 

animal tissue 

milk 
blood 

ew 
chemicals and laboratory materials 

1 ppm 
0.1 ppM 

10 PPM 
10 PPM 

1 PPM 
1 ppm 
0.1 ppm 

10 PPM 
1 PPM 

10 PPM 
1 PPM 
0.1 ppm 

10 PPM 
1 PPM 

10 PPM 
10 PPM 
0.01 ppM 

120; 134’ 
115,138 
97,98,138 
107 
126 
112,122 
138 
99,103,104,108,113,116 
97,121,122,125,130,138 
96,102,119,121,139,140,141 
122 
98,136 
19,117 
122,141 
121 
111 

Flameless atomic-absorption methods 

Sample type Lower useful 
limit 

References 

water 

soils and sediments 
rocks 

coal 
animal tissue 

urine 
organic matter 

2. preliminary deposition 

10 PPM 
1 PPM 

10 PPM 
10 PPM 
0.1 ppM 

10 PPM 
10 PPM 
0.1 ppm 
1 PPM 
0.01 ppM 

253 
205 
253 
248,253 
260 
253 
253 
251 
205 
255 

Sample type Lower useful 
limit 

References 

water and effluents 
air 

soils and sediments 

rocks 

coal 
inorganic chemicals 
animal tissue 

urine 
eggs 
organic matter 

0.1 ppM 
10 PPM 
0.001 ppM 

10 PPM 
0.1 ppm 

10 PPM 
1 PPM 
0.1 ppM 
0.1 ppM 
1 PPM 

10 PPM 
1 PPM 
1 PPM 

10 PPM 
1 PPM 

25,27,267,270,272,273,278 
269 
252 
269,275 
278 
263,269,275 
262 
254,277 
118 
252 
54,257,258 
252.254.261 
276’ ’ 
54 
254 
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Cold vapour atomic-absorption methods 

Sample type 

water and effluents 

air 

soil and sediments 

rocks 

coal 
metals and inorganic chemicals 

plant materials (including grains) 

animal tissue 

urine 
blood 

eggs 

Lower useful 
limit 

‘! ppM PPM 
0.1 ppM 
0.01 ppM 
0.001 ppM 
1 PPM 

;; PPM 
PPM 

1 PPM 
10 PPM 

: 
PPM 
PPM 

0.1 ppm 
1 PPM 
0.1 ppm 

10 PPM 
1 PPM 
0.1 ppm 

10 PPM 
1 PPM 
1 PPM 

10 PPM 
1 PPM 

10 PPM 

References 

213,214,224 
201,208,210,211 
5,209,212 
11,15 
241 
210 
224 
229 
211,222 
221 
208 
236 
201 
203,208 
14 
92,218,220,223,221 
236 
14,219,226,243 
92,214,218,220,225,221,228 
211,236 
211,216,217,224,235 
92,226 
210 
54 
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COULOMETRIC INVESTIGATION OF THE DRYING 
METHODS FOR THE STANDARD REFERENCE MATERIALS 

POTASSIUM DICHROMATE AND SODIUM CARBONATE 

TAKAYOSHI YOSHIMORI and NORIYUKI SAKAGUCHI 

Faculty of Engineering, Science Umversity of Tokyo, Kagurazaka. ShinJuku-ku. Tokyo, Japan 

(Receioed 21 June 1914. Accepted 13 Septetnher 1974) 

Summary-The water content of dned potassium dichromate and sodium carbonate, which had 
been heated at various temperatures and then cooled in a “desiccated” atmosphere of argon, was 
measured by a coulometric microdetermination method. The amounts of water in the dried stan- 
dard reference materials depended mainly on the heatmg temperature and only a little on the desic- 
cant used. The dichromate and carbonate contained less than 50ppm of water when they were 
heated at temperatures higher than 200” and 250” respectively and then cooled in an atmosphere 
of argon desiccated with magnesium perchlorate. Sulphuric actd was not advisable as the desiccant 
for sodium carbonate. 

There are many differences in the drying procedures for “Standard Reference Materials” 
(SRMs) for volumetric analysis. In particular the procedures for potassium dichromate 
and sodium carbonate differ appreciably in text-books and research investigations. For 
example, Marinenko and Taylor dried the dichromate by two methods; first, the pulver- 
ized reagent was heated at 1 lo” for 24 hr and then cooled in a desiccator containing mag- 
nesium perchlorate,’ secondly, the reagent was dried for 6 hr at 130” and cooled in a 
phosphorus pentoxide desiccator. ’ Although they obtained excellent results for the purity 
of the reagent, there was no evidence that the samples were completely dry. Some 
authors3-5 have shown that the dichromate can be dried by melting. They warn, however, 
that decomposition of the reagent to green chromium(II1) oxide was sometimes observed 
in the melt. Yoshimori et al. purified the reagent by the zone-melting method, and obtained 
very pure products.h This suggests that the reagent may be dried at higher temperature 
without decomposition. The water in the dichromate is present in cavities in the crystals, 
which explains the role of the pulverizing.’ 

On the other hand, sodium carbonate is recommended by IUPAC’ and the Society for 
Analytical Chemistry as an SRM,9 and has been used as such in Japan for about 40 yr. 
According to the procedure shown by IUPAC and SAC, the reagent should be dried at 
270 + 10” to constant weight, and Japanese Industrial Standards recommend heating at 
higher temperature (50%650”) for 4c.50 min in a platinum crucible. Various drying condi- 
tions for this reagent, given in the literature, have been summarized by Laitinen.’ ’ 

Newkirk and Laware12 pointed out that the thermogravimetric investigations on the 
drying procedures for SRMs, are of little value, and Laitinen13 had some doubts on the 
sensitivity of the thermobalance. 

As the next stage, the heated reagents must be cooled in a desiccator before weighing. 
The hygroscopicities of the reagents in this process decrease their purities. Kolthoff’4 
warned that the dried carbonate takes up moisture during the opening and closing of a 
container. By using the desiccator shown by Peck,’ 5 we can largely eliminate this problem. 
However, the selection of the desiccant and the adsorption of water vapour on the con- 
tainer (weighing bottle) may be the next sources of trouble. The wide range of the relative 
efficiencies of desiccants has been shown by Kolthoff and Elvingi6 and by Trusell and 
Diehl.” Booth and McIntyre also indicated that the air in a desiccator took 2 hr to reach 
equilibrium after the lid was closed. l8 

For these reasons, Madej and Rokosz” prepared single crystals of some reagents. Fol- 
lowing up this idea, Yoshimori and Tanaka analysed single crystals of commercial sodium 
chloride” and of sulphamic acid prepared by themselves.21 Although the crystals had 
excellent purity and adsorbed little water on their surfaces, the purity differed somewhat 

233 



234 TAKAYOSHI YOSHIMORI and NOIUYUKI SAKAGLJCH~ 

from crystal to crystal. Therefore, the crystals analysed were not suitable as ultimate stan- 
dards but only as secondary reference materials for analysis of ordinary or somewhat bet- 
ter accuracy. Thus powder-type SRMs are still necessary. 

Since we cannot weigh completely dry SRMs very easily, it is convenient for us to know 
what amount of water is present in the SRMs under practical weighing conditions and 
also what procedure is preferable. 

In this paper, we demonstrate the coulometric measurement of the water content of 
dried and cooled potassium dichromate and sodium carbonate. The method involves the 
conversion of the water into ammonia, in an argon carrier, with sodium amide, followed 
by the coulometric titration of the ammonia with electrogenerated hypobromite ion.22, 23 

EXPERIMENTAL 

Apparatus 

The apparatus used m this investigation was fundamentally the same as that of previous reports,23, 24 and 
1s shown in Fig. 1. The U-tube, which had a by-pass circuit with a stop-cock (K), was inserted between the argon- 
purification train and the entrance to the sample heating tube. The titration cell and the apparatus for coulo- 
metric titration were also the same as in the previous reports. 

Procedure 

The pulverized sample (0.2-0.3 g) of potassium &chromate or sodium carbonate was weighed into a quartz 
or platinum boat respectively, and the boat put into the heating tube. The sample was then heated at a definite 
temperature for 3 hr for the dichromate or 1 hr for the carbonate. under dried argon which was by-passed 
through the stop-cock (not through the U-tube). Then the stop-cock was closed and the gas was allowed to flow 
through the desiccant in the U-tube. Therefore. the argon then contained some water vapour from the desiccant 
itself. The sample was taken out of the furnace and allowed to cool to room temperature for 1.5 hr under the 
same argon stream. During this cooling, the water vapour could be adsorbed by the dried sample. 

The argon was then again made to by-pass the U-tube, by opening of the stop-cock. The sample was again 
introduced into the furnace and heated at higher temperature (400” for potassmm dichromate and 600” for 
sodium carbonate). The water released from the sample by this heating was converted into ammonia with sodium 
amide and the ammonia was determined by coulometric titration. The technique has been described in detail 
elsewhere.22-24 

The amounts ofwater determined here may be both the residual moisture in the sample and the water trapped 
by the sample during the cooling process. Because the sample cannot come mto contact with atmospheric mois- 
ture and is heated m dry argon, this procedure is not exactly the same as the ordinary drying process for SRMs 
but we considered that it was suitable for investigation of the best drying temperature for SRMs and selection 
of the desiccant for the cooling desiccator. 

RESULTS AND DISCUSSION 

Potassium dichromate 

As a preliminary investigation, weighed portions of the reagents were heated at various 
temperatures and the amounts of water released from the samples at each temperature 
were determined coulometrically. The results obtained are shown in Fig. 2. The amounts 
of water released from a commercial reagent (analytical grade) was much larger than those 
from the National Bureau of Standards (NBS) and also increased at temperatures above 
the melting point. This is one piece of evidence for the presence of organic impurities in 

Fig. 1. Apparatus for heatmg and cooling the sample. 1, CuO furnace; 2, NaOH; 3, Mg(ClO&; 
4, P205 ; 5, Ti furnace; 6, U-tube containing desiccant; 7, magnet; 8, heating furnace; 9. NaNH2 ; 

10, oil-bath. 
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250 

r 

Heating terqx?rotum 

Fig. 2. The amounts of water released from potassium dichromates by heating at various 
temperatures. +O Commercial reagent (analytical grade). x __ x SRM 136~ from NBS. 

the commercial reagent. The results for the NBS material show that the dichromate 
released its water completely on heating at 400”. 

The water contained in samples which were heated and cooled by the procedure de- 
scribed above was next determined, and the results are shown in Fig. 3. Much water was 
released from the commercial reagent and also extremely high results were sometimes 
obtained (notshown in the figure). In such cases a green compound [chromium(III) oxide] 
was found at the bottom of the melt after the determination. This is the other evidence 

xx)- l 

150- \ 
. 

I I I I 
;\? 

100 190 xx, 250 300 350 

Heating tempemture 
Fig. 3. Water contents of potassmm dichromates treated by the procedure described in the text. 
-0 Commercial reagent (analytical grade). x-x SRM from Industrial Inspection 

Institute Japan (IIIJ). Desiccant H2S04, heating time 3 hr. 
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Heating temperature 

Fig. 4. Water contents of potassium dichromate SRMs treated by the procedure described in the 
text. U-0 SRM 1% (NBS), desiccant Mg(C104)2. x __ x SRM (IIIJ), desiccant Mg(ClO.&. 

t-0 SRM (IIIJ), desiccant H,S04. Heating time 3 hr. 

for the presence of organic impurities in the reagent. In the examination of the SRM certi- 
fied by the Industrial Inspection Institute (Japan), we could find no anomalous results and 
no green compound. Hence, if we wish to purify the reagent by recrystallization. we have 
to be extremely careful to avoid contamination by organic materials. 

The Japanese and NBS (136~) samples were analysed by the given procedure in the 
investigation of the selection of desiccants, and the results are shown in Fig. 4. From 
these results, it is clear that the reagent must be dried at a temperature higher than 
350”, if extremely dry reagent is needed. In the ordinary case, however, the pulverized 
dichromate may be dried at a temperature higher than 200”, if the accuracy of the 
following analysis allows 0.005% of moisture in the reagent. The efficiency of the drying 
agent in the desiccator is not so important if the heated sample is not stored for a long 
time. Magnesium perchlorate will keep the sample dry, though in blank experiments it 
released somewhat more water into the argon than sulphuric acid did. (This result is 
not proof that the acid is a better desiccant, since both the equilibrium water vapour 
pressure and the rate at which equilibrium is reached both have to be taken into 
account). We consider that adsorption of water by the glass container for the reagent,23 
and the moisture in the air which enters the desiccator on opening the lid.i8 cause more 
trouble than water vapour from the desiccant. 

Sodium carbonate 

The SRM certified by the Industrial Inspection Institute (Japan) was used in this investi- 
gation, and the results are shown in Fig. 5. Generally, the reagent contained more water 
than that in potassium dichromate. The carbonate, however, released water appreciably 
at 200”, and the procedure for heating the reagent at 270” which is recommended by 
IUPAC etc. is reasonable when the reagent is to be used as an SRM with ordinary accu- 
racy. The completely dehydrated reagent may be obtainable by heating the carbonate at 
just above its melting point, in an atmosphere of carbon dioxide.15 The experimental con- 
ditions adopted here seem not to warrant final heating at 600”, to obtain complete 
dehydration, but the observations of Newkirk and AliferisZ5 may support the use of this 
temperature. 

The results in Fig. 5 also indicate that the heated carbonate should be cooled in a desic- 
cator containing magnesium perchlorate. Although the sulphuric acid used in this investi- 
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, “pi 

200 MO 400 500 600 

Heating temperature 
Fig. 5. Water contents of sodium carbonate SRM treated by the procedure described in the text. 

M Desiccant Mg(ClO& ; x __ x desiccant H#O.,. Heating time 1 hr. 

gation was somewhat more effective than magnesium perchlorate, the water contained in 
the cooled carbonate when the acid was used as the desiccant always exceeded that when 
magnesium perchlorate was used. This phenomenon indicates that a trace of the acid was 
vaporized into the argon stream and reacted with the carbonate. The observations of 
Gore,26 for reduced pressure conditions, also support the results in this figure. The car- 
bonate, dried at 600” and cooled in argon passed through magnesium perchlorate, 
released 5.7 ppm of water on heating at 600”. This indicates the limit of the power of 
the desiccant and the hygroscopicity of the carbonate. Phosphorus pentoxide was not in- 
vestigated here because it sometimes contains the trioxide.27 

CONCLUSION 

Potassium dichromate and sodium carbonate should be dried at temperatures higher 
than 200” and 250” respectively for 3 hr, and be allowed to cool in a desiccator containing 
magnesium perchlorate. By this procedure the water in the reagents is decreased to less 
than 50 ppm (0405%). Melting procedures for these reagents are also advisable, when the 
investigator needs the completely dried reagents. Great care must be exercised to avoid 
errors arising from atmospheric moisture and water adsorbed on the container used for 
the reagents. 
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Summary-The kinetic inertness of the chromium(III) aquo-ion towards substitution reactions 
with oxalate has been exploited for selective separation of chromium from other elements. Most 
transition elements. with the notable exception of chromium react rapidly with oxalate, and may 
be sorbed on a strongly basic anion-exchange resin as anionic oxalato complexes. On the other 
hand chromium sorbed on a cation-exchange resin is not eluted with oxalic acid solutions. This 
permits separation of chromium from elements which react rapidly with oxalate. 

The separation of chromium, present at various levels of concentration in minerals, techni- 
cal products and biological materials, is of general interest to analytical and clinical che- 
mists. The element plays an important role in industry, and recently it has been associated 
with carcinogenic hazards.” 2 Consequently a number of elaborate procedures for separ- 
ation and determination of the element in biological samples such as plasma, urine and 
faeces3-6 have appeared in the literature. In this laboratory we have given priority to the 
determination of the element in mineral samples under an existing wide programme for 
study and evaluation of the local mineral potential. The element commonly found in as- 
sociation with chromium in minerals, industrial products and biological samples is iron, 
or to a less extent aluminium. We have therefore paid attention to the separation of chro- 
mium in systems containing iron and aluminium.’ 

Some of the successful methods for selective separation of chromium by ion-exchange 
involve anion- or cation-exchange of chromium(VI).7-10 Procedures for ion-exchange sep- 
aration of chromium(II1) are rare, mainly because the element in this state shows a similar 
distribution coefficient to those of its accompanying elements, iron and aluminium. 

The ion-exchange behaviour of chromium(II1) is characterized by the tendency of the 
element to be held tenaciously on cation-exchange resins so that it is not easily desorbed. 
This is a consequence of the kinetic inertness of chromium(III).” 

The kinetic inertness of chromium and a few other transition elements offers good pro- 
spects for general application in analytical chemistry. In a recent thorough treatment, Ali- 
marin12 demonstrated the immense possibilities for application of the kinetics of complex 
formation in analytical chemistry. In ion-exchange the kinetic inertness of chromium has 
found application in cation-exchange separation of the element from others in solutions 
containing citrate.’ 3 Similarly the separation of chromium with a chelating resin has been 
reported.14 

Ligand-substitution reactions involving chromium have been widely investigated. In a 
thorough study of the literature, we discovered the kinetics of the reaction between the 
chromium(II1) aquo-ion and oxalic acid’ ‘-’ 8 to be particularly favourable for our present 
investigation. Most transition elements react quickly with oxalic acid to form stable 
anionic complexes which exhibit large distribution coefficients” with strongly basic 
anion-exchange resins. On the other hand chromium(II1) reacts extremely slowly in the 

* Part I: Analyst, 1972 97, 820 
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cold to form sorbable oxalate complexes. Thus chromium(II1) is not desorbed in appreci- 
able amounts from a cation-exchange resin by cold oxalic acid solution, whereas the elu- 
tion of other elements such as iron and aluminium takes place rapidly. When cold solu- 
tions of oxalic acid and chromium(II1) are passed rapidly through an anion-exchange resin 
immediately after mixing, almost all the chromium (cu. 99%) is recovered in the effluent 
solution. Iron and aluminium are retained under those conditions. 

EXPERIMENTAL 

Reagents 

Analytical-grade Amberlite IRA 400 and 401 resins supplied in the chloride form by Rohm and Haas were 
converted mto the oxalate form. The resin in the chloride form was stirred for 24 hr in IM sodium hydroxide. 
The resm, after filtering and washing with distilled water, was stirred for another 24 hr in a mixture that was 05M 
m oxalic acid and 05M in sodium oxalate. The resin was filtered off and washed with distilled water and with 
acetone. After air-drying the resin was placed in a vacuum oven at 45” for 12 hr. The dry resin obtained (Amber- 
lite IRA 401) had a capacity of 4.4 meq/g based on oxalate content. This compares well with the value 4.3 quoted 
by the manufacturer.20 

The Dowex 50 x 8 (1452 BSS, hydrogen form) (Dow Chemical Co.) was purified by washing with hydro- 
chloric acid followed by distIlled water. After filtering, the resin was air-dried, and kept in a vacuum oven at 
40” for I2 hr. The dry resin had a capacity of 4.5 meq/g based on titration of the acid liberated when a 1 N solution 
of barium chloride was passed through a column packed with the resin. The manufacturer quotes the value 
4.8 meq/g.‘O 

Solutions containing 5 mg of chromium, aluminium or iron per ml were prepared from analytical-reagent 
grade potassium chromic sulphate, potassium aluminium sulphate and ferric chloride. The chromium solution 
was standardized accordmg to a procedure previously described.* and the aluminium and iron solutions by 
EDTA titration with Xylenol Orange as mdicator.” 

All other reagents were ofanalytlcal-grade quality, and were used without further purification. The term “oxa- 
lic acid” refers to the dihydrate throughout. 

Procedure 

Kmtics ofchromium sorption by Amberlite IRA 400. To a round-bottomed flask of 100 ml capacity were added 
2 g of the dry resin m the oxalate form, 12.5 ml of 0.25N oxalic acid and 30.24 ml of distilled water. After a short 
period of shaking, 7.26 ml of chromium solution (36.30 mg Cr) were added, then the flask was immediately tightly 
stoppered and connected to a shaking device. After 1 hr of shaking, the resin was filtered off, and residual chro- 
mium in an aliquot of the filtrate was determined as chromate after destruction of oxalate with perchloric acid 
and oxidation ofchromium with alkaline peroxide. The amount of chromium sorbed was obtained by difference. 
The same procedure was used to determme chromium sorbed during longer periods of shaking. In each exper- 
iment the total solution volume was 50 ml. In a separate series of experiments the effect of increasing oxalic acid 
concentration and addition of hydrochloric acid was investigated. 

Elation characteristics of Cr, Al and Fe. A column of dimensions 3 cm2 x 18 cm was packed with 35 ml of the 
wet resin Amberlite IRA 401 in the oxalate form (previously immersed in water for 24 hr). Then 20 ml of a solu- 
tion containing 8 mg of Cr. 7.86 mg of Al, 26.3 mg of Fe were mixed with 15 ml of 0.15M oxalic acid and added. 
The solution was allowed to descend at the rate of 40 ml/min. Before the solution sank below the resin surface, 
the original container of chromium solution was washed with 20 ml of 2% oxalic acid solution and the washings 
passed through the column. Then 500 ml of 2% oxahc acid solution were passed through the column at the rate 
of 40 ml/min. The flow-rate was kept constant in the manner described elsewhere.22 Fractions (25-ml) of the 
effluent solution were collected by means of an automatic fraction collector. When 500 ml of solution had been 
collected, the effluent solution contained nearly all the chromium (recovery 99%). Aluminium and iron still on 
the resm were eluted with 0.19M oxalic acid-0.3M hydrochloric acid, at a flow-rate of 5 ml/min. 

Distrihutiorl coe$/icientsfor aluminium and iron. The distribution coefficients of alummium and iron in mixtures 
of hydrochloric acid and oxahc acid were determined for Amberlite IRA 401 by the usual batch equilibration 
method.‘3. 24 The maximum (theoretical) loading of the resin was not allowed to exceed 12%. 

Separation wlith Dowex 50 x 8. The resin Dowex 50 x 8 (hydrogen form) was made ready for use by keeping 
It under distilled water for 12 hr. Then 35 ml of the wet resin were packed in a constant flow-rate ion-exchange 
column22 of dimensions 3 cm’ x 18 cm The resin in the column was loaded in separate experiments with varying 
amounts of chromium and alummmm In another series of experiments the column was loaded with chromium 
and Iron. The solution containing a synthetic mixture of the elements in desirable weight ratios was passed 
through the column. followed by washing with distilled water in order to free the resin bed from the hberated 
acid. 

Iron and alummium were desorbed with 500 ml of 2% oxalic acid solution at a flow-rate of 40 ml/min. The 
desorptlon of chromium(II1) from a cation-exchange resin is always difficult. Therefore chromium(III) was 
desorbed by oxidation to chromium(V1) with alkaline sodium peroxide solution according to a procedure de- 
scribed by Freeman.4 

RESULTS AND DISCUSSION 

Aluminium(II1) and iron(II1) are typical kinetically labile tervalent metal ions.” This 
explains why these ions are rapidly desorbed from a cation-exchange resin with oxalic acid 
solutions. The availability of oxalate and bioxalate ions in solution is an important factor 
in the formation of metal oxalate complexes which are absorbed on anion-exchange resins, 
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Table 1. Results of ion-exchange separation of bmary mixtures of Cr-Al and Cr-Fe, using an anion-exchange 
column packed with Amberlite IRA 401 

Chromium, mg 
Added Found 

Aluminmm, mg 
Added Found 

Chromium, mg 
Added Found 

Iron, mg 
Added Found 

30 29.5 10.0 10.0 20.0 19.6 201 20.0 
25 24.1 13.0 12.9 25.0 24.7 23.5 23.5 
40 39.4 160 15.7 26.5 26.2 25.6 25.3 
15 14.8 18.0 1 X.0 21.4 27.1 15.0 14.7 
20 196 20.5 20.3 28.4 28.0 25.9 25.6 
16 15.6 25.6 25.2 30.0 29.5 26 I 26.0 
12 11.5 30.1 29.6 35.5 35 I 30.0 29.2 

and desorbed from cation-exchangers. Thus the suppression of dissociation of oxalic acid 
by addition of mineral acids or acetone, reduces the sorption of the metal on the anion- 
exchangers, and the desorption from cation-exchangers. Although iron and aluminium 
exhibit nearly similar distribution coefficients for cation-exchange resins in solutions of 
dilute hydrochloric acid, their separation factor S:l, may be improved considerably by a 
careful choice of oxalic acid-hydrochloric acid ratios. Thus selective desorption of those 
elements from cation-exchange resins is possible. In presence of chromium(III), selective 
desorption of iron and aluminium increases the time needed for the necessary column op- 
eration, so that some loss of chromium occurs. Table 1 shows typical results of separation 
of binary mixtures of Cr-Al and Cr-Fe. The analyses of the fractions show satisfactory re- 
covery of all the elements. The recovery of chromium is, in this case, better than that 
obtained with an anion-exchange resin. This is because the reaction time for chromium(II1) 
and oxalic acid is shortened, since the formation of chromium oxalate complexes is restric- 
ted within the column. 

For our study of the kinetics of chromium sorption we used a resin of increased cross- 
linking (Amberlite IRA 400). It is to be expected, however, that the Amberlite IRA 401 
we used for study of the elution characteristics of chromium, aluminium and iron, would 
show more favourable sorption kinetics and permit the higher flow-rates necessary for 
optimum recovery of chromium. Figure 1 shows the kinetics of chromium sorption by 
Amberlite IRA 400. A comparison of curves a and h shows clearly that higher con- 
centrations of oxalic acid enhance chromium sorption, Addition of a small amount of hy- 
drochloric acid (curve c) has a marked depressant effect on chromium sorption. In spite 
of use of an increased oxalic acid concentration the absorption of chromium is visibly sup- 
pressed in 0.04M hydrochloric acid. This effect is explained in terms of acid hydrolysis of 
the sorbable species, Cr(C,O& and Cr(H,O),(C,O&, according to: 

Cr(C,O&- + 2H30+ e Cr(H20MC204)- + H&GO4 

Cr(H,O),(C,O,); + 2H,O+ s Cr(H,0)4CZ04+ + H,Cz04 

Cr(H20)4C204+ + 2H30+ z+ Cr(H,O)g+ + H2C204 

IIll III II I 
0 I2 3 4 5 6 7 6 910 

Time, hr 

Fig. 1. Rate of uptake of chromium at 26°C by Amberlite IRA 400 (oxalate form) from oxalic acid 
media. [oxalic acid] : (a) 0025M ; (h) 0.03 IM ; (c) 0.03 1M in 004M HCl. 
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Table 2. Cation-exchange separation of binary mixtures of Cr-AI and Cr-Fe 

Chromium, mg Aluminium, mg 
Added Found Added Found 

Chromium, mg 
Added Found 

Iron, mg 
Added Found 

10.2 IO.1 30.5 30.4 12.0 II.9 30.0 30.0 
12.5 124 26.0 26.0 12.5 12.4 26.5 26.4 
150 14.8 25.5 26.6 15.1 15.0 25.0 25.1 
16.5 16.4 21.7 21.7 17.5 17.3 24.5 24.2 
18.0 17.8 20.0 20.0 18.0 15.0 23.1 23.1 
19.5 19.4 21.0 20.9 20.1 20.0 20.5 20.4 
20.0 19.8 17.5 17.6 22.5 22.4 20.0 2@1 
21.5 21.4 18.6 18.5 25.4 35.2 19.5 19.4 
22.0 21.9 16.0 16.1 26.2 26.1 18.1 18.1 
25 0 24.8 10.0 10.0 26.5 26.4 16.5 164 

Among the important factors which favour high recovery of chromium are acidity, low 
temperature, moderate concentration of oxalic acid, and short residence time of the solu- 
tion in the resin bed. Since the formation of sorbable anionic chromium complexes starts 
immediately upon mixing of the chromium solution with oxalic acid, it is necessary to pass 
the resulting solution through the resin in the column without delay. Because of slight for- 
mation of sorbable oxalate complexes during the time of mixing of the solution and the 
passage of the resulting solution through the column, higher recovery than 99% for chro- 
mium is rare (Table 1). 

Optimum conditions for separation of aluminium and iron 

Babko and co-workers have determined the stability constants of various oxalate com- 
plexes of aluminiumz6 and iron.“’ The stability of these complexes is sensitively influenced 
by the proton concentration. The separation of those elements is therefore facilitated by 
selective formation (or dissociation) of their complexes in oxalic acid-hydrochloric acid 
mixtures. In order to find the optimum conditions for separation of aluminium and iron, 
we have made a thorough study of the distribution coefficients of these elements for 
Amberlite IRA 401 in oxalic and hydrochloric acid mixtures. A comprehensive report of 
this study will appear in a subsequent communication. Relevant to our present study is 
the discovery that the maximum separation factor &!L = 3.4 is obtained with a 0.3M hy- 
drochloric acid-0.018M oxalic acid mixture. Under these conditions the distribution coef- 
ficients are D,, = 140 and D,, = 36.9. 

Elution characteristics of Cr, Al and Fefiom Amberlite IRA 401 

In @0*05M oxalic acid the distribution coefficients of iron and aluminium are nearly 
the same ( _ 104). The distribution coefficient of aluminium falls more sharply with increas- 
ing proton concentration, an indication of increasing instability of aluminium complexes 
with acidity. This is why the separation of aluminium from iron is best carried out in oxalic 
acid solutions that are 0.3M with respect to hydrochloric acid. However, the presence of 
chromium in the same solution does not permit use of 0.3M hydrochloric acid, as both 
aluminium and chromium are then obtained in the same fraction. Although the presence 
of hydrochloric acid would suppress the sorption, it has been necessary to use oxalic acid 
free from hydrochloric acid for elution of chromium. Since large volumes of solution 
require longer duration to run through the column, it was necessary to limit the volume 
of sample solution to 35 ml in order to minimize the sorption of chromium. Figure 2 
shows the elution curves of Cr, Al and Fe. A trailing effect is observed for chromium. 
This probably arises from formation of small amounts of chromium species which are 
sorbed tenaciously. To minimize this effect, the elution of residual chromium with O-05M 
oxalic acid was carried out at high flow-rates (40 ml/min). Under these conditions 90% 
of the added chromium is found in the 160 ml collected in 4 min and 99% in 
500 ml of eluate. Elution with 0.05M oxalic acid-0.3M hydrochloric acid produces a pure 
fraction of aluminium, followed by iron, which is desorbed rather slowly. Iron may be 
rapidly desorbed from the resin by elution with hydrochloric acid only. 
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Fig. 2. Elution characteristics of chrommm. aluminium and iron. 

Recommended procedure for amon-exchange separation of binary mixtures G-Al and Cr-Fe 

A solution containing not more than 50 mg of Cr and 30 mg of Al 1s first concentrated to approximately 10 ml 
by evaporation. The solution is then cooled in an ice-bath and 20 ml of cold 2% oxalic acid solution are added 
quickly. The mixture is shaken for 30 set and passed without delay through a column (3 cm’ x 18 cm) packed 
with 30 ml of 14-52 BSS Amberlite IRA 401 (oxalate form). A flow-rate of 40 ml/min is employed. The container 
1s washed with 20 ml of @ON oxalic acid and before the solution level in the column has sunk below the surface 
of the resin, the washings are added. Residual chromium is removed from the column with 400 ml of 0.05M oxalic 
acid. The flow-rate of the effluent solution is maintained at 40 ml/min throughout. With practice, it is possible 
to complete the entire process within 12 min. Alumimum is then desorbed with 500 ml of 0.3M hydrochloric acid. 

The separation of iron from chromium is carried out in the same way. Here the removal of residual chromium 
from the column is best carried out with 0.05M oxalic acid-0.2M hydrochloric acid. Iron is eluted with 0.3M 
hydrochloric acid. Typical results are shown m Table 1. 

The desorption of Cr, Al and Fe from a cation-exchange resin is governed by the equili- 
bria 

(R-),M(H,O);+ + H,Cz04= (R-)M(H,O),C,O,+ + 2RH + 2H,O 

(R-)M(H,O),C,O,+ + HZC204= M(H20)2(C204); + H+ + RH + 2H,O 

M(H,O),(C,O,); + H2C204=M(CZ04):- + 3H+ + 2Hz0 

where RH is the resin in the hydrogen form and M is chromium, aluminium or iron. These 
reactions proceed rapidly for M = Al or Fe and extremely slowly with chromium. Thus 
aluminium and iron may be rapidly desorbed with cold solutions of oxalic acid, whereas 
chromium is retained on the resin. When cold oxalic acid solution is passed through the 
ion-exchange resin at high flow-rate (3&40 ml/min), both iron and aluminium are 
desorbed completely with 500 ml of the solution and 99.5% of the chromium is retained 
on the resin. 

Recommended procedure for cation-exchange separation of chromrum from either aluminium or iron 

A solution containing chromium and with an acidity not exceeding O.lM with respect to hydrochloric or sul- 
phuric acid 1s passed through a column of dimensions 3 cm2 x 18 cm containing 30 ml of Dowex 50 x 8 in the 
hydrogen form. The resin is washed with distilled water to remove any free acid liberated in the resin bed. 

With 500-ml of an ice-cold 2% solution of oxalic acid, the column is freed from sorbed iron or aluminium at 
a flow-rate of 40 ml/min. Removal of iron or alumimum IS complete when the thiocyanate and alizarin tests no 
longer show the presence of those ions in the effluent’s For desorption of chromium from the resin, warm alka- 
line hydrogen peroxide solution is used. Since the decomposing peroxide would generate bubbles in the resm. there- 
by restricting smooth tlow of the solution. the peroxide treatment is best carried out outside the column. For 
this purpose, the resm is transferred to a beaker to which 20 ml of 10% sodium hydroxide solution are added. 
Distdled water (30 ml) is added, and the mixture is warmed to about 90”. 

Hydrogen peroxide (4 ml) is added drop by drop from a dropping pipette, while the mixture in the beaker 
is stlrred. When the reaction is complete, the resin is filtered off and washed with distilled water until the washmgs 
are no longer yellow. Starch indicator paper may be used to acertain the absence of both chromate and peroxide 
m the resin. 
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The filtrate and washings are combined and then boiled for 30 min to destroy peroxide. Chrommm may then 
be determmed by titration with ammonium ferrous sulphate or sodium thiosulphate solutron.z’ 
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Summary-Ultraviolet absorption spectra of 66 metal Ions in aqueous 6M hydrochloric acid were 
recorded and the spectra of 36 metal ions that absorb appreciably are reported. The absorption 
of these metal Ions is sufficient to permit their detectIon in liquid chromatography. 

Although ultraviolet spectrophotometry has found wide application for detection of 
organic compounds in liquid chromatography,’ it has been largely overlooked for con- 
tinuous monitoring of metal ions in column effluents. In a few instances, however, the 
absorbance of metal chloride complexes in the ultraviolet spectral region has been used 
successfully as the basis for automatic detection of metal ions in liquid chromatogra- 
phy.2-4 This has been accomplished in two ways. If the eluent contains chloride, the ultra- 
violet absorption of the eluted complex will be sufficient for detection2T3 If no chloride 
or insufficient chloride is used in the separating medium, chloride ions (usually as concen- 
trated hydrochloric acid) can be mixed with the column effluent before the spectrophoto- 
metric monitoring.4 Quantitation is contingent upon chromatographic resolution from in- 
terfering ions and rapid formation of the absorbing species when a mixing device is used. 

Rogers et al. have demonstrated the utility of hydrochloric acid as a reagent for the spec- 
trophotometric determination of metals, but no complete spectral study has been pub- 
lished.5-7 

To explore the scope of ultraviolet spectrophotometry for detection of metal ions in 
liquid chromatography, the spectra of 66 metal ions in 6A4 hydrochloric acid medium were 
obtained. The results of this study are the subject of this communication. 

EXPERIMENTAL 

Apparatus 

A Cary Model 14. Serial 19, recording spectrophotometer with l.OO-cm cells was used to obtain the spectra. 

Procedure 

The selection of 6M hydrochloric acid medium was somewhat arbitrary. It IS the centre of the hydrochloric 
acid range used for metal separations by anion-exchange; most metal ions that form chloride complexes will 
do so in 6M hydrochloric acid. 

For most metal ions, spectra were recorded at two different concentrations of the ion. One concentration was 
chosen so that the absorbance at the wavelength of maximum absorption fell in the range ~200-0~800. The 
second concentration was 10 times the first, thus allowing more accurate determination of molar absorptivities 
at wavelengths away from the maximum. 

Reagents 

With a few exceptions, solutions of metal Ions were prepared from reagent grade oxides, chlorides or high 
purity metals by dissolvmg them in 6M or 12M hydrochloric acid and adjusting the concentration of acid to 
6M if necessary. High purity lanthanide oxides were obtained from the Ames Laboratory. 

Except for gold chloride, palladium chloride, rhodium chloride and chloroplatinic acid, weighings based on 
formula weights were taken as correct; no independent standardizations were undertaken. For gold chloride and 
chloroplatmic acid the assays provided by the Baker Chemical Company were used. Rhodium chloride obtained 
from Sargent-Welch was assayed by the method of Syrokomskii and Proshenkova,’ and palladium chloride 
obtamed from Engelhard was titrated with EDTA.9 

A solution of arsenic(II1) was prepared by dissolving As,O, in aqueous sodium hydroxide and diluting with 
hydrochloric acid and water so that the solution was 6M in hydrochloric acid. 

* Present address: The Procter and Gamble Company, Miami Valley Laboratories, Box 39 175, Cincinnati, Ohio 
45239, U.S.A. 
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Wavelength, nm 

Fig. 1. Absorption spectra in aqueous 6M hydrochloric acid. 

Solutions of cerium(II1) and silver(I) were prepared by evaporating to dryness solutions of the mtrates and 
redissolving the residues in 6M hydrochloric acid. Two evaporations were carried out for each metal. A similar 
procedure was used for uranium(V1). but that solution was prepared from the acetate. 

An aqueous solution of chromium(V1) was prepared from potassium dichromate. An aliquot of the solution 
was diluted with concentrated hydrochloric acid and water so that the final concentration of hydrochloric acid 
was 6M. The spectrum was run immediately because chromium(W) is unstable in 6M hydrochloric acid. The 
spectrum agrees with that reported by Haight, Richardson and Coburn.” 

Wavelength, nm 

Fig. 2. Absorption spectra in aqueous 6M hydrochloric acid. 
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Fig. 3. Absorption spectra in aqueous 6M hydrochloric acid. 

Because tin(I1) and titanium(II1) are oxidized in air, aluminium metal was added to the solutions of these ions, 
and the solutions were then boiled and subsequently cooled under an atmosphere of carbon dioxide. 

Vanadium(V) is unstable in 6M hydrochloric acid, so hydrogen peroxide was added to the solution to convert 
all of the vanadium into vanadium(V). The solution was then boiled to effect destruction of the peroxo complex 
and the spectrum was recorded immediately. A solution of vanadium(IV) was prepared by boiling a solution 
of vanadium(V) with ethanolic hydrochloric acid. 

A solution of ruthenium(N) was prepared from ruthenium trichloride. Conversion of ruthenium(II1) into ruth- 
enium(IV) was accomplished by allowing the solution to stand for 4 days. The spectrum of ruthenium(IV) agrees 
with that reported by Wehner and Hindman.” 
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215 245 275 305 335 365 395 

Wavelength, nm 

Fig. 4. Absorption spectra in aqueous 6M hydrochloric acid. 
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215 245 275 305 335 365 335 

Wavelength, nm 

Fig. 5. Absorption spectra in aqueous 6M hydrochloric acid. 

r- 

RESULTS AND DISCUSSION 

The spectra of 36 metal ions are shown in Figs. 1-9. Table 1 gives a summary of the 
ions examined, their wavelengths of maximum absorption, and the molar absorptivities 
at those wavelengths. Examination of these data shows that over the 21S400 nm spectral 
range used, over half (35) of the metal ions tested have molar absorptivities greater than 
100 1. mole- ’ .cm- ‘. Thirteen of the metal ions tested have ‘molar absorptivities greater 
than 1-O x lo4 1. mole-’ .cm- ‘. 
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215 245 275 305 335 365 335 

Wavelength, nm 

Fig. 6. Absorption spectra in aqueous 6M hydrochloric acid. 
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Wavelength, nm 

Fig. 9. Absorption spectra in aqueous 6M hydrochloric acid. 

Table 1. Absorption maxima and E max for metal ions in 6M hydrochloric acid 

Metal ion I maXI nm E,,,, 1. mole-’ .cm-’ 

Aluminium(III) N* 
Antimony(II1) 
Antimony(V) 2.2 X IO4 

Arsenic(II1) 6.6 X 103 

Arsenic(V) 4.5 x 103 

Barium(I1) 
Beryllium(I1) 
Bismuth(II1) 

Cadmium(I1) 
Calcium(I1) 
Cerium(II1) 

4.6 x 10“ 
1.4 X 104 
I.1 X IO’ 

Caesium(1) 

Cobalt(II) 
Copper(I1) 

Dysprosium(III) 
Erbium(II1) 
Europium(III) 
Gadolinium(II1) 
Germanium 
Gold(II1) 

229 
225 
215t 
N 
N 
N 

222 
321 
215t 
N 

222 
240 
253 
300 

2Y5T 
248 
280 
355 
215t 

3.3 x 102 
5.6 x IO* 
6.8 x IO2 

Chromium(II1) 
Chrommm(V1) 

2.7 x IO* 

7.1 x 103 
2.1 x 103 
1.6 x IO3 
1.2 x 103 
2.2 x 102 
3.4 x 103 
5.7 x 102 

275 
385 
N 

2757 1.2 x 102 
N 

6.8 x IO“ 

N 
225 
313 
N 
N 

215t 
215t 
225 
320 
360 

Hafnium(IV) 
Holmium(III) 
Indium(III) 
Iridium(IV) 
Iron(II1) 

I.1 x 104 

8.5 x 102 
1.8 x lo3 
7.0 x 103 
2.9 x IO3 
3.1 x 103 
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Fig. 7. Absorption spectra in aqueous 6M hydrochloric acid. 

Most of the metals that absorb can be detected at 225 nm, but several can be detected 
quite selectively at other wavelengths. Bismuth(III), chromium(VI), copper( gold(III), 
iron(III), molybdenum(W), palladium(U), platinum(N), rhodium(III), ruthenium(IV), 
uranium(V1) and vanadium(V) absorb throughout the spectral region from 215 to 400 nm. 
These metal ions would interfere in the detection of other metal ions by ultraviolet spectro- 
photometry in 6M hydrochloric acid if no separation were made. 
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Fig. 8. Absorption spectra in aqueous 6M hydrochloric acid. 



Table 1. (Continued 

Ultraviolet spectra of metal ions 251’ 

Metal ion I mlXl nm E mdX, 1. mole- ’ .cm- ’ 

Lanthanum(II1) 
Lead(I1) 
Lithium(I) 
Lutetium(II1) 
Magnesium(I1) 
Manganese(l1) 
Mercury(I1) 
Molybdenum(V1) 
Neodymium(II1) 
Nickel(I1) 
Niobium(V) 
Palladium(I1) 

Platinum(IV) 
Potassium(I) 
Praseodymium(II1) 
Rhenium(VI1) 
Rhodium(II1) 
Ruthenium(IV) 

Samarium(II1) 
Scandium(II1) 
Silver(I) 
Sodium(I) 
Strontium(I1) 
Tantalum(V) 
Terbium(II1) 
Thallium(II1) 
Thorium(IV) 
Thulium(II1) 
Tin(I1) 
Tin(IV) 
Titatuum(II1) 

Titanium(IV) 
Tungsten(V1) 
Uranium(V1) 
Vanadium(IV) 
Vanadium(V) 
Ytterbium(II1) 
Zinc(I1) 
Zirconium(IV) 

N 
271 
N 
N 
N 

215t 
229 
227 
N 

215t 

I\\ 
222 
280 
262 
N 
N 

227 
250 
255 
380 
N 
N 

215 
N 
N 
I 

219 
248 
N 
N 

216 
218 
215t 

215t 
I 

236 
215t 
215t 
N 
N 
N 

I.1 x IO4 

1.4 x lo2 
2.7 x lo4 
5.7 x 103 

I.5 x IO2 

4.8 x lo4 
I.8 x lo4 
2.7 x lo4 

3.5 x lo3 
I.5 x lo4 
1.1 x lo4 
5.3 x lo3 

1.5 x IO4 

3.3 x IO2 
I.5 x IO4 

1.2 x lo4 
1.1 x lo4 
9.7 x lo* 

9.6 x lo2 

3.4 x IO3 
9.0 x lo* 
3.1 x lo3 

* N. E < 100. 
t No maximum from 215 to 395 nm, E at 215 nm. 
\’ I. insoluble in 6M HCl. 
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Summary-A series of dyestuffs having the same basic structure as 2j2-pyridylazo)-5-diethyl- 
aminophenol (PADAP) but varying in their substituents on the 5-positions of both rings has been 
prepared. Dissociation constants for three such dialkylaminophenol derivatives have been deter- 
mined, the pKon values being of the same order as that reported for 4-(2-pyridylazo)resorcinol 
(PAR), while the pK,u values are lower. Two different 5-bromo-PADAP complexes are formed 
with the uranyl ion, one between pH 2 and 5 which is a neutral complex and probably a dimer, 
and the other an unstable neutral complex which forms between pH 5.5 and 8 and is a 1: 1: 1 ter- 
nary hydroxo-complex. A stable 1: 1: 1 ternary fluoro-complex is also formed between pH and 6 
and 8. Double maxima occur in the spectra of all the metal complexes of these dyes. Evidence given 
shows the double peaks to originate from the one moiety and to be directly related to the presence 
of a substituent on the benzene ring para to the azo linkage. A tautomeric equilibrium with two 
imme tautomers in addition to the azo form of the complex is postulated and it is suggested that 
they correspond to the three composite bands given by computer analysis of the spectrum. 

2-(2-Pyridylazo)-5-diethylaminophenol (PADAP) and its derivatives are a relatively new 
class of spectrophotometric reagent. They have the same chelating system as 4-(2-pyridy- 
1azo)resorcinol (PAR) but are twice as sensitive as PAR for the determination of most 
metals, having molar absorptivities in the region of 1 x 10’ 1. mole- ‘. cm- ’ for the transi- 
tion metal complexes.‘-6 2-(5-Bromo-2-pyridylazo)-5-diethylaminophenol (Br-PADAP) 
has been shown to be a very sensitive reagent for the determination of uranium(V1) and 
is used as the basis of a specific method for the determination of uranium in ores.6 The 
real nature of the complex formation between uranium(V1) and Br-PADAP has not yet 
been determined, and its elucidation is the object of this paper. Attention was also given 
to investigating the origin of the double maxima observed in the metal complex spectra, 
and to obtaining some qualitative information on a range of metal-Br-PADAP complexes. 

EXPERIMENTAL 

Reagents 

The reagents were prepared by coupling the appropriate aminophenols with the substituted 2-pyridyldiazoate 
and then recrystallizing from ethanolic solution. 

The preparation of 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (Br-PADAP) has been described else- 
where.‘s6 

Analysis* Calc., C 51,58x, H 4.910/ N 1604%, 0 4.58%. Br 229% 
Found, C 5 1.6x, H 4.9x, N 16.2%. 0 49x, Br 22.4%. 

2-(5-Chloro-2-pyridylazo)-5-dimethylaminophenol (Cl-PADAP) was prepared by coupling 3-dimethyl- 
aminophenol with 5-chloro-2-pyridyldiazoate. 

Analysis Calc.. C 59.11%. H 5.62:,,. N 1X.38”/,, 0 5.25%, Cl 11.3% 
Found, C 58.2x, H 5.7x, N 18.4x, 0 5.7x, Cl 11.6%. 

2-(5-Bromo-2-pyridylazo)-5-dimethylaminophenol (Br-(diMe)‘-PADAP) was prepared by coupling 3-dimethyl- 
ammophenol with 5-bromo-2-pyridyldiazoate. 

Analysis Calc., C 48.61%. H 4.08x, N 17,45x, Br 24.9% 
Found, C 48.1x, H 4.0x, N 166%. Br 24.2%. 

A further test of purity of these compounds was made by coulometric titration of the reducible azo-nitrogen. 
After degassing and prereduction at -0.09 V us. SCE, the buffered (pH 4) ethanohc dye solutions were reduced 
at -0.6 V us. SCE. If four-electron reductions are assumed in each case, purities of 100% were indicated for Br- 
PADAP and Cl-PADAP and 98% for Br-(diMe)’ -PADAP. 

The following compounds were prepared solely for comparative spectra of the metal complexes; 2-(5-methyl-2- 
pyridylazo)-5-diethylaminophenol(5-Me-PADAP), 2-(5-iodo-2-pyridylazo)-5-diethylaminophenol(5-I-PADAP), 

* Microanalyses carried out at CSIRO Microanalytical Laboratories, Melbourne. 
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2-(2-pyridylazo)-S-diethylaminophenol (PADAP), 2-(2-quinoIylazo)-5-diethyiamlnophenol (QUA-DAP). 
2-(2-pyridylazo)-5-aminophenol (PAAP); all had a purity in excess of 90% according to the coulometric titrations. 

Attempts to prepare 5-nitro-PADAP and the pyrimidylazo analogue of PADAP were unsuccessful because 
the appropriate diazoates could not be made. Nickless’ also found that 2-pyrimidyldiazoate could not be pre- 
pared by the T~hit~hi~bin* method. It appears that a strongly electron-withdrawing group such as a 5- or 
3-nitro or another ring nitrogen atom eliminates a 2-amino group by forming the imine tautomer.g thus prevent- 
ing salt formation at the 2-position when the amine reacts with sodium amide. A sample of 2-(2_pyridylazo)- 
phenol (o-PAP) was kindly provided by Dr. D. Betteridge of University College. Swansea, UK. 

Spectrophotometers. Visible spectra were determined with a Hitachi EPS 3T Recording Spectrophotometer 
using l-cm cells, while accurate absorbance measurements were made on a Cary 16 Manual Spectrophotometer 
using matched l-cm cells. All measurements were made at 25 4 1” unless otherwise stated. 

Preparation ofsolutions. The tonic strength of solutions was usually n = 0.1 and was obtained by adjustment 
wrth Merck GR sodium perchlorate. All solutions were in SOY* v/v ethanol (Merck GR ethanol). Doubly distilled 
demineralized water was used throughout, and for pl( (,i, determinations was boiled to remove CO,. The buffer 
used at pH 4.1 was pyridine/perchloric acid, and at pH 7.3 triethanolamine/perchloric acid. 

Acid-base equilibria 
RESULTS AND DISCUSSION 

The acid dissociation constants of the three analysed dyes, Br-PADAP, Cl-PADAP and 
Br-(diMe)’ -PADAP were determined by spectrophotometric techniques.“*i ’ 

The 3-alkylaminophenol derivatives of 2-pyridyIazo compounds exhibit three dissocia- 
tion steps as shown in the following scheme. 

HO 

The pK,, values (pK,n) were determined by a graphical method,” using nine different 
sodium hydroxide con~ntrations and absorbances measured at four wavelengths. 

An attempt to determine PK.,, and pK,, by potentiometric titration was unsuccessful 
because the solubility of the dyes in 50% ethanol was not sufficient to make a 10-“M solu- 
tion. Likewise, the acetone/water, dioxan/water and dimethylformamide/water systems 
were inadequate. The spectrophotometric technique of Kok-Peng Ang” for the deter- 

mination of overlapping dissociation constants was employed. This was used in conjunc- 
tion with the computer program devised by Heys12 specifically for treatment of such data. 
A comparison of results obtained by Kok-Peng Ang’s time-consuming calculation with 
those obtained by the matrix technique of Heys shows the results to be identical within 
experimental error, e.g., Cl-PADAP pK,,i = 0.05, pK,, = 2.19 (Kok-Peng Ang) and 
PK.,, = 0.03, PK.,, = 2.14 (Heys). The ionic strength for these determinations was 1.0. The 
pK, values were calculated by using the Heys program on an IBM360 computer and are 
summarized in Table I. 

The pK,,, values observed were of the order expected from values reported in the litera- 
turei3*14 for related PAR derivatives. Strictly speaking, one cannot assign pK,i and PK.,*. 

The pKZ value reported ls for the N(CH,), group in pyridine-2-azo-dimethylaniline is 4.5 

Table 1. Acid dissociation constants 

Dye 

Br-PADAP 0.1 * 0.1 2.02 & 005 L 1.30 rt: 0.04 
Cl-PADAP 0.0 f 0.1 2-14 +_ 0.05 11.39 f @OS 
Br-(diMe)’ -PADAP 0.1 + 0.1 2.21 * 0.05 Il.15 _t @04 
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Wavelength, nrn 

Fig. 1. Spectra of uranium(W) Br-PADAP complexes. C, = I.00 x 10e5M, CM = 1.00 x 10-3M. 
I-pH 4.1, 2-pH 7.3 in presence of excess of NaF. 

while pK,, values for pyridyl nitrogen atoms in related azo dyes generally lie between 3 
and 1.0. One might therefore speculate that the lowest pK, value relates to the pyridyl 
nitrogen atom while the second relates to the diethylamino group. Nevertheless, both 
values are considerably lower than the expected values. 

Bromo-PADAP complexes of uranium (VI) 

As Br-PADAP has recently found wide use as a very sensitive reagent for the spectro- 
photometric determination of uranium,‘j it was appropriate that this system be the subject 
of an intensive study, rather than uranyl complex formation by one of the other dyes pre- 
pared. 

Dependence of complex jbrmation on pH. Complex formation was studied in the pH 
range 3-8 with both dye and uranyl ion concentrations of 1.00 x IO- “M. Spectra (Fig. 
1) measured after 2 hr indicated the formation of a single complex having double maxima 
at 554 and 586nm with only one isosbestic point between unreacted dye and complex, 
at 400 nm. Absorbances measured after 2 hr and again after three days were the same. 
Plots of pH US. absorbance (Fig. 2) at 554 and 586 nm show a marked pH-dependence with 
maximum complex formation at pH 4.1. Both curves have the same shape, indicating that 
probably only one complex is present. 

The composition of the complex at pH 4.1 was determined by Job’s method of con- 
tinuous variation and the mole-ratio method. A pyridine/perchloric acid buffer was used 
rather than an acetate system because the latter forms an interfering uranyl complex. A 
metal to ligand ratio of 1: 1 was indicated by both methods. The true molar absorptivity 
of the complex was found, by using a lOO-fold excess of uranyl ion, to be 4.65 x lo4 
1. mole- ‘. cm- ’ at 554 nm and 5.63 x lo4 at 586 nm. All the polar and many of the less- 
polar solvents tested extracted this complex. 

It should be noted that at pH 7.6 an unstable complex with maxima at 546 and 580 nm 
forms initially but rapidly decomposes. A series of solutions at this pH measured quickly 
after first standing for 30 min, indicated a metal to ligand ratio of 1: ,l. After a further 
30 min standing the complex had almost completely decomposed. The molar absorbance 
of this complex determined in the presence of a lOO-fold excess of uranium and measured 
after 20 min was 6.4 x lo4 1. mole- I. cm- ’ at 580 nm. This complex is also extractable. 

Complex formation in the presence of ,jluoride. It was observed that if sodium fluoride 
is added to a solution of Br-PADAP and uranyl ion buffered to pH 7.6, a very slow in- 
crease in pink colour occurs. This new complex is pink in the presence of excess of dye, 
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PH 

Fig. 2. pH-absorbance plots measured at 554 and 586 nm. CR = CM = 1O.l x 10-5M. 

whereas a mauve complex is formed under similar conditions at pH 4.1. The order of addi- 
tion of reagents was found to be unimportant when equilibrium was established. A quanti- 
tive study of the effect of fluoride ion concentration varying from 1 to 3000 molar ratio 
to uranium was made. Figure 3 indicates that above a molar ratio of 2000 (F: U), the com- 
plex formation becomes independent of fluoride concentration. The spectrum of the com- 
plex(curve 2 in Fig. 1) shows double maxima at 542 and 578 nm, l s42 = 551 x 104, l 5,s = 
7.32 x lo4 1. mole- ‘. cm- r. 

Dependence of complex formation on pH, in the presence ofjuoride. Complex formation 
in the range pH 4-8.4 with equimolar uranyl ion and Br-PADAP concentrations (1.00 x 
lo- ‘kf) and a fluoride concentration of 2 x IO-‘M was investigated. Maximum complex 

formation occurs at pH 7.3 (Fig. 4) while at pH 5 and pH 8 it is negligible. The composition 
of the complex as determined by Job’s method and the mole-ratio method is 1: 1. This 
complex is also extractable into many organic solvents. 

Nature o{the Br-PADAP uranium complexes. Three different uranyl complexes have 
been shown to occur, the spectrum of each having double maxima and each being extract- 
able into a wide range of organic solvents. They remained extractable in the presence of 

I I I 

578 nm 

I I I 
1000 2000 3000 

Molor ratio of fluoride 

_.-I 

Fig. 3. Fluoride dependence of complex formation at pH 7.6, measured at 542 and 578 nm 
CR = C, = 1.00 x 10-5M. 
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PH 

Fig. 4. pH-absorbance plots in the presence of tluoride. measured at 542 and 578 nm. CR = C,, = 
I.00 x lo-‘M. NaF = 2.0 x 10-ZM. 

a gross excess of the anions NO,, Cl-, ClO,, SO:-, Cr,O:-, thus eliminating the possibi- 
lity of their being ion-association complexes. Examination of the Br-PADAP molecule 
shows that the dye when complexed exhibits a single negative charge by loss of the hy- 
droxyl proton, while the uranyl ion has two positive charges. Charge neutrality of the 1: 1 
complex requires that an additional singly negatively charged ligand be involved in the 
complex formation. In light of the evidence that fluoride ion added to a solution at pH 
7.3 in which the complex has decayed causes a different stable complex to form and that 
to obtain charge neutrality a single negative charge is required, it was suspected that fluor- 
ide ion might enter the complex as an auxiliary ligand. 

In order to investigate this possibility the complex was analysed for fluoride. An aliquot 
of a chloroform extract of the complex was equilibrated with distilled water by shaking 
for 24 hr. The complex decomposed, leaving the free dye in the chloroform phase and pro- 
duced in the aqueous phase exactly equimolar concentrations of uranyl ion and fluoride 
ion. A more rapid method of decomposing the complex by shaking with a pH-4 acetate 
buffer also gave a fluoride analysis corresponding to a formula UO,(Br-PADAP-)F. 
Thus it can be concluded that the complex formed at pH 7.3 in the presence of excess of 
fluoride has this composition. There are probably two water molecules also associated 
with it since these would then satisfy the usual co-ordination number of six for the complex 
of uranyl ion. One can therefore draw a tentative structure assuming that Br-PADAP 
co-ordinates through the same atoms as does PAR. 

Confirmation that fluoride enters the complex at pH 7.3 leads to the obvious conclusion 
that in the absence of fluoride the 1: 1 complex which first forms, only to decompose 
rapidly, is in fact the hydroxo-analogue of the fluoro-complex, UO,(Br-PADAP-)OH. Its 
absorption spectrum is almost identical to that of the fluoro-complex but with its double 
maxima displaced by bathochromic shifts of 4 and 2 nm. It appears that when uranium(V1) 
reacts with the dye at pH 7.3, the rate of reaction of the dye with the small proportion 
of U020H+ present is more rapid than the polymerization of U020H+. Formation of 
the more stable hydroxo-uranyl polymer eventually eliminates U020H+ from the com- 
plex. 



258 D. A. JOHNSON and T. M. FLORENCE 

The ability of other anionic ligands (e.g., Ce-, Br-, CN-, SCN-) to enter into complex 
formation in the manner of fluoride was tested, but in each instance the spectrum was iden- 
tical to that of the postulated UO,(Br-PADAP-)OH complex and the complex decom- 
posed as does UO,(Br-PADAP-)OH. Also, tests of extracts for the presence of these ions, 
by the same technique as used to prove the presence of fluoride ion, proved negative. This 
indicates that the complex formed in each case was the hydroxo-complex and that these 
anions do not act as ligands in this system. Thus a dual role for fluoride ion is signified; 
it is an auxiliary ligand in the complex and a complexing agent which inhibits the polymer- 
ization of hydrolysed uranyl ion. 

The spectrum of the complex formed at pH 4.1 is clearly different from that of the hyd- 
roxo-complex formed at pH 7.3. Peaks occur at 546 and 580 nm (E = 6.40 x 104) for the 
hydroxo-complex, while the species at pH 41 has maxima at longer wavelengths of 552 
and 586 nm (E = 5.63 x 104). This complex, like that formed at pH 7.3, is neutral, requiring 
a minimum of 20% ethanol to keep it in solution. As ion-association has been ruled out 
for this system, then the only other possibility for a 1: 1 neutral complex to exist is as a 
hydroxq-bridged complex ML(OH),ML. The dimerization via hydroxo-bridges satisfies 
charge requirements and would be consistent with the observation of a bathochromic shift 
by virtue of the interaction of the two chromophoric systems.16 Polymerization is also in- 
dicated by the curved nature of the mole-ratio plot, but this alone is not sufficient proof. 
The 1: 1 complex formed in aqueous media at pH 4.1 was found to be extracted into 
chloroform as a 1: 2 complex, indicating that in aqueous medium there must be a very 
small amount of 1: 2 complex in equilibrium with the 1: 1 dimer. The real nature of the 
complex at pH 4.1 remains a matter of speculation. 

Stability constants. Conditional stability constants for the two stable complexes in 50% 
ethanol were determined.” For the hydroxo-bridged species at pH 4.1 with both uranyl 
ion and Br-PADAP concentrations of 1.00 x lo- 5M and an ionic strength of 0.1, p’ = 
1.32 x 10” measured at 554 nm, and 1.30 x lo5 measured at 586 nm. The fluoro-complex 

at pH 7.27 with dye and uranium concentrations 190 x 10m5M and p = 0.1 has a condi- 
tional stability constant of fl’ = 4.51 x 10’ measured at 542 nm, and 4.42 x lo5 measured 
at 578 nm. The ratios of the heights of the two peaks for the complex, when corrected for 

6- 

d 

I I I 
140 280 420 

1 
Time, msec 

Fig. 5. Absorbance-time plots for complex formation in the presence of fluoride at pH 7.3, mea- 
sured at 542 and 580 nm. CR = CM = I.0 x 10-4M, NaF = 2.0 x lo- ‘M. 
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Table 2. Spectral data of metal-Br-PADAP complexes 

259 

Absorption 
max. Bathochromic Molar absorptivity. Absorbance Mole 
Inn shifts, nm Splitting, 1041.mole-‘.cm-’ ratio ratio 

Metal ion pH* A B A B nm A B A/B M:L 

Mn(II) 10 525 560 80 115 35 8.8 8.8 1 .oo I:2 

Fe(H) 8 523 557 78 112 34 6.6 8.2 0.81 1:2 

Co(I1) 8 554 588 111 145 34 8.7 9.3 0.97 1:2 

Ni(II) 8 526 559 81 114 33 98 II.7 0.88 1:2 

Zn(I1) 8 522 553 77 108 31 1 I.6 13.3 0.87 1:2 

Cu(II) 8 NRt 560 - 115 NRt Il.6 I:2 

Fe(W) 8 542 594 97 149 46 7.2 8.2 0.88 
Eu(III) 8 536 568 91 123 32 5-3 5.5 0.96 

Zr(IV) 4.8 544 580 99 135 36 2.4 3.1 0.79 

V(V) 8 NRt 600 - 155 6.0 
U(VI).F : 546 578.5 101 134 33 5.5 7.3 0.16 1:l 

U(VI).OH 547 580 102 135 33 4.9 6.4 0.77 I:1 

UVI) 4 552 586 107 141 34 4.5 5.6 0.79 I:1 

* pH for maximum absorbance. 
t NR-not resolved. 
Note. Justification for visually estimating peaks is demonstrated by a computer analysis of a spectrum by using 

a curve-resolution program. There is no difference between the visually estimated peak separation and the com- 
puted value. 

dye absorbance, are the same at all pH values. The p’ values for each complex determined 
at the two wavelengths of the double peaks are identical within experimental error, con- 
firming that the two peaks originate from a single complex. 

Rate ofcomplexformation. The rate of formation of the fluoro-complex at pH 7.3 in 50% 
ethanol was monitored at the wavelengths of both maxima, with an Aminco Stopped Flow 
Spectrophotometer. Equimolar solutions of Br-PADAP and uranyl ion were prepared, the 
pH of each being such that when the acidic uranium solution was mixed in equal propor- 
tion with the alkaline dye solution, the resultant solution was at pH 7.3. The 1.00 x 
10e4M solutions were mixed in the instrument cell by a pneumatic syringe system. After 
4 msec mixing time the transmission was measured at 7-msec intervals up to 385 msec. 

The absorbance-time curves shown in Fig. 5 adequately demonstrate that the rate of 
reaction indicated by the slopes at any given time is the same at both wavelengths. A rate 
constant could not be calculated, owing to the lack of information in the literature on the 
equilibrium constants for the hydrolysis of uranyl ion in ethanolic media. However, there 
is sufficient evidence to confirm that the double maxima observed in the spectra of both 
complexes have their origin in the splitting of energy levels of the chromophore in a single 
molecular species. 

The analytical potmtial of Br-PADAP 

The reactions of Br-PADAP with a number of metal ions were screened in order to 
determine possible applications of the dye to spectrophotometric analysis. Table 2 lists the 
spectral data for these complexes, determined at the optimum pH. The spectra of all these 
complexes of Br-PADAP exhibit the same double peak character observed for the uranyl 
complexes. While the peak separation for the copper(I1) complex is not as well resolved 
as in the other spectra shown in Fig. 6, the double peak character is easily recognizable. 

The reagent Br-PADAP should be compared with PAR, which has the same basic che- 
late structure and is widely used as a spectrophotometric reagent. Analyses using PAR 
require measurement of absorbances at wavelengths between 494 and 550nm, which 
makes simultaneous determinations impossible. With Br-PADAP complexes the maxima 
occur over a wider range of wavelengths, 522-600 nm. Cobalt(I1) and zinc for example, 
may be determined simultaneously at pH 2.8 by measuring at 590 and 520 nm respectively. 
Cobalt can be determined in the presence of at least a fifty-fold excess of zinc, the Beer’s 
law plot being linear to at least this level. 



260 .D. :,..JLXINSON andT.M. FLORENCE 

Wavelength, nm 

Fig. 6. Spectra of the Br-PADAP complexes ofzinc, copper and cobalt at pH 5. CR = 1.00 x lO-‘M, 

c,, = 2.0 X 10_4MM. 

The principal advantage of Br-PADAP over PAR is its considerably improved sensi- 
tivity. In most cases it is increased by a factor of 2 and, in the case of bismuth,’ it is in- 
creased by a factor of 5. This reagent must rank among the most sensitive known, having 
molar absorptivities of the order of lo5 for its transition metal complexes. Another advan- 
tage is the extractability of many of the Br-PADAP complexes, enabling far greater selecti- 
vity to be obtained than with PAR, the complexes of which are generally charged and non- 
extractable. A practical example of these advantages of Br-PADAP over PAR is for the 
spectrophotometric determination of uranium(V1) in ores. The molar absorptivity of the 
uranium(V1) Br-PADAP fluoro-complex is twice that of the uranium(V1) PAR complex 
and in the presence of a mixed complexing solution18 is even more selective than PAR. 
A preliminary extraction into TOPO, followed by direct colour development in the 
organic phase with Br-PADAP provides a specific method of uranium determination suit- 
able when gross amounts of interfering ions are present. The uranium(V1) PAR complex 
is not extracted by organic solvents. 

The iqfluencr of suhstituents on the spectra of the metal-dye complexes 

A comparison of the spectral data of o-PAP and PAR with those of Br-PADAP is given 
in Table 3. One general observation can be made for pyridylazo dyestuffs possessing an 
ortho hydroxy group. That is, the more electronegative the substituent in the para position 
on the benzene ring, the higher the molar absorptivity of the metal complex. Hammett 

Table 3. Comparative spectral data for complexes of Br-PADAP, PAR and o-PAP. 

Br-PADAP PARI o-PAPI 

E, lo4 1. mole- ' .CK' 
1,1,X, i, Illax, 1 -m.%x* 

Metal m-n E. 1041. mole-‘.cm-’ nm E, to4 1. mole- ’ .cm-’ nm 

Cu(I1) 
Ni(II) 
Co(H) 
Zn(I1) 
Mn(I1) 

WI) 
Bi(II1) 

V(V) 

11.6 560 5.89 510 1.98 547 
Il.7 559 7.3 494 2.26 543 
9.3 558 5.6 510 al.28 533 

13.3 553 6.34 495 2.30 520 
8.80 560 - 
7.3 578 3.85 530 
5 x* 590 I .07 515 
6.0 600 3.6 550 

* Reference 1 
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Table 4. Spectral data for uranyl complexes of PADAP derivatives 
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Br-(diMe)‘- 
I-PADAP Br-PADAP Cl-PADAP PADAP Me-PADAP PADAP QUADAP 

583 519 576 564 568 516 564 
550 546 544 532 536 543 532 

<, 1031.mole-‘.cm-’ 71.2 73.2 71.0 760 72.0 62.0 76.0 
58.0 55.7 53.1 59.6 59.0 47.5 59.6 

substituent constants for the diethylamino and hydroxy groups in para positions are o = 
-0.70 and -0.37 respectively and that for the O- group is cr = -052. 

The influence of the substituent in the 5-position of the pyridine ring is relatively minor 
compared to that of the benzene ring substituent when considering molar absorptivities 
of the complexes. This is seen when comparing the uranyl complexes of the various diethyl- 
aminophenol derivatives with differing groups in the 5-position of the pyridyl ring. 

Table 4 shows that, with the exception of Br-(di-Me)‘-PADAP, the molar absorptivities 
are all (7.3 f 0.3) x lo4 1. mole- ‘. cm- i, regardless of whether the substituent is electron- 
withdrawing or electron-repelling. The substituent has a more marked effect on the 
wavelength of the absorption maxima, with halogen substituents causing much larger 
bathochromic shifts than the other substituents. Compared to PADAP, the halogen 
derivatives have complexes which absorb at longer wavelengths in the order of Cl-PADAP 
< Br-PADAP < I-PADAP, an order consistent with the decreasing electronegativity. The 
dyes Br-(di-Me)‘-PADAP and QUADRAP were included in this Table for convenience. 
Comparison of PADAP and QUADAP indicates that the 2-pyridine and 2-quinoline 
groups are equivalent in this chromophoric system by virtue of having the same l_ 
and molar absorptivities. 

The ir$uence of substituents on the occurrence of double maxima in the spectra of the dyes 
and metal-dye complexes 

A recent study in these laboratories 2o has provided convincing evidence that both the 
protonated and molecular forms of PAR do exist as azo and quinhydrazone tautomers 
in aqueous solution. The existence of these tautomers had been suggested by Savvin” on 
the basis of simple Hiickel MO theory, but no experimental proof had been reported in 
support of this conclusion. In the study referred to, spectra of the protonated forms of 
PAR, 3-PAR, 4-PAR and o-PAP showed clear evidence of having composite absorption 
bands which exhibit isosbestic points in various ethanol/water mixtures. These protonated 
compounds also exhibited fluorescence due to the presence of quinhydrazone forms in 
equilibrium with the azo forms. All the compounds possess a hydroxy group ortho to the 
azo linkage. On tlie other hand the phenol derivatives with a para hydroxy group, i.e., 
p-PAP, 3-(p-PAP) and 4-(p-PAP), show in their protonated forms only single symmetrical 
absorption bands with no evidence of isosbestic points, and they do not fluoresce. This 
demonstrates that only the derivatives with an ortho hydroxy substituent exhibit tautomer- 
ism. The monoprotonated form of Br-PADAP exhibits overlapping peak characteristics, 
having a shoulder at 60 nm longer wavelength than the maximum, but this aspect could 
not be investigated owing to complications from the overlap of pK, values. 

Spectra of some metal complexes of PAR, o-PAP and PAAP were examined to deter- 
mine whether the double-peak character is present. The uranium-complex spectra are 
shown in Fig. 7. Uranium and all other metal complexes of o-PAP display only single sym- 
metrical bands in the spectra while PAR complexes show definite evidence of overlapping 
peaks. 

HO 
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Wavelength, nrn 

Fig. 7. Spectra of the uranyl complexes of o-PAP. PAR and PAAP. C$, = 1 0 x IO-‘M. o-PAP = 
4.0 x 10-5M, PAR = I.0 x 10-5M, PAAP = I.0 x IO-'M. 

The spectrum of the uranium-PAAP complex at pH 8 is strikingly similar to that of 
the uranium-PAR complex. Its L ,,,.,, is within a few nm of that of the PAR complex and 
the molar absorptivity is the same. The overlap of peaks is more accentuated than for 
uranium-PAR. It is revealing to compare the influence of this highly electronegative 
- NH2 group (Hammett substituent constant opara = -0.66) with the - N(C,H,), group 

($ara = -0.70) which would seem to have an almost equal inductive effect. The 
- N(C,H,), group is bulky and as shown by molecular models protrudes out of the plane 
of the planar metal-dye complex, whereas the - NH2 group in PAAP lies within the plane. 
Although the para diethylamino group is not unique in giving overlapping bands in the 
complex spectra it has significantly greater effect than the amino group on the absorption 
of light by the chromophoric system. The vast differences in intensities and A,,,,,, between 
the spectra of PAAP and PADAP complexes may be related to the ability of the diethyl- 
amino group to carry the n-electron system out of the plane of the chromophore. Savvinz2 
attributes the double maxima in the spectrum of monoprotonated Arsenazo III to the in- 
teraction of rc-electrons from two chromophores in the one molecule lying in different 
planes; however, in the system under consideration neither the amino nor the diethyl- 
amino group alone is a chromophore, they are merely auxochromes. 

In addition to the o-PAP complexes giving only single absorption bands, the related 
dye 2-(Zpyridylazo)-4-methylphenol (PAC) also shows single symmetrical bands in its 
metal-complex spectra. l3 Thus the evidence indicates that the occurrence of multiple 
peaks in the spectra of metal-dye complexes of this type is dependent on the presence of 
a substituent para to the azo group on the benzene ring. 

A substituent capable of mesomerism may permit a tautomeric equilibrium to exist in 
the complex. One can draw two possible mesomeric structures II and III in addition to 
I, the azo form of UO,(Br-PADAP-)F. Chelation leads to the transfer of a strongly elec- 
tropositive charge to the chromophoric system so that in the extreme mesomeric structures 
II and III, an effect approaching protonation of the diethylamino nitrogen atom is 
observed. 
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In this respect the spectrum of the protonated form of 2-(pyridyl)-4-N-N-diethylaniline. 
PADA,” is informative. It shows a maximum at 560 nm with a molar absorptivity of 
3.90 x 1041.m01e-1.cm-’ . This wavelength is remarkably close to the wavelength of the 
B peak in the complexes of PADAP (Table 4). Cilento et a1.23 have sought to explain the 
absorption spectrum of H+PADA in terms of resonance structures which would involve 
an imine structure similar to that shown in II above. 

Similarly, Hanztsch et a1.‘4.‘” have pointed out that the spectrum of protonated N,N,N- 
trimethyl-p-phenylazoaniline is similar to that of azobenzene while that of the conjugate 
acid of N,N-dimethyl-p-phenylazoaniline is quite different with bands at 350 and 520 nm. 
They assign these bands to a tautomeric equilibrium between the azoanilinium form IV 
at 350 nm and the azoammonium form V at 520 nm. 

Q-N=N-Q~~~~~~ 

Ip 

++ Q---Fj' ~~-J(CH~)~ 

Comparison of metal complex formation with protonation is not an uncommon 
approach to the interpretation of spectra. Savvin 22 has pointed out the similarity of the 
spectra of monoprotonated Arsenazo III and its metal complexes. Evidence for tautomeric 
equilibria in the UO,(Br-PADAP-)F complex is indicated by its spectral behaviour at dif- 
ferent temperatures. At 0” the ratio of peak heights A/B is @73 while at 50” the ratio is 
0.77, indicating a shift in the tautomeric equilibrium. 

In contrast to the protonated form of o-PAP which exhibits tautomerism, the metal 
complexes of o-PAP, as stated previously, show only single absorption bands. This may 
now be explained by the fact that while tautomeric structures can be drawn for H+o-PAP 
the same cannot be done for its metal complexes because of the absence of any para substi- 
tuent capable of mesomerism. 

The UO,(Br-PADAP-)F spectrum was resolved by using the computer program of 
Biggers and Be11.27 Initially, resolution into two bands was attempted by varying the 
parameters A,,,, absorbance, bandwidth and Gaussian fraction. Invariably a poor 
fit on the short wavelength side of the spectrum was obtained. Close examination of the 
spectrum shows a small hump on that part of the curve, so a third band was used in the 
curve synthesis. Manipulation of the aforementioned variables produced a composite 
curve of good fit to the experimental data (Fig. 8). Asterisks denote experimental points 
and superimposed closely over these points is the resultant synthetic curve from the three 
component curves below. Computed parameters for the component curves are shown in 
Table 5. 
111 2; : I 
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Fig. 8. Computer plot of resolved spectrum of UO,(Br-PADAP-)F. Asterisks denote experimen- 
tally observed points Full line through them is resultant synthetic curve produced by the corn-‘ 

ponent curves below. 

Table 5. Parameters for component curves used in synthesis of 
UO*(Br-PADAP-)F spectrum 

Parameter Band 1 Band 2 Band 3 

Wavelength, nm 510.5 547.0 580.0 
Absorbance 0.212 0.450 0.570 
Half-bandwidth, nm 54.7 42.0 28.09 
Gauss fraction 0.0 1.0 1.00 
Lorentz fraction I.0 @O 003 

The two longer-wavelength component peaks at ‘547 and 580 nm are very close to those 
estimated visually as being at 546 and 578.5 nm and used in the tables. The real peak height 
ratio (major peaks) of 0.79 obtained from this analysis is also very close to the estimated 
observed value. Visual examination of all the metal complexes of Br-PADAP and the com- 
plexes of related dialkylaminophenol derivatives reveals that a third band is evident in all 
the spectra and is always manifested by a small hump on the short-wavelength side of the 
spectrum. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8 

9. 
10. 

11. 
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SPEKTROCHEMISCHE BESTIMMUNG VON SULFAT BZW. 
CHLORID MIT ROENTGENFLUORESZENZ NACH 

ANREICHERUNG DURCH MITFALLUNG AN BaCrO, BZW. 
AgSCN AUS VERDiiNNTEN LijSUNGEN 

B. MAGYAR und G. KAUFMANN 

Laboratorium fur Anorganische Chemie, Eidg. Techn. Hochschule, Zurich, Schweiz 

(Eingegangen am 25. April 1914. Angenommen am 16. September 1974) 

Zusammenfassnng-Sulfat und Chlorid wurden aus verdilnnten Losungen (10-5-10-4M) an 
BaCrO, bzw. AgSCN als TrPger quantitativ mitgefallt. Beide Ionen wurden im Niederschlag mit 
Hilfe der Rdntgenfluoreszenz-Spektrometrie (RFS) bestimmt wobei das Intensit3itsverhLltnis Is/l,, 
bzw. ICI/Is der K,-Linien als MaD fur die mitgefiallte SOi- bzw. Cl--Menge diente. Diem Kom- 
bination der Mitfallung als Anreicherungsmethode und der RFS als MeDmethode ermijglichte die 
Bestimmung beider Ionen in 50-100 ml Leitungswasser mit einer Reproduzierbarkeit von ca. 3 
Prozent relativem Fehler. 

Die molare Fluoreszenzintensitt von Lijsungen verschiedener Elemente, d.h. die Propor- 
tionalitltskontante KA zwischen Nettointensitat NA und Molarnat [A], zeigt eine starke 
Abhangigkeit von der Ordnungszahl 2 des Elementes A.’ 

Leichte Elemente, wie z.B. Schwefel und Chlor haben kleine KA-Werte und kijnnen in 
Lijsung mit der Rontgenfluoreszenz-Spektrometrie (RFS) nur in groDer Konzentration 
([A] > 0,OlM) gut bestimmt werden. Aus verdtinnteren Liisungen mussen diese Elemente 
angereichert werden. Die Mitfallung der Ionen dieser Elemente an geeigneten Tragern ist 
die einfachste und schnellste Anreicherungsmethode, welche sich mit der RFS sehr gut 
kombinieren la&. Der Niederschlag wird dabei an einem Membranfilter gesammelt, 
welcher im Spektrometer direkt bestrahlt werden kann. Stork und Jung’ verwendeten Sil- 
berbromid bzw. -jodid als Trager bei der Mitfallung von Chlorid. Luke3 benutzte Selenat, 
urn Sulfat mit einer an Bariumsulfat geslttigten Losung von Barium(I1) in 50x-igem 
Alkohol mitzufallen. Ob diese Trager such als Spurenfanger wirken, wurde nicht unter- 
sucht. Als Spurenfanger sollen hier solche Hauptkomponenten von Mischfallungen 
bezeichnet werden, welche bei ihrer gleichzeitigen Fallung aus verdiinnter Lijsung das mit- 
zufallende Ion such dann mitreiBen, wenn das Loslichkeitsprodukt der Spurenkom- 
ponente nicht tiberschritten wird. 

Bei der Suche nach weiteren geeigneten Trlgern fur Sulfat bzw. Chlorid fanden wir, da13 
sich Bariumchromat bzw. AgSCN ebenfalls gut eignen. Die Anwendbarkeit und Wir- 
kungsweise dieser Trager bei der Anreicherung von Sulfat bzw. Chlorid aus stark 
verdtinnten Lijsungen wird in dieser Arbeit diskutiert. 

MESSTECHNIK UND FALLUNGSBEDINGUNGEN 

Die Fluoreszenzintensitlten wurden unter standardisierten MeDbedingungen’ mit einem Vakuum- 
spektrometer (Philips PW 1540) ermittelt. Dte Fallungen wurden an Sartorius-Membranfiltern (0,45 pm Po- 
rengriisse, 47 mm Durchmesser) filtriert und iiber konzentrierter Phosphors;iure im Vakuumexsikkator bei ca. 
15 Torr 20 Minuten getrocknet. Die Membranfilter wurden jedoch vor dem Trocknen iiber einen Ring gespannt, 
wobei die Seite mit dem Niederschlag noch mit einer 6 pm dicken Mylarfolie zugedeckt wurde. Derart einge- 
spannte Filterscheiben wurden im Probenhalter des Spektrometers eingesetzt und wlhrend der Bestrahlung 
gedreht. 

Die Fallungen wurden im allgemeinen durch ZugieBen einer Losung von Barium (II) bzw. Silber (I) zu den 
Losungen von Sulfat bzw. Chlorid, welche zuerst mit Kalmmchromat bzw. mit Ammoniumthiocyanat sowie mit 
allen tibrigen Zusltzen versetzt wurden, hergestellt. Die tibrigen Fallungsbedingungen smd an den betreffenden 
Stellen angegeben, wobei Q die Menge des betreffenden Stoffes oder Ions, V das Totalvolumen aller Zus%tze, P 
den zugesetzten Puffer, Tr die Temperatur bei der FLllung, TA die Temperatur beim Altern des Niederschlages 
und rw die Wartezeit zwischen Fallen und Filtrieren bedeuten. 
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RESULTATE UND DISKUSSION 

Tragt man die Peakintensitat I, des zu bestimmenden Elementes A gegen die gefallte 
Menge Q4 auf, erhllt man ohne bzw. mit kleinen, konstanten Mengen des Tragerions B 
Geraden3 Die Linearitat zwischen I,& und der zur Fallung vorgelegten Menge wird aber 
nur erhalten, wenn A quantitativ ausfallt, der Niederschlag vollstandig auf das Filter trans- 
feriert und homogen verteilt wird. Ebenfalls darf die Schichtdicke nur Bruchteile der Aus- 
trittstiefe fur die Fluoreszenzstrahlung betragen, da sonst die Fluoreszenz tief liegender 
Schichten durch Absorption verloren geht. Das Intensit~tsver~ltnis 1 Jf,,, diente als 
MaD fur die mitge&llte Chloridmenge bei einer indirekten Chloridbestimmung.’ Dieses 
Verhaltnis hangt einerseits von der Chloridmenge linear ab und anderseits ist es von der 
Menge und der Verteilung des Niederschlages auf dem Filterpapier weitgehend unabhan- 
gig. Daher ist die quantitative ~ber~hrung des Niederschlages auf das Filter nicht notig, 
was einen grol3en praktischen Vorteil bedeutet. Beide Auswertungsmethoden geben aber 
fehlerhafte Resultate, wenn aul3er dem zu bestimmenden Ion A und dem Bezugsion B 
stijrende Ionen anwesend sind, welche mit dem Flillungsmittel ebenfalls ausgefallt werden. 

Wir bentitzen daher das Verhaltnis der Peakintensi~ten It/Ii3 fur das Mengenverh~ltnis 
QJQn beider Ionen A und B. IA/I, ist ebenfalls weitgehend unabhlngig von der Menge 
und der Verteilung des Niederschlages auf dem Filter. Zudem ist der Einflul3 von eventuell 
mitgefallten Ionen auf dieses Verhaltnis vie1 kleiner als auf I4 bzw. Ic/ltl, wobei C das 
Kation des ~llungsmittels bedeutet. 1,/i, wird namlich nur indirekt, i_iber Veranderung 
des Massenabsorptionskoeffizienten p des Niederschlages beeinflul3t. 

Eigentlich sollte das Verhlltnis der Nettointensitliten N,,/N, bentitzt werden. Die 
Streustrahlung ist aber bei der Bestrahlung von F%lungen an diinnen Membra~ltern 
gewohnlich klein, so daf3 in Abwesenheit von Interelementeffekten die folgende Pro- 
portionalitat gelten sollte: 

MQJQe) = N,I& = ftv% f f 1 

Experimentell findet man die Bestatigung dieser linearen Beziehung nur in einem engen 
MeDbereich. Dagegen erhalt man immer Geraden, wenn man log (I,,/Z,) gegen log (Qa/QJ 
auftragt. Die Beziehung 

log (Iii/r,) = 4 + P. 1% (Qw’QJ (2) 

wurde durch Ermittlung von Is/IA fur Fallungen mit bekannten Mengen der Ionen B und 
A gepriift und bestatigt (s. Abb. 1). Die verschiedenen Mengenverh~ltnisse wurden durch 
Variation von QA (Geraden a, c, e) beim Konstanthalten von QR bzw. durch Zugabe ver- 
schiedener Mengen des Bezugsions B zu der gleichen Menge des zu bestimmenden Ions 
A (Serie b und d) eingestellt. 

Die Zahlen in Abb. 1 bedeuten berechnete Schichtdicken. Die Dicke x’ der am Filterpa- 
pier verteilten Fallungen kann namlich nicht gemessen werden. Zudem ist fur die Absorp- 
tion der Primar- und der Fluoreszenzstrahlung die Fllchenbelegung x’. d’ maBgebend, 
wobei d’ das spezifische Ftillgewicht bedeutet. Diese RechengrBBe kann man sich schlecht 
vorstellen und sol1 hier durch eine berechnete Pro~ndicke x ersetzt werden. Urn .x zu be- 
rechnen, denkt man sich den feinkristallinen Niederschlag als einen scheibenfiirmigen Ein- 
kristall mit der Basisflache von der effektiven Filteroberfllche F( =9,6 cm2) und nimmt die 
Hijhe des fiktiven Einkristalls als Probendicke X: 

(3) 

Hierbei bedeutet Q die Menge, M, die relative Molmasse und d die Dichte der entspre- 
chenden Komponente (Q = Mole, x = cm). Bei vergleichbarer Absorption beider Fluo- 
resze~stra~ungen und in Abwesenheit von Korngr~Ben-Effekten sollte man unab~ngig 
von den Fallungsbedingungen und von der Probendicke die gleiche Gerade erhalten. Die- 
sem Idealfall kommt das System Ag(SCN, Cl) ziemlich nahe. 

Eine Moglichkeit, urn die gegenseitige Beeinflussung der Strahlungen verschiedener 
Elemente durch Absorption und Interelementenanregung zu verhindern, besteht in der 
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Abb. 1. Abhgngigkeit des Verhiltnisses der Peakintensititen vom Molverhlltnis, FLllungs- 
bedingungen (Q = PMole, V = ml, tw = Minuten) r, 5 TA - 25°C 

Serie A (QA) B (QR) C (Qc) Puffer* V tw 

: 
so:- (3-15) CrO:- (100) Ba2+ (2.Qa) 0,lM TEA-P 50 5 

so:- (10) CrO:- (2&150) Ba’+ (Qa + 20) 0,04M TEA-P 25 20 

: 
SO:- (2,5-20) CrO:- (20) Ba2 ’ (2. Qa) 0,04M TEA-P 25 15 

cl- (10) SCN- (10-100) Ag+ (Qe + 20) 0,5M HAc vart 20 
e cl- (0.510) SCN- (10) Ag+ @.Qe) 0,5M HAc, 25 15 

* TEA-P = Aquimolare Mischung von Triiithanolamin (TEA) und TEA.H+ HAc = EssigsLure 
t var = Das Volumen wurde in AbhPngigkeit der Chloridmenge so variiert, da13 [Cl] vor der FLllung 2.10-“M 

betrug. 

Verwendung von Proben, deren Dicke x vie1 kleiner als die Austrittstiefe x, fiir die betref- 
fende Strahlung ist. Die Eindringtiefe x, fir die Primlrstrahlung und such x, wurden fti 
die vier Komponenten der beiden Mischftillungen berechnet und in der Tabelle 1 zusam- 
mengestellt. 

Die Dicke der Mischftillungen von Ag(SCN,Cl) variiert zwischen 0,45 und 4,67 pm. Die 
berechqete Schichtdicke der diinnsten Probe entspricht ca. 4 bzw. 6% der Austrittstiefe der 

Tabelle 1. Berechnete Eindringtiefe x, [ = (2,303/y. d) (log I”,/I,). sin a] der Pritirstrahlung P und Austritts- 
tiefe x, [ = (2,303/p,.d) (log l,/lO,). sin /I] der Fluoreszenzstrahlung F fiir lOO-fache AbschwPchung (Iop/lp = 
IF/lOF = 100) und fiir einen Winkel a von 45” zwischen dem Lot des prim&en Strahlenkegels und der Proben- 
obertXIche bzw. fiir einen Winkel /I von 45” zwischen der Kollimatorachse und der Probenoberfllche (d = Dichte, 

p = Massenabsorptionskoeffizlent). Die Werte gelten fiir Einkristalle und dicht geprel3te Pillen. 

Matrix &J/cm3 
x,.*cm x,, cm 

0,559 A 0.1 A Cr, K, Cl, K, S, K, 

AgSCN 3,92 4,92. 1O-2 7,lO. 1o-4 1,15. 1o-3 
AgCl 5,56 2,75. lo- * - 1,05. 1o-3 7,22. lo-“ 
BaCrO, 4,50 4.76. lo- * 2,56.10-* 2,94. 1O-3 7,09. 1o-4 
BaSO, 4,50 5,46. lo-’ 2,94. IO-’ 2,53. lo- 3 6,47. lO-4 

* Als reprlsentative Wellenllnge wurde 1 (Ag, K,) der verwendeten SilberrGhre fiir die Anregung von Cr mu 
50 kV bzw. die Wellenllnge bei der maximalen Intensitit der Bremsstrahlung (0.7 A) ftir die Anregung von Cl 
und S mit 24 kV angenommen. 
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SK,- bzw. Cl,&-Lime fur AgSCN (Hauptkomponente). In dieser Probe werden beide 
Strahlungen nur unwe~ntlich absorbiert. Die Dicke der Proben nimmt innerhalb der 
Serie d sehr stark zu. Die Absorption der beiden Strahlungen ist aber ungefahr gleich stark 
(vergleichbare x,-Werte), was die groDe Ahnlichkeit der q- und p-Werte dieser Geraden 
verstBndlich macht. 

Die Eichgerade fur die ~stimmung von Schwefel in der Misch~llung Ba(Cr0, SO,) 
wird durch die Menge des Bezugsions CrOi- stark beeinfluDt. In der Serie c betragt die 
durchschnittliche Schichtdicke cu. 25 bzw. 6% der Austrittstiefe fur die S&Y,- bzw. Cr, K,- 
Linie aus BaCrO,. Erhiiht man die Chromatmenge auf 100 PMole (Serie a), so erreicht 
x beinahe x, fI.ir die S&-Lime. Diese Strahlung wird daher in der Probe sehr stark absor- 
biert. Die Probe bleibt dagegen fur die vie1 hartere Cr,K,-Strahlung und nattirlich fur die 
Primlrstrahlung weitgehend durchlassig. Diese Verschiedenheit der Absorption der SK,- 
und Cr,K,-Linien verursacht die Zunahme des q-Wertes von 0,831 auf 1,044 bei der Er- 
hiihung der Trggermenge von 20 auf 100 PMole, In der Serie b variiert die Schichtdicke 
sehr stark. Die relative Absorption der Strahlungen beider Elemente Schwefel und Chrom 
andert sich dementsprechend innerhalb der Serie ebenfalls betrachtlich. Die Beziehung (2) 
gilt trotzdem erstaunlich gut. 

In einem engen MeBbereich besteht such die Proportionalitlt (1). Allerdings muB bei 
kleinen Konzentrationen von A in der Mischfallung eine Untergrundkorrektion an I, vor- 
genommen werden. Wird allen Eichfallungen und allen zu analysierenden Proben die 
gleiche Menge des Bezugsions zugesetzt, so erhalt man QA aus der folgenden Beziehung: 

QA = r + s.U,/~,,) (4) 

Der Ordinatenabschnitt P sollte mit - s.IAo/Ig iibereinstimmen, wobei iAo/ls an einer A- 
freien Probe (Blindprobe, Index o) direkt ermittelt werden kann. Als Beispiel sollen die 
MeBresultate fi.ir Eichfallungen mit 100 PMole Cr02,- und mit 1 bis 10 ,uMole 
SOi-sowie fur die Eichfallung mit 10 PMole SCN- und 0,5 bis 6 PMole Cl- in Form 
der Beziehung (4) angegeben werden (Q = @Mole): 

Q(SO:-) = ( - 0,229 + 0,080) + (993 t_ 13). (Zdjr,,) 

Q(Cl-) = (-0,243 It: 0,026) + (5,75 + 0,04).&,/Z,) 

Urn die Rolle von AgSCN bzw. BaCrO, bei der Mitfallung von Chlorid bzw. Sulfat zu 
k&en, wurde der EinfluB der Verdiinnung auf das Intensitatsverhaltnis Z&/I,, untersucht. 
Die Ba(CrO~,SO~~Mischf~llung neigt stark zur Bildung von ~bers~ttigten Losungen und 
konnte aus stark verdiinnten LBsungen nicht ausgefallt werden. In Abb. 2 geben die Pfeile 
die Anfangskonzentration [A],, an, dessen Produkt mit der tiberschiissigen Konzentration 
des Fallungskations C (Ba’+ bzw. Ag+) gleich dem Loslichkeitsprodukt von CA ist. Letz- 
teres wurde zu [CA]&, angenommen, wobei [CA] die molare L~slichkeit in reinem 
Wasser bedeutet. AgSCN scheint nach der anfangs gegebenen Definition kein echter Spu- 
renfanger zu sein, da das Lijslichkeitsprodukt von AgCl iiberschritten werden mul3, damit 
Chlorid durch Ag+ ausgefallt wird. Die Rolle von AgSCN ist also auf Tragerfunktion und 
auf die Lieferung des Bezugselementes beschr~nkt. Ohne den TrIger CB wiirde aber CA 
bei hoher Verdtinnung nicht ausfallen, da es im allgemeinen tibersattigte LBsungen bildet 
(besonders ausgepragt bei BaSO,, s. Zitat [S] ). 

Die SK,- und die Ba,L,-Linien haben eine kleinere Wellenlangendifferenz und werden 
daher von der Matrix und von Materialien im Strahiengang ungeftihr gleich stark absor- 
biert. Aus diesem Grunde ware Barium ein besseres Bezugselement als Chrom. Barium 
eignet sich jedoch wegen seiner unkontrollierten Mitf~llung in Anwesenheit von gewissen 
Begleitionen wie HCO;, HPOZ-, CzOi-, SeOi- usw. als Bezugselement weniger gut. 

Urn den EinfluD solcher Stijrionen zu untersuchen, wurden Fallungen mit konstanter 
Menge von SOi- und CrOi- gemacht, wobei jeweils ein St&ion D in verschiedenen 
Molverh~ltnissen QD/Qs zugesetzt wurde. Wie die Abb. 3 zeigt, wird das Verhaltnis ls/lcr 
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Abb. 2. EinfluB der Verdiinnung auf 1,/I,. Fallungsbedingungen: V entsprechend der vor- 
gewlhlten Anfangskonzentration [A], variiert. A Q(SO:-) = 10 PMole, Q(CrO:-) = 100 
PMole, P: je 5 mMole TEA und TEA. HCl, TF = TA - O”C, tw = 60 Min. A wie A jedoch 
TF - 100°C sofort filtriert bei 9t&lOO”C. l Q(Cl-) = 10 pMole, Q(SCN-) = 100 PMole, P: 0,5M 

HAc, TF . lOO”C, T4 - O”C, t,, = 60 Min. 0 wie 0, jedoch sofort filtriert bei 9(flOO”C. 

nur wenig durch Phosphat bzw. Oxalat beeinflul3t. Das Verhlltnis Z(S,K,)/Z(Ba,L,) ver- 
kleinert sich dagegen sehr stark, da die Menge des Bezugsions Ba*+ zunimmt. Eine 
mijglichst sttirungsfreie Analysenmethode murj daher auf dem IntensitltsverhCiltnis IJIc, 
basieren. 

ANWENDUNG ZUR ANALYSE VON LEITUNGSWASSER 

Man verwendete Ziircher Leitungswasser, welches zuerst durch ein Membranfilter mit 0,2 pm PorengrGBe fil- 
triert wurde. 

Bestimmung lJo?l SuEfat 

Eine 50-ml Leitungswasscr-Probe und 5 bzw. 10 ml 10m3 M Schwefelslure wurden mit deionisiertem Wasser 
zu ca. 100 ml erganzt, mit 5 ml Triathanolamin-Puffer (je 0,2M an TEA und TEA.HCl) und 10 ml lo-‘M 
Kaliumchromat versetzt. Man go13 20 ml lo-‘M Bariumchloridlosung zu und 1ieB die Suspensionen 20 Minuten 
stehen. Gleichzeitig wurden noch F;illungen mit 100 ml deionisiertem Wasser (Blindprobe) bzw. mit 100 ml Lei- 
tungswasser hergestellt. Man bereitete die Proben zur MeBung, wie friiher beschrieben wurde, vor. Die Inten- 
sitat der S,K,-bzw. Cr,K,-Linie wurde nach der Impulsvorwahl-Megtechnik ermittelt, wobei fii Is 2-ma1 je 2. lo4 
und ftir Icr 2-ma1 je 2.10’ Impulse akkumuliert wurden. In der Tabelle 2 ist das Resultat von vier Wiederho- 
lungen, welche in Abstlnden von einigen Tagen an der gleichen Wasserprobe gemacht wurden, angegeben. 

D= C20:- 0 10Z(I,/I,,), 0 102U,/I,) 

D= HPO:- AIO'UslI,,), A Loomis/ &I 

-t 
---- 

---m 

A 0 A- 

‘.w__, 
A.,._ 

-- a-- 

I I / I 1 I I I 4 I 
2 4 6 6 IO 

Qo’Qs 
Abb. 3. Storung durch Mitfallung von Oxalat und Phosphat. Fallungsbedingungen: V = 100 ml, 
Q(SO:-) = 10 PMole, Q(CrO:-) = 100 PMole, P: je 5 mMole TEA und TEA.HCl, TF = 

TA 2 25°C tw = 10 Min. 
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Dabet wurde die Blindprobe [Q(SOi-) = 01, die Eichproben mrt 5 bzw. 10 PIMole SOi- sowie dte Fillungen 
mit 50 bzw. 100 ml Lertungswasser, welche die gesuchten Sulfatmengen von x5a bzw. .xloO enthielten, gleichzeitig 
prlpartert und ausgemessen. Der angegebene Fehler fur das betreffende Intensitatsverhlltms bedeutet dre ein- 
fache Standardabwetchung ausJe vier wiederholten Flllungen. Die Sulfatkonzentration wurde fur jede Wieder- 
holung mit der gletchzeitig bestimmten Eichkonstante ermittelt, wobei zur Berechnung der Sulfatmenge Bezie- 
hung (4) benutzt wurde. Die angegebene, emfache Standardabweichung fur die Sulfatkonzentration basiert daher 
auf 8 Flllungen. 

Tabelle 2. Reproduzierbarkeit (Standardabweichung c) der Sulfatbestimmung in Leitungswasser 

Q(SOi-). PMole: 0 5 10 .y50 .YlOO 
lO’.(l,/l,,): 195 789 1359 1149 2064 

105.0: 58 34 67 41 90 

Resultat: Q(SO:-) nach Gleichung (4), [SO:-] = (1,619 + 0.061). 10m4M. 

Urn miigllchst Ihnliche Beschaffenhett der Fallungen zu gewahrletsten und damit den Prlparationsfehler 
mdglichst klein zu halten, sowie urn den MeBfehler zu reduzreren, welcher von der langzettigen Instabihtlt des 
Spektrometers herruhrt, sollten die Fallungen und die Eichfallungen glerchzeitig pdpariert und gemessen 
werden. Da diese Regel bei der Sulfatbestimmung befolgt wurde, 1st das Resultat mit einem klemeren Fehler 
als die emzelnen zu verschiedener Zen bestimmten (Is/I,,)-Werte behaftet. 

Bestimmung t’on Chlorid 

Chlorid konnte in Ihnhcher Weise wie das SO:- bestimmt werden [Empfohlene Fallungsbedingungen: 
Q(NH,SCN) = 100 PMole, Q(AgN0,) = 200 nMole, P: 0,5M Essigs;iure, TF = TA - 25”. rw = 10 Min.]. 

Man erhtelt 1,13. 10e41\/1 fur [Cl-], wobei Jedoch keine Untersuchung iiber die Reproduzterbarkett durch- 
gefiihrt wurde. Die Standardabweichung der [Cl]-Bestimmung dtirfte jedoch kaum schlechter als dieieniae der 
[SO:-]-Bestimmung sem, da die Eichkonstanten~ d.h. die Regressionskoeffizienten r und s der GleichungT4) fur 
das System Ag(SCN,CI) sehr kleine Standardabweichung aufwersen (s. oben). 

Der Erdg. Stiftung zur Fiirderung Schweizerischer Volkswirtschaft durch wissenschaftliche Forschung danken 
wir fur die finanztelle Unterstiitzung. 
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Summary-Sulphate and chloride are quantitatively co-precipitated from dilute solutions (IO-s- 
IOm4A4) with BaCrO, and AgSCN respectively, and determined in the precipitate by X-ray Ruores- 
cence spectroscopy. Ratios of count-rates IJI,, and Ic,/Is for the appropriate KY-lines are used 
for quantitative evaluation by comparison with reference standards prepared the same way. The 
method enables both sulphate and chloride to be determined in 50-100 ml of tap-water with a 
reproducibility of about 3%. 
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ANWENDUNG VON IONENAUSTAUSCHVERFAHREN 
ZUR BESTIMMUNG VON SPURENELEMENTEN IN 

NATijRLICHEN W;iSSERN-V 

BLEI 

J. KORKISCH und A. SORIO 

Analytisches Instltut der UniversitLt. Abtellung: Rohmatetjalanalyse nuklearer Brennstoffe, 
WIhringerstraBe 38, A-1090 Wien, Osterreich 

Zusammenfassung-Elne Methode wird beschrieben, die es ermaglicht ppM-Mengen Blei aus 
natiirlichen WBsscrn zu isoheren und der Endbestimmung mittels Spektrophotometrie oder Atom- 
absorption zuglnglich zu machen. Die Wasserprobe wird durch Zugabe von konzentrierter 
BromwasserstoffsPure 0,15M an dieser sure gemacht, filtriert und anschlieaend durch eine Siule 
des stark baslschen Anionenaustauscherharzes Dowex 1, X8 (Bromidform) flieDen gelassen. Dabcl 
wird das Blei nicht nur am Ionenaustauscher quantitative adsorbiert, sondern such glelchzeitig von 
den meisten anderen. in der Wasserprobe anwesenden Begleitelementen getrennt. Das Blei wird 
mit 6M Salzsaure eluiert und im Eluat. unter Anwendung der Dithizonmethode spektrophotome- 
trlsch oder mittels Atomabsorptlonsspektrophotometrie bestimmt. Die Methode wurde zur Bes- 
timmung des Bleis in Trinkwasser- und Donauwasserproben herangezogen, wobei Bleigehalte im 
Konzentrationsberelch von 2 bis 14 ppM gefunden wurden. 

Zur Liisung von Umweltschutzproblemen im Zusammenhang mit der Toxizitgt des Bleis 
werden analytische Methoden beniitigt, die eine serienmtiaige Bestimmung des Bleis in 
natiirlichen Wgssern gestatten. Die dabei normalerweise zu bestimmenden Bleikonzentra- 
tionen sind sehr gering (im ppM-Bereich) so da13 zur Bleibestimmung nur Verfahren her- 
angezogen werden k6nnen deren Empfindlichkeit entsprechend hoch ist bzw. es sind 
solche Methoden zu verwenden, die eine der Bestimmung vorangehende, einfache Anrei- 
cherung des Bleis aus Proben natiirlicher Wgsser ermiiglichen. 

Auf Grund von Literaturangabenl-I3 ist ersichtlich, da13 nur relativ wenige Methoden 
beschrieben wurden, die es gestatten das Blei ohne vorangehende Anreicherung und 
gleichzeitiger Abtrennung von den Begleitelementen mittels Verfahren beruhend auf 
Voltammetrie, ’ 3’ Polarographie, 3-7 Atomabsorption, 8,9 Spektrophotometrie, lo,11 Emis_ 

sionsspektrographie’ 2 und Massenspektroskopie’ 3 zu bestimmen. Bei vielen dieser Ver- 
fahren ist es erforderlich die zu analysierende Wasserprobe einzudampfen, urn die Empfind- 
lichkeit und Genauigkeit der Bleibestimmungen zu erhBhen. 

Die Mehrzahl der im Zusammenhang mit der Bleibestimmung in natiirlichen Wlssern 
beniitzten Methoden beruhen jedoch auf Abtrennverfahren die in Kombination mit geeig- 
neten Bestimmungsmethoden fiir Blei angewendet werden. Die am hzufigsten beniitzten 
Abtrennmethoden beruhen auf Extraktionen von Chelaten des Bleis mit Dithizon,16”3 
Ammoniumpyrrolidin-l-carbodithioat,8~24 Ammoniumtetramethylendithiocarbamat,2s 
Hexahydroazepin-1-carbodithioat2’ und Arsazen.“’ Durch die Extraktion dieser Chelate 
mittels geeigneter organischer Lijsungsmittel wie Chloroform,‘s-21’23 Tetrachlorkohlen- 
stoff,22 Methylisobutylketon,*~” Heptan-2-on,‘4 Butylacetat26 und Butano12’ wird nicht 
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nur eine Trennung des Bleis von storenden Begleitelementen bewirkt. sondern meistens 
such die direkte Bleibestimmung in den organischen Extrakten mittels Spektrophotome- 
trie’ 8P2 1323 oder Atomabsorption8,2b26 ermiiglicht. 

Andere Verfahren die zur Bleiabtrennung aus nattirlichen Wassern herangezogen 
wurden beruhen auf der Adsorption des Bleis auf Kationenaustauscherharzen,28 3’ 
Diinnschichtchromatographie14 und auf der Koprazipitation des Bleis mit Kalciumcar- 
bonat32m~34 oder Zinkphosphat3” 

Obwohl zur Trennung des Bleis von vielen Begleitelementen sehr oft stark basische 
Anionenaustauscherharze verwendet werden 36*37 hat dieses Trennungsprinzip zur 
Bleianalyse von natiirlichen Wassern bis jetzt keine Anwendung gefunden. Wie jedoch in 
der vorliegenden Arbeit gezeigt wird, ist das beschriebene Anionenaustauschverfahren sehr 
gut geeignet, urn Blei aus Wassern zu isolieren, wonach dieses Element spektrophotome- 
trisch oder mittels Atomabsorption stbrungsfrei bestimmt werden kann. 

EXPERIMENTELLER TEIL 

lonmaustauscher. Es wurde der stark basische Anionenaustauscher Dowex 1, X8 ( IO0 200 mesh; Chloridform) 
verwendet. Vor dem Einfilen in die 1onenaustauschers;iule werden 4 g des Austausclicrbarzes mit einigen Mtlli- 
htern 6M Salzslure aufgeschlammt und das Harz so vollstlndig als miiglich in die mtt der gleichen Same gefiillte 
Ionenaustauschertiule gebracht. Danach wird mit 50 ml 6M Salzslure gefolgt von einem gleichen Volumen an 
Wasser nachgewaschen. Hierauf wird mit 50 ml 1.5M Bromwasserstoffsaure und anschlieI3end mit 50 ml 0.15M 
Bromwasserstoffsaure gewaschen urn den Ionenaustauscher in die Bromidform iiberzufiihren. 

Blri-Standardldsungen. Ausgehend von einer mittels ADTA-Titrationen eingestellten BleimtratstammlGsung, 
die 20 mg Blei/ml 0,5 vol.“/,iger Salpeters%ure enthielt. wurden 0.15M bromwasserstoffsaure und 6M chlorwas- 
serstoffsaure Standardliisungen mit Bleigehalten im Konzentrationsbereich von 0,2 his 200 ppm hergestellt. 

WdBrige Dithizonldsung. Dithizonstandardlosung (6 ml; 1 g Dithizon pro Liter Chloroform; diese Ldsung 1st 
kiihl zu lagern) wurde in einem Schiitteltrichter genau 2 Minuten lang mit 10 ml 0.5M Ammoniaklosung geschiit- 
telt und der Chloroformextrakt verworfen Die wll3rige Phase wtrd durch ein angefeuchtetes Filter filtriert und 
das Filtrat (die wlBrige Dithizonlosung) zur spektrophotometrischen Bleibestimmung verwendet. 

Awmoniakalische Komplexierungsliisung. Natriumsulfit (3 g; NazS0,.7H,0) wurde in 340 ml konzentrierter 
Ammomakliisung und 680 ml Wasser gelijst und mit 30 ml einer Kaliumcyamdlijsung (10 g/Liter) vermischt. 

4ndrre Rrugrnzien. Ferner wurden verwendet: Chloroform, Kaliumbromid, 6M Salzsaure. 0.15M. 1.5M und 
konzentrierte Bromwasserstoffslure, 0,5 vol.“/,ige Salpeterslure und konzentrierte Perchlorsaure. 

ilppuraturen 

Fur die Bestimmung des Bless mittels Atomabsorption wurde ein Perkin-Elmer 303 Atomabsorptionsspektro- 
photometer inverbindung miteinemHitachi-Perkin-Elmer Recorder 56 verwendet. Die Messungen wurden mit- 
tels emer Bleihohlkathodenlampe bei 283.3 nm unter Anwendung der folgenden mstrumentellen Einstellungen 
ausgcftihrt: Gitter-ultraviolett; Skalendehnung-bis auf das 30 Fache; Spalt-4 (I mm; 0,7 nm spektrale Spalt- 
breite); Lampenstrom-8 mA; Brenner-Dreischlitzbrennerkopf; Acetylendruck--8 psig (Emstellung 9.0 auf 
dem Rotameter); Luftdruck-30 psig (Einstellung 9,0 auf dem Rotameter); DBmpfung-bis zu 5. Unter diesen 
Bedmgungen und bei Durchfiihrung der Messungen in 0,5 vol.% Salpetersaure wird eine Empfindhchkeit von 
0.6 ppm Blei fur 1% Absorption erzielt. 

Fur die photometrischen Bestimmungen des Bleis wurde ein Beckman Spektralphotometer. Model1 DB-GT 
und I-cm Kiivetten verwendet. 

Die Ionenaustauschtrennungen wurden in Austauschersaulen emes frhher’s angegebenen Typs ausgefiihrt. 

I’orhewtung drr Wasserprobr 

Em Liter der Wasserprobe wird sofort nach der Probenahme mit 18.5 ml konzentrierter Bromwasserstoffslure 
angesauert und dann im Laboratorium durch ein dichtes Filter filtriert. Danach wu-d das Filtrat einige Stunden 
(vorzugsweise iiber Nacht) stehengelassen wodurch Kohlendioxyd und andere Gase. die durch Gasblasenbildung 
das Austauschverfahren storen wiirden. entfernt werden. Fur die unten beschriebene Ionenaustauschtrennung 
werden 200 ml des Filtrats (die Sorptionslosung) bentitzt. 

Fur Untersuchungen hinsichtbch des EmfluBes von in Wasserproben anwesenden organischen Bestandteilen 
auf die Bleiabtrennung (siehe Resultate und Diskussion) werden 200 ml des Filtrats auf dem Sandbad (einer Heiz- 
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Platte oder unter einer Infrarotlampe) zur Trockne eingedampft. Der Riickstand wird mit 5 ml konzentrlerter 
PerchlorsPure aufgenommen und die Liisung, zwecks Zerstijrung orgamscher Substanzen, auf dem Sandbad zur 
Trockne gebracht. AnschlieDend werden 5 ml konzentrierte Bromwasserstofftiure zugegeben. die LGsung auf 
dem Wasserbad zur Trockne eingedampft und der Eindampfriickstand in 50 ml 0.15M Bromwasserstoffsaure 
aufgenommen. Dieser Liisung wlrd 1 g Kalmmbromid zugesetzt und nach liingerem Stehenlassen (vorzugsweise 
iiber Nacht) wird das ausgefrillte Kaliumperchlorat abfiltrlert. Nach dem Waschen des Nlederschlags mit 0.15M 
Bromwasserstoffslure wird das Filtrat mit derselben S%ure auf 200 ml verdiinnt (die Sorptionslbsung). 

Die. wie oben angegeben, hergestellten 200 ml Sorptlonslijsung werden durch eine mit 4 g des Anionenaus- 
tauschers beschickte SBule (vorbehandelt mit je 50 ml 1.5M und 0,15M BromwasserstoffsIure), mit einer dem 
Gegendruck des Harzbettes entsprechenden Geschwindigkeit (etwa I,5 ml/Minute) flieRen gelassen. Ansch- 
henend wird mlt 50 ml 0,15M BromwasserstofTsSiure nachgewaschen und das Blei mit 50 ml 6M Salzskure eluiert 
(Bleieluat). 

Spelitrophotorlletrische Methode.” Das Bleieluat wird auf dem Wasserbad zur Trockne eingedampft. der Em- 
dampfruckstand in 1 ml 6M Salzsiiure aufgenommen und die LGsung unter Nachwaschen mit insgesamt 50 ml 
Wasser m emen Scheldetrichter gebracht. Danach werden 30 ml der ammoniakalischen KomplexierungslGsung 
zugesetzt. kurz durchgeschiittelt und nach Zugabe von 0.5 ml wPl3riger DithlzonlGsung erneut kurze Zelt geschiit- 
telt. AnschlieBend werden 10 ml Chloroform zugegeben und das Bleidithizonat durch genau I Minute langes 
Schiitteln extrahiert. Nach der Phasentrennung wird der Chloroformextrakt durch ein trockenes Filter filtriert 
und seine Extmktlon bei 510 nm gegeniiber einer analog hergestellten ReagensleerlGsung (ein Dithizon-Chloro- 
formextrakt der in Abwesenhelt von Blei aber unter genauester Einhaltung der obigen Arbeitsvorschrift erhalten 
wurde) gemessen. Aus der gemessenen Extinktion des Extrakts wird dann mit Hilfe einer analog aufgestellten 
Eichkurve im Konzentrationsbereich von 0 bis 20 ,ug Blei/lO ml Chloroformextrakt der Bleigehalt der Probe- 
1Gsung ermittelt; 1Opg Blei entsprechen emer Extinktlon von 0,381. 

Zwecks direkter Bestimmung des Bleis in Wasserproben werden 200 ml der mit Bromwasserstoffslure ange- 
sguerten Probe (siehe oben) auf dem Wasserbad zur Trockne eingedampft und der Riickstand genauso wle der 
Emdampfriickstand des Bleieluats (slehe oben) weiterbehandelt. 

Da die untersuchten Wasserproben nur ppM-Mengen an Blei enthielten, war es immer nijtig den Bleigehalt 
aller verwendeten Reagenzlen (vom AnsPuern der Wasserprobe bis zur Bleibestlmmung) zu ermitteln und dlesen 
dann bei der Auswertung der Analysenergebnisse in Rechnung zu stellen. Dies war natiirhch such bei Anwen- 
dung der unten beschrlebenen atomabsorptionsspektrophotometrischen Methode erforderlich. 

Atonluhsorptionsrnethode. Das Bleieluat wird auf dem Wasscrbad zur Trockne eingedampft, der Ein- 
dampfriickstand m 5 ml 0.5 vol.“,$ger Salpeterstiure aufgenommen und nach 30 Minuten wird die LBsung m 
emen IO-ml-MeI3kolben gcbrachtwobei mit derselben Slure nachgewaschenundzur Marke aufgefiilltwird. LJnlb;s- 
hche Anteile, welche die zum Ansaugen der Li%ung in die Luft-Acetylenflamme beniitzte Kapillare verstopfen 
kijnnten, mussen vor Bestimmung des Bless durch Filtration (trockenes Filter) abgetrennt werden. Die Elchkurve 
wlrd durch Ansaugen von geeigneten, analog hergestellten Bleistandardliisungen aufgestellt. 

RESULTATE UND DISKUSSION 

Stark basische Anionenaustauscher weisen gegeniiber Blei eine relativ hohe Selektivitnt 
auf vorausgesetzt, da13 dieses Element als anionischer Bromidkomplex vorliegt.3h,39 Aus 
Messungen der Gleichgewichtsverteilungskoeffizienten des Bleis an Dowex 1, X8 unter 
Anwendung der in dieser Arbeit verwendeten bromwasserstoffsauren LBsungen geht her- 
vor, da13 dieser Koeffizient in 0,15M BromwasserstoffsBure einen Wert von 3,40. lo3 (bei 
Beladung des Harzes mit 1 mg Pb) aufweist. In Gegenwart von 5 oder 10 mg Kaliumbro- 
mid/ml 0,15M Bromwasserstoffs%ure wurde bei derselben Beladung ein wesentlich niedri- 
gerer Verteilungskoeffizient von 950 ermittelt woraus folgt, da13 die Bleiadsorption in 
Gegenwart von Salzen erwartungsgemg133h erniedrigt wird. Besonders deutlich wird dieser 
Salzeffekt durch die in Tabelle 1 gezeigten Resultate von Bleibestimmungen im Wiener 
Trinkwasser veranschaulicht. Aus diesen geht hervor. da13 der in den Wasserproben ermit- 
telte Bleigehalt, abgesehen von geringen Schwankungen, unabhgngig vom Volumen der 
Wasserprobe ist, vorausgesetzt wenn dieses ein Liter nicht iiberschreitet. Wird mehr als 
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Tabelle I. Resultate von spektrophotometrischen Blei- 
bestimmungen in Wiener Trinkwasser 

Volumen der zur Bleigehalt. 
Analyse verwendeten Wasserprobe, 1.* PJb 

0. I 14.0 

0.1 14.0 
0.2 14. I 
0.2 13.7 
0.5 14.1 

0,5 13.9 

1.0 14.0 
1.0 13.X 
2,O 12.6 
3.0 6.0 
5.0 1.5 

* Die Probenahme erfolgte tm April 1974 im Analy- 
tischen Institut der Umversitat Wicn. 

Tabelle 2. EmfluB von Fremdionen auf die Abtrennung 
und spektrophotometrische Bestimmung des Bleis 

Der Wasserprobe* zugesetztes Bleigehalt. 
Fremdion (I mg) w/l. 

Zn(II) 
Cd(H) 

Hg(II) 
Bi(II1) 
Sn(I1) 
T](I) 
Mo(V1) 

Ag(I) 
Cu(I1) 
Ohne Zusatz 

13.7 
13.7 
13.5 
13.2 
13,o 
13.7 
13.5 
13.6 
13.2 
13.2 

* Als Wasserprobe wurden Jeweils 200 ml Wiener 
Trinkwasser verwendet und unter Anwendung der 
Arbeitsvorschrift analysiert. 

Tabelle 3. Emflulj der Bleikonzentration auf die Bleiausbeute 

Der Wasserprobe* zugesetzte 
Bleimenge. w 

Im 6M HCI-Eluat wiedergefundene 
Bleimenget. pg 

10 10.1 
20 17.9 

100 117 
1000 10x3 

* Als Wasserprobe wurden Jeweils IO00 ml Wiener Trinkwasser verwendet 
und unter Anwendung der im experimentellen Tell beschriebenen Arbeits- 
vorschrift analysiert. 

t Abztiglich der m der Was&probe und in den Reagenzien enthaltenen 
Bleikonzentrationen. 
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ein Liter Wasserprobe der in der Arbeitsvorschrift beschriebenen Anionenaustauschope- 
ration unterworfen, so wird das Blei in zunehmenden AusmaB durch die in der Probe 
anwesenden Anionen der Erdalkalimentalle (Bromide und Sulfate) vom Harz verdfngt 
wodurch betrlchtliche Bleiverluste eintreten. So wurde z.B. bei Anwendung einer 5 Liter 
Wasserprobe ein urn etwa eine Zehnerpotenz niedrigerer Bleigehalt gefunden (siehe 
Tabelle 1). Auf Grund dieser Tatsache werden bei der Ionenaustauschtrennung nur 200 ml 
der Sorptionsliisung verwendet obwohl such eine quantitative Anreicherung des Bleis. 
entsprechend den in Tabelle 1 gezeigten Resultaten, aus lOOO-ml Proben mbglich ist. 
Dieses kleinere Probevolumen von 200 ml wird jedoch deshalb empfohlen damit das Blei 
such aus Wasserproben, die einen hiiheren Salzgeholt als Wiener Trinkwasser aufweisen, 
quantitativ abgetrennt werden kann. 

Kein Einflub auf die Adsorption des Bleis am Anionenaustauscher wird dagegen in 
Anwesenheit von Schwermetallionen hervorgerufen, selbst wenn diese analog zum Blei als 
anionische Bromidkomplexe vom Harz adsorbiert werden wie z.B. Cadmium40 und Wis- 
mut. Die Ergebnisse diesbeziiglicher Untersuchungen werden in Tabelle 2 gezeigt in der 
such Metallionen angefiihrt sind, die wie Zink und Kupfer aus 0,15 M Bromwasserstoff- 
saure nicht vom Austauscher adsorbiert und damit schon wahrend der Sorption quantita- 
tiv vom Blei getrennt werden. Da bei der Elution des Bleis mit 6M Salziure (siehe 
Arbeitsvorschrift) die als anion&he Bromidkomplexe adsorbierten Fremdionen wie z.B. 
Cadmium und Wismut nicht eluierbar sind wird eine Eluat erhalten in dem das Blei 
storungsfrei bestimmt werden kann. 

Untersuchungen hinsichtlich des Einflubes der Bleikonzentration auf die Bleiausbeute 
ergaben die in Tabelle 3 gezeigten Resultate aus denen hervorgeht, da13 selbst eine Blei- 
menge von 1 mg/Liter vollstandig vom Austauscher adsorbiert und quantitativ im Eluat 
wiedergefunden wurde. Dadurch wird der Anwendungsbereich der Methode wesentlich 
erweitert, eine Tatsache die von Bedeutung ist wenn die Methode zur Analyse von relativ 
bleireichen Gewassern (z.B. Abwlsser) angewendet werden ~011. 

In Tabelle 4 werden die Resultate von Bleibestimmungen in Donsuwasserproben 
gezeigt. Wie ein Vergleich der in Kolonne A II angefuhrten Bleigehalte mit den entspre- 
chenden Werten der Kolonnen A I und B I und II zeigt, ist eine der Ionenaustauschtren- 
nung vorangehende Zerstiirung organischer Substanzen nicht erforderlich. Diese ist nicht 
nur zeitraubend, sondern es werden such durch die zur NaBveraschung beniitigten Re- 
agenzien Bleimengen eingeschleppt die gr6DenordnungsmaBig den Bleigehalten der Donau- 
wasserproben entsprechen. 

Wie ferner aus Tabelle 4 ersichtlich ist, weisen jene Analysen die in Gegenwart und in 
Abwesenheit von als Spike zugesetzten Bleistandardmengen durchgefiihrt wurden in 
vielen Fallen eine relativ gute Ubereinstimmung auf, woraus geschlossen werden kann, 
dab die Bleiabtrennung quantitativ erfolgte und such nicht von den im Donauwasser 
anwesenden organischen Substanzen (E O,>l,O ml 0,lM Kaliumpermanganat pro Liter) 
gestijrt wird (die in den Kolonnen B I und II angefuhrten Resultate wurden ohne vorange- 
hende Zerstijrung organischer Substanzen ermittelt). Demgegemiber wurden bei der dir- 
ekten Anwendung der spektrophotometrischen Methode Bleigehalte gefunden, die wesent- 
lich hoher sind als die nach vorangehenden Ionenaustausch erhaltenen. Die Ursache 
dafiir ist auf die Anwesenheit von Schwermetallionen (z.B. Zink) zuriickzufiihren, die ana- 
log zum Blei mit Dithizon-Chloroform extrahierbar sind und dann bei der spektrophoto- 
metrischen Bleibestimmung einen betrachtlichen positiven Fehler hervorrufen. 

Nicht merjbar waren die Bleigehalte der Donauwasserproben bei direkter Anwendung 
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Tabelle 4. Resultate von Bletbestimmungen m Donauwasserproben 

Bleigehalt, w/r. 
Bleibestimmung nach vorangehendem 

lonenaustausch 

Probenbezeichnung* 

I. Donau bei Linz-Magreiten (R) 
2. Donau bei Linz-Steyregg (L) 
3. Donau bei Langenstein (L) 
4. Donau bei Mauthausen-Ost (L) 
5. Donau bei Ysperdorf (L) 
6. Donau bei Persenbeug (L) 
7. Donau bei Dilrnstein (L) 
8. Donau bei Traismauer-Ost (R) 
9. Donau bei Klosterneuburg 

(Fahre) (R) 
IO. Donau bei Wien-Lobau 

(hlhafen) (L) 

A B Direkte 
spektrophotometrisch 

I II I II Bleibestimmungt 

5.5 5.5 3,O 7.0 (20) 11.5 
9.0 II,0 7.1 8.5 (20) 15.0 

5.5 5,O 7.3 5.5 (20) 20.0 
9.0 10,o 10.9 8.2 (20) 21.5 
3.7 7.5 IO,3 5.5 (20) 25,0 
2.0 2,8 6.2 2.5 (20) 18.0 
3.7 6,O 7.0 4.5 (20) 25,0 
3.7 4,O 636 6.0 (20) 26,0 
4.3 7.0 5.8 5.5 (20) 26,0 

9.0 9.5 7.3 IO,0 (20) 37.0 

A I = Spektrophotometrisch bestimmter Bleigehalt ohne vorangehende Zerstiirung organischer Substanzen. 
A II = Spektrophotometrisch bestimmter Bleigehalt nach Zerstorung organischer Substanzen. 
B I = Atomabsorptionsspektrophotometrisch bestimmter Bleigehalt. 
B II = Atomabsorptionsspektrophotometrisch bestimmter Bleigehalt nach Abzug der vor der Anionenaus- 

tauschtrennung als Spike zugesetzten Bleimenge (die emgeklammerten Zahlen geben an, wteviel pg-Blei-Spike 
verwendet wurde). 

* Die Probenahme erfolgte am 20 Aprtl 1974; (R) = rechtes Donauufer; (L) = linkes Donauufer 
t Da die m dieser Kolonne gezeigten Resultate nur m Gegenwart von Cyamd als Maskierungsmittel ermittelt 

wurden is es verstandlich, dal3 diese Bleigehalte wesentlich hbher sind (hervorgerufen durch Koextraktion von 
Dithizonaten anderer in den WLssern vorhandener Metallsptiren) als die in Kolonnen A und B angefuhrten. 

der Atomabsorptionsmethode (Empfindlichkeit nur 100 ppM) woraus folgt. da13 angen- 
ahert verlal3liche Bleibestimmungen mittels Atomabsorptionsspektrophotometrie erst 
nach Abtrennung des Bleis aus den Wasserproben miiglich sind. 

Die beschriebene Methode wurde such zur Bestimmung des Bleis in der Fresh Water 
Sample W-3 (International Atomic Energy Agency, Intercomparison Run June-December 
1973) herangezogen und ein Bleigehalt von 295 ppM ermittelt. Der theoretische Bleigehalt 
dieser Probe wird mit 305 ppM angegeben. 

Dunk.suyung-Dem Fonds zur Forderung der wtssenschaftlichen Forschung wird an dieser Stelle fur die Bereit- 
stellung der zur Durchfiihrung der beschriebenen wissenschaftlichen Arbeit erforderlichen Mittel bestens 
gedankt. 
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Summary-A method is described which makes possible the separation oflead from natural waters 
at the ppM level, and its final determination by spectrophotometry or atomic absorption. The 
sample is made 0.15M in hydrobromic acid, filtered, and passed through Dowex 1 X8 (bromide 
form). The lead is sorbed on the resin and most of the other elements present are separated from 
it. The lead is eluted with 6M hydrochloric acid and determined by the dithizone method or by 
atomic-absorption. The method was used to determine lead in drinking water and water from the 
Danube, lead concentrations in the range 2-14 ppM being found. 
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(Eingegangen am 20. Mai 1974. Angenommen am 19. September 1974) 

Zusammenfassung-Eine Methode wird beschrieben, die es gestattet ppM-Mengen Zink aus natiir- 
lichen WLssern zu isolieren und der Endbestimmung mittels Atomabsorptionspektrophotometrie 
zuglnglich zu machen. Die Wasserprobe wird mit Salzslure angesauert, filtriert und nach Zugabe 
von Kaliumthiocyanat durch eine Saule des stark basischen Anionenaustauschers Dowex I, X8 
(Thiocyanatform) flieDen gelassen. Dabei wird das Zink als anion&her Thiocyanatkomplex quan- 
titativ adsorbiert und gleichzeitig von den meisten in der Wasserprobe anwesenden Begleitele- 
menten getrennt. Nach dem Nachwaschen mit einem salzsauren, gemischt waDrig-organischen 
Losungsmittelsystem und 1M SalzsIure wird das Zink mit 0,lSM Bromwasserstoffs;iure eluiert 
und direkt im Eluat mittels Atomabsorption bestimmt. Die Methode wurde zur Bestimmung des 
Zinks in iisterreichischen Gewassern herangezogen wobei Gehalte im Konzentrationsbereich von 
18 bis 685 ppM Zink gefunden wurden. 

Zinkbestimmungen in nattirlichen Wassern liefern wertvolle Daten nicht nur im Zusam- 
menhang mit Problemen des Umweltschutzes, sondern such in Hinblick auf die Geoche- 
mie dieses Elementes und der hydrogeochemischen Prospektion auf Zink. In der Literatur 
werden daher eine grol3e Anzahl von Methoden zur Zinkbestimmung in St.il3- und Meer- 
wasserproben sowie Abwassern beschrieben die auf Spektrophotometrie,‘-i2 Polarogra- 
phie, 13-15 Voltammetrie,‘6-‘8 Atomabsorptionsspektrophotometrie,’g*20 Atomfluores- 
zenzspektroskopie, ” Rijntgenstrahlenfluoreszenz,22 Emissionsspektroskopie,23 ADTA- 
Titration2k27 und radiochemischen Methoden28-31 beruhen. 

Obwohl es mit vielen der angeftihrten Verfahren mijglich ist das Zink direkt in den Was- 
serproben zu bestimmen5-7~14~‘7-21~2s-27 ist es hlufig erforderlich, vor allem in Anwesen- 
heit sehr geringer Zinkmengen, die Analysenprobe einzudampfen’3,‘5*23 oder das Zink 
mittels geeigneter Abtrennungsmethoden zu isolieren wozu am haufigsten die Fltissig- 
Fltissig Extraktion von Komplexen des Zinks mit organischen Reagenzien herangezogen 
wird. Die dazu verwendeten Extraktionssysteme sind: Dithizon-Chloroform (oder 
Tetrachlorkohlenstof,2,4,*-10~28 Diathyldithiocarbamat-AthylacetatZ4 (oder Toluol und 
Isoamylalkoho13 bzw. Chloroform”), Di-2-naphthylthiocarbazon-Chloroform,’ 6-Meth- 
oxy-3-methyl-2-[4-(N-methylanilino)phenylazo] benzothiazoliumchlorid-Thiocyanat- 
Benzol-TBPr2 und Aliquat-336Xylol. 31 Einige dieser Reagenzien wie z.B. Dithizon sind 
gleichzeitig such empfindliche Farbreagenzien, so da13 das Zink nach Extraktion in die 
organische Phase direkt in dieser spektrophotometrisch bestimmt werden 
kann.1,2,4,8-10,12,28 Andere zur Abtrennung des Zinks aus Wassern bentitzte Verfahren 
sind: Chromatographie auf einer mit Dithizon impregnierten Zelluloseacetatsaule,30 
Adsorption des Zinks auf Chitos&,‘6 dem stark sauren Kationenaustauscher Amberlite 

281 
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IR-12022 oder auf einem stark basischen Anionenaustauscher aus etwa 2M salzsaurer 
Losung nach vorangehender Abtrennung des Zinks durch Koprlzipitation mit Eisenhyd- 
roxyd. 29 Auch ein Adsorptionsverfahren beruhend auf Kolloidflotation mit Dodecylamin 
als Surfaktant kann zur Isolierung des Zinks herangezogen werden.32 

In friiheren Arbeiten dieser Reihe werden Methoden beschrieben, die es ermbglichen die 
in nattirlichen Wassern vorhandenen Spurenelemente Kobalt,33,34 Cadmium34 und 
Urans4 ohne vorange hendes Eindampfen der Analysenproben durch Anwendung von 
Anionenaustausch in Thiocyanatsystemen abzutrennen und der spektrophotometrischen 
Endbestimmung zuglnglich zu machen. Da such Zink analog zu den obengenannten Ele- 
menten einen anionischen Thiocyanatkomplex bildet, kann dieses Element, wie in der vor- 
liegenden Arbeit beschrieben wird, direkt aus der Wasserprobe auf dem stark basischen 
Anionenaustauscher Dowex 1 quantitativ adsorbiert und nach der Elution atomabsorp- 
tionsspektrophotometrisch bestimmt werden. 

L.ivungen und Reagenzien 
EXPERIMENTELLER TEIL 

lonenaustuuscher. Es wurde der stark basische Anionenaustauscher Dowex 1, X8 (lo&200 mesh: Chloridform) 
verwendet. Vor dem Einfiillen in die Ionenaustauschersaule werden 4 g des Anionenaustauscherharzes in wenigen 
ml der Vorbehandlungslosung (siehe unten) aufgeschlammt und nach Ablauf von etwa 15 Minuten wird der Aus- 
tauscher so vollsmndig als miiglich in die mit derselben Losung geftillte Ionenaustauscherlule gebracht. Danach 
wird mit 50 ml der Vorbehandlungslosung nachgewaschen, urn den Austauscher weitestgehend in die Thiocyanat- 
form iiberzufiihren. 

Zink-Standardliisungen. Ausgehend von einer Stammliisung die.l,O mg Zn (als Zinkchlorid) pro ml 6M Salz- 
saure enthielt (der Zinkgehalt dieser Losung wurde durch ADTA-Titrationen ermittelt), wurden durch 
Verdtinnen mit 6M Salzslure oder 0,15M Bromwasserstoffslure, Ldsungen mit Zinkgehalten im Konzentrations- 
bereich von 0.1 bis 10 ppm hergestellt. 

Vorbehandlungsltisung. Salzsaure, O,lM, die pro 100 ml Losung 1 g Kaliumthiocyanat enthalt. 
THF-MGHCI-Mischung. Mischung bestehend aus 50 vol.% Tetrahydrofuran, 40 vol.% Methylglykol und 

10 vol.% 6M Salzslure; siehe Beitrlge I und IV dieser Reihe.33r34 
Andere Reagenzien. Ferner wurden verwendet: Kaliumthiocyanat (pa.), 1M und konzentrierte Salzsaure sowie 

0,15M Bromwasserstoffsaure. 

Apparaturen 

Zur Bestimmung des Zinks mittels Atomabsorption wurde ein Perkin-Elmer 303 Atomabsorptionsspektro- 
photometer in Verbindung mit einen Hitachi-Perkin-Elmer Recorder 56 verwendet. Die Messungen wurden mrt- 
tels einer Zinkhohlkathodenlampe bei 213.8 nm unter Anwendung der folgenden mstrumentellen Einstellungen 
ausgefiihrt: Gitter-ultraviolett; Skalendehnung-bisaufdas 10Fache; Spalt-5 (3 mm; 2 nm spektrale Spaltbreite); 
Lampenstrom-15 mA; Brenner-Dreischlitzbrennerkopf; Acetylendruck-8 psig (Einstellung 10 auf dem Rota- 
meter); Luftdruck-30 psig (Einstellung 145 auf dem Rotameter); DImpfung-bis auf 4. Unter diesen Be- 
dingungen weist die Empfindlichkeit der Zmkbestimmung fur 1% Absorption Werte von 0,019 bzw. 0,017 ppm 
auf wenn die Messungen in 0.15M Bromwasserstoffsaure bzw. 0,lM Chlorwasserstoffsaure (direkte Bestimmung 
des Zinks in den Wasserproben) ausgefuhrt werden. 

Die Ionenaustauschtrennungen wurden in Austauscherslulen eines in einer friiheren Arbeits5 angegebenen 
Typs ausgefiihrt. 

Bestimmung der Verteilungskoefizienten 

Die Gleichgewichtsverteilungskoeffizienten (K,-Werte) des Zinks wurden untcr Anwendung der Batch-Meth- 
ode bestimmt.36 

Vorbereitung der Wasserprobe 

Ein Liter der Wasserprobe wird so bald als miiglich nach der Probenahme mit 10 ml konzentrierter SalzsIure 
angesluert und durch ein dichtes Filter filtriert. Dem Filtrat werden 10 g Kaliumthiocyanat zugesetzt, gut durch- 
gemischt bis sich das Reagens aufgelijst hat und danach wird die Mischung (die Sorptionslosung) etwa eine 
Stunde stehengelassen. Wird fti die Analyse ein kleineres oder griigeres Volumen als 1 Liter benotigt, so ist es 
nattirlich erforderlich die der Wasserprobe zuzugebenden Mengen an Salzsaure und Kaliumthiocyanat entspre- 
chend zu variieren. 
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Ionenuustauschtrennung 

Die Sorptionslijsung (siehe oben) wird durch eine mit 4 g des Ionenaustauscherharzes beschickte SIule (die 
vorher mit 50 ml der Vorbehandlungslijsung gewaschen wurde), mit einer dem Gegendruck des Harzbettes ent- 
sprechenden Geschwindigkeit (etwa 140 ml/Stunde) theBen gelassen. AnschlieDend wird zuerst mit 50 ml der 
THF-MG-HCl-Mischung (wobei die, durch den am Harz adsorbierten Thiocyanatkomplex des Eisens wlhrend 
der Sorption gebildete, rote Adsorptionszone vollstlndig verschwindet) und dann mit 20 ml 1M Salzs;iure nach- 
gewaschen, urn koadsorbierte Fremdionen wie Eisen, Uran und Kobalt weitestgehend zu entfernen. Hierauf wird 
das Zink mit 100 ml 0,15M Bromwasserstoffslure eluiert (Zinkeluat). 

Quantitative Bestimmung des Zinks 

Das Zinkeluat wird mittels einer Kapillare in die Luft-Acetylenflamme gesaugt und die Absorption bei 
213,8 nm gemessen. Die Eichkurve wird durch Ansaugen von geeigneten, analog hergestellten Zinkstandard- 
lijsungen aufgestellt. 

Die direkte Zinkbestimmung in den untersuchten WLssern erfolgte analog durch Ansaugen der filtrierten 0,lM 
salzsauren Proben. 

Obwohl die zur Abtrennung und Bestimmung des Zinks beniitzten Reagenzien nur verschwindend geringe 
Mengen dieses Elementes enthielten, ist es immer ratsam ihre Zinkkonzentrationen unter Anwendung des oben 
beschriebenen Verfahrens zu ermitteln wobei 1 Liter destilliertes Wasser als Wasserprobe eingesetzt wird. 

RESULTATE UND DISKUSSION 

Das Prinzip der beschriebenen Methode zur Abtrennung des Zinks aus nattirlichen 
Wassern beruht darauf, dal3 das Zink mit Thiocyanationen einen sehr stabilen anionischen 
Komplex bildet, der aus verdtinnt salzsaurer Losung sehr stark auf dem stark basischen 
Anionenaustauscher Dowex 1 adsorbiert wird. Unter den angegebenen Bedingungen, d.h. 
in Gegenwart von 10 ml konzentrierter Salzsaure und 10 g Kaliumthiocyanat pro Liter 
Wasserprobe, wurde fur Zink ein Verteilungskoeffizient von 28 x lo3 ermittelt. Wie aus 
Tabelle 1 ersichtlich, ist dieser Koefhzient sowohl von der Salzsluremolaritlt als such von 
der Thiocyanatkonzentration abhangig. Die Ursache dafiir, der der Verteilungskoefhzient 
mit ansteigender Thiocyanatkonzentration zunimmt ist auf zunehmende Komplexbildung 
des Zinks mit Thiocyanation zurtickzuftihren; andererseits weist der Anstieg des Koeffi- 
zienten mit zunehmender Salzsauremolaritat (vor allem im Bereich niedriger Thiocyanat- 
konzentrationen) darauf hin, dafi das Zink in zunehmenden AusmaB such als anionischer 
Chloridkomplex adsorbiert wird. 

Auf Grund dieses sehr hohen Verteilungskoeffizienten kann das Zink such aus einem 
sehr grogen Volumen der Wasserprobe quantitativ abgetrennt werden. Diesbeztigliche 
Versuche ergaben die in Tabelle 2 gezeigten Ergebnisse aus denen hervorgeht, da13 bei 
Anwendung der im experimentellen Teil beschriebenea Arbeitsmethode durchwegs tiber- 
einstimmende Resultate erzielt werden, und zwar unabhtingig davon ob das Zink aus 05 
oder 5 Liter der Wasserprobe abgetrennt wird. 

Wie aus Tabelle 3 ersichtlich ist, ermoglicht es der hohe Verteilungskoefhzient des Zinks 
such relativ groge Zinkmengen am Austauscher zu adsorbieren wodurch der Anwen- 
dungsbereich der Methode wesentlich erweitert wird d:h. es konnen mit ihr nicht nur pg- 

Tabelle 1. Verteilungskoelhzienten des Zinks in Abhangigkeit von der Salz- 
slure- und Thiocyanatkonzentration (1 g Dowex 1; 1 mg Zn in 20 ml Losung) 

CKSCNI, g/r. 
[Ha], M 1 5 10 20 

90 230 380 25.0 x lo3 250 x lo3 
31 448 2,60 x 10’ 28,0 x 10” 28,0 x lo3 
0.5 456 10,o X 103 31,0 x lo3 28,0 x lo3 
LO I,40 x 103 14,0 x lo3 31,0 x lo3 so,0 x lo3 
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Tabelle 2. Resultate von Zinkbestimmungen im Wiener Trmkwasser 

Volumen der zur Analyse 
verwendeten Wasserprobe*, 1. 

Zinkgehalt, 

W/l. 

0,5 416 
1,O 47,0 
2.0 47,5 
330 46.0 
5-O 482 

* Die Probenahme erfolgte im April 1974 im Analytischen Institut 
der Universitlt Wien. 

Tabelle 3. EinfluD der Zinkkonzentration auf die Zinkausbeute 

Der Wasserprobe* zugesetzte Im 0,15M HBr-Eluat 
Zinkmenge, w wiedergefundene Zinkmenge, w 

0 47 
100 144 
500 535 

1000 1060 
2000 1980 
5000 4900 

* Als Wasserprobe wurde jeweils 1 Liter Wiener Trinkwasser ver- 
wendet und unter Anwendung der Arbeitsvorschrift analysiert. 

sondern such mg-Mengen an Zink quantitativ abgetrennt werden. Dies ist von Bedeutung 
wenn die Methode zur Analyse von Abwbsern aus Industrie und Gewerbe angewendet 
werden ~011. 

Eine weitere Folgeerscheinung, die sich aus der sehr starken Adsorption des Zinks ergibt 
ist, da13 die Zinkabtrennung durch Metallionen, die als anionische Thiocyanatkomplexe 
am Harz adsorbierbar sind,33*34 nicht gestort wird. Wie aus Tabelle 4 ersichtlich, ist selbst 
in Gegenwart von 50 mg Eisen keine Verdrangung des Zinks zu beobachten. Von den in 

Tabelle 4. Einflul3 von koadsorbierten Fremdionen auf die Abtren- 
nung des Zinks 

Der Wasserprobe* zugesetztes Zinkgehalt, 
Fremdion M/l. 

Fe(III) (50 ng) 48,0 
Fe(III) (500 pg) 41,o 
Fe(M) (5000 pg) 47,0 

Fe(III) (50000 pg) 48,0 

Hg(II) (5000 ~9) 47,0 

Ag(I) (500 pg) 45,5 

Mo(VI) (5000 pg) 465 

Co(II) (5W fig) 46,5 

Cu(II) (5000 pg) 46.5 

V(V) (5000 pg) 46,5 

Cd(II) (5000 pg) 46,5 

UO,(II) (5000 pg) 48,0 
Ohne Zusatz 41.5 

* Als Wasserprobe wurde. Jeweils 1 Liter Wiener Trinkwasser ver- 
wendet und unter Anwendung der Arbeitsvorschrift analysiert. 
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Tabelle 5. Elutionsverhalten des als Thiocyanatkomplex auf Dowex 1 (4g Same) 
adsorbierten Zinks* 
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Elutionsmittel 

Zinkgehalt 
des Eluats, 

/%J 

1. 50 ml THF-MG-HCl-Mischung + 20 ml 41,5 
1M HCl + 100 ml 0,15M HBr 

2. 20ml 1M HCl + 100ml 1M HN03 47,0 
3. 20 ml 1M HCl + 100 ml 1M HC104 450 
4. lOOm1 H,O 14,0 
5. 20 ml 1M HCl + 100 ml 1M H,SO, 11,o 
6. 20 ml 1M HCl + 100 ml 915M HBr <2 
7. 20ml H,O + 100m1415M HBr <l 

* Zur Analyse gelangte jeweils 1 Liter mit 10ml konzentrierter SalzsLure ange- 
sauertes Wiener Trinkwasser das 10 g Kaliumthiocyanat enthielt. 

dieser Tabelle angeftihrten, koadsorbierten Elementen werden Eisen und MolybdPn bei 
dem der Sorption des Zinks nachfolgenden Waschen des Anionenaustauschers mit THF- 
MG-HCl-Mischung (siehe Arbeitsvorschrift) teilweise entfernt. Die Restmengen dieser 
Elemente sowie such Kupfer, Kobalt, Vanadin und Uran werden dann beim Nachwaschen 
mit 1M Salzsaure eluiert (siehe Arbeitsvorschrift). Da such bei der Elution des Zinks mit 
0,15&I Bromwasserstoffsaure das Cadmium nicht miteluierbar ist,34 wird bei Anwendung 
der Anionenaustauschtrennung ein Eluat erhalten welches nur Zink enthalt, so daB dieses 
stijrungsfrei bestimmt werden kann. 

Tabelle 6. Resultate von atomabsorptionsspektrophotometrisch bestimmten Zinkgehalten in iisterreichischen 
Wasserproben 

Zinkgehalt, w/l. 
Probenbezeichnung und Datum der Probenahme A B C 

198/5 Wiesergraben, 1 km oberhalb Grafendorf, Oberes 
Gailtal, Siidkarnten; 10.8.1973 

198/6 ReiBkofelbach, oberhalb ReiDkofelbad, bei 
Grafendorf, Oberes Gailtal, Siidkiirnten; 10.8.1973 

DR 2 Gnoppnitzbach, 10 km oberhalb Greifenburg, 
Drautal, Klrnten; 11.8.1973 

Sb.2 Imlaubach oberhalb Imlau, an der B159 
Werfen-Bischofschofen, Salzburg; 12.8.1973 

Fieberbrunn, Tirol; 25.8.1973 
200/l Niitschgraben oberhalb Fork bei Notsch, Gailtal, 

KLrnten; 6.8.1973 
S15 Salzach unterhalb Bruck an der GlocknerstraBe, 

Salzburg; 16.6.1973 
196/4 Aus dem T&bad 1420 m, Tirol; 26.8.1973 
197/6 Sittmooserbach, bei Sittmoos (Bachbriicke), 

Lesachtal. Siidklrnten; 7.8.1973 
197/8 Dellacherbach, 1 km oberhalb Dellach, Oberes 

Gailtal, Siidklrnten; 7.8.1973 

18 

430 

78 

36 

685 
50 

32 

86 
525 

94 

22 (50) 20 

400 (500) 33,8 

78 (50) 23 

38 (501 35.6 

670 (500) 34,5 
50 (50) 48,5 

34 (50) 27,7 

80 (50) 30 
490 (500) 23,0 

87 (50) 34,3 

A = Zinkgehalt ermittelt nach Abtrennung des Zinks mittels Anionenaustausches (diese Methode). 
B = Zinkgehalt ermittelt nach Abtrennung des Zinks mittels Anionenaustausches (diese Methode) und nach 

Abzug einer als Spike vor der Ionenaustauschtrennung zugesetzten Zinkmenge (die Zahl in der Klammer gibt 
die pg-Menge des als Spike zugesetzten Zinks an). 

C = Zmkgehalt ermittelt durch direkte atomabsorptionsspektrophotometrische Bestimmung des Zinks in der 
Wasserprobe. 
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Untersuchungen hinsichtlich des Elutionsverhaltens des als Thiocyanatkomplex adsor- 
bierten Zinks ergaben die in Tabelle 5 gezeigten Resultate. Aus diesen ist ersichtlich, da13 
nur mittels der Elutionsmittel 1 und 2 eine quantitative Elution des Zinks erzielt werden 
kann. Mit Ausnahme von Elutionssystem 1 bei dem das Zink der Arbeitsvorschrift ents- 
prechend nur im 0,15M bromwasserstoffsauren Eluat bestimmt wurde, erfolgte die Zink- 
bestimmung bei Anwendung der Systemt 2 bis 7 in den vereinigten Eluaten dieser Elu- 
tionsmittel. 

In der Tabelle 6 werden die Ergebnisse von Zinkbestimmungen in Wasserproben aus 
einigen iisterreichischen Gewlssern gezeigt. Diese Analysen wurden unter Anwendung der 
beschriebenen Methode in Gegenwart und in Abwesenheit von als Spike zugesetzten Zink- 
standardmengen durchgefuhrt. Wie ein Vergleich der in Kolonnen A und, B angefuhrten 
Zinkgehalte zeigt, besteht in fast allen Fallen eine relativ gute Ubereinstimmung der Werte 
woraus folgt, darj mittels der verwendeten Methode eine quantitative Abtrennung des 
Zinks ermijglicht wird. Demgegentiber weichen die durch direkte atomabsorptionsspek- 
trophotometrische Messungen ermittelten Zinkgehalte (siehe Kolonne C der Tabelle 6) 
sehr haufig von den nach Ionenaustausch des Zinks ermittelten Resultaten ab und ergeben, 
besonders bei hohem Zinkgehalt der Wasserproben, oft urn etwa eine Zehnerpotenz ger- 
ingere Werte. Diese Wasserproben, die geringere Werte lieferten, enthalten such ppm- 
Mengen an Phosphat welches vielleicht die direkte atomabsorptionsspektrophotometrische 
Messung stiiren konnte. 

Danksagung--Dem Fonds zur Forderung der wissenschaftlichen Forschung wird an dieser Stelle ftir die Bereit- 
stellung der zur Durchftihrung der beschriebenen wissenschaftlichen Arbeit erforderlichen Mittel bestens 
gedankt. 
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Summary-A method 1s described for the separation of ppM levels of zinc m natural waters and 
final determination by atomic absorption. The sample is acidified, filtered, treated with potassium 
thiocyanate, and passed through Dowex 1 x 8 (thiocyanate form). The anionic zinc thiocyanate 
complex is sorbed and separated from most of the accompanying elements. The column is washed 
with an aqueous-organic hydrochloric acid solution and with 1M hydrochloric acid, and the zinc 
is then eluted with 015M hydrobromic acid and determined directly in the eluate by atomic- 
absorption. The method was used for determining zinc in some Austrian waters, zinc contents in 
the range 18-685 ppM being found. 
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ANWENDUNG VON IONENAUSTAUSCHVERFAHREN ZUR 
BESTIMMUNG VON SPURENELEMENTEN IN NATijRLICHEN 

W;iSSERN-VII 

KUPFER 

J. KORKISCH, L. G~DL und H. GROSS 
Analytisches Institut der Universitlt, Abteilung: RohmaterAalanalyse nuklearer Brennstoffe, 

WLhringerstraDe 38. A-1090 Wien, Osterreich 

(Eingegangen am 27. Juni 1974. Angenomnw,l am 19. September 1974) 

ZusammenfassungEine Methode wird beschrieben, die es ermoghcht ppM-Mengen Kupfer aus 
natiirlichen WLssern zu isolieren und der Endbestimmung mittels Atomabsorptionsspektrophoto- 
metrie zuglnglich zu machen. Die Wasserprobe wird mit konzentrierter Salztiure angesluert, fil- 
triert und nach Zugabe von Ascorbinsaure wnd die 0,IM salzsaure Losung durch eme Saule des 
Anionenaustauscherharzes Dowex 1. X8 (Chloridform) flieDen gelassen. Das als anionischer Cu(I)- 
Chlorokomplex adsorbierte Kupfer wird dabei von den meisten m der Wasserprobe anwe- 
senden Begleitelementen getrennt. Nach Elution mit 1M Salpeterslure wird das Kupfer mittels 
Atomabsorptionsspektrophotometrie bestimmt. Die Methode wurde zur Bestimmung des Kupfers 
in Gsterreichischen Gewlssern herangezogen wobei Gehalte im Konzentrationsbereich von 10 bis 
39 ppM Kupfer gefunden wurden. 

Da die Ermittlung des Kupfergehaltes natiirlicher Wasser sowohl im Rahmen des 
Umweltschutzes als such fur die hydrogeochemische Prospektion auf Kupfer von groljer 
Bedeutung ist, werden in der Literatur eine groBe Anzahl von Methoden zur Kupferbe- 
stimmung beschrieben die auf Spektrophotometrie,1-43 Polarographie,4”54 Atomabsorp- 
tionsspektrophotometrie,55-62 Titration63-65 und radiochemischen Methoden66,67 be- 
ruhen. Obwohl es eine grol3e Anzahl dieser Verfahren ermoglicht das Kupfer ohne vorange- 
hende Anreicherung und Abtrennung von den Begleitelementen zu bestimmen, beruhen 
viele Methoden zur Kupferbestimmung in Wassern auf Abtrennverfahren die in Kombina- 
tion mit geeigneten Bestimmungsmethoden angewendet werden. Die am haufigsten 
bentitzten Abtrennmethoden beruhen auf Extraktionen von Chelaten des Kupfers wozu 
folgende Extraktionssysteme zur Anwendung gelangen: Diathyldithiocarbamat-Chloro- 
form5*‘2,14,24.36 (oder Xylol’), Dibenzyldithiocarbamat-Tetrachlorkohlenstoff,27~29~3’ 
Tetramethylendithiocarbamat-Athylacetat5’ (oder Methylisobutylketon6’), Ammonium- 
pyrrolidin-1-carbodithioat-Methylisobutylketonss und Dithizon-Chloroform2 (oder 
Tetrachlorkohlenstoff34). Durch die Extraktion dieser Chelate wird nicht nur eine Tren- 
nung des Kupfers von storenden Begleitelementen bewirkt, sondern meistens such die dir- 
ekte Kupferbestimmung in den organischen Extrakten mittels Atomabsorption5’~s7~h0 
oder Spektrophotometrie5.12”4,‘4,“7.‘9,31,34*36 ermoglicht. 

Zur Kupferabtrennung wurden such organische Hochpolymere herangezogen die es 
ermoglichen das Kupfer entweder durch Kationenaustausch oder Chelatbildung aus den 
nattirlichen Wassern zu isolieren. Zur Anwendung gelangten Dowex 50,5*6’ Amberlite IR- 
1 20,4 Dowex A- 1 6 ’ und Poly(triaminophenolglyoxa1) auf Chromosorb W.55 Andere Ver- 
fahren zur Kupferabtrennung beruhen auf Papierchromatographie,‘s3 Koprlzipitation 
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mit Kalciumcarbonatsl und Kocristallisation mit 5,7-Dibrom-8-hydroxychinolin und dar- 
auffolgender Anionenaustauschtrennung.56 

Obwohl zur Trennung des Kupfers von Begleitelementen ijfters stark basische 
Anionenaustauscherharze verwendet werden68 ist bis jetzt kein mit der in der vorliegenden 
Arbeit beschriebenen Methode identisches Verfahren entwickelt worden. Dieses ist zur dir- 
ekten Abtrennung des Kupfers aus Wlssern geeignet, und zwar ohne vorangehendes Ein- 
dampfen der Probe oder Vorkonzentration des Kupfers durch z.B. Kocristallisation. 

Ldsungen und Reagenzien 

EXPERIMENTELLER TEIL 

lonenaustauscher. Es wurde der stark basische Anionenaustauscher Dowex 1, X8 (100-200 mesh; Chlorid- 
form) verwendet. Vor dem Einfiillen in die Ionenaustauscherslule werden 4 g des Harzes in wenigen ml 3M Salz- 
saure aufgeschlammt und nach Ablauf von etwa 15 Minuten wird der Austauscher so vollstandig als miiglich 
in dte mit derselben SPure gefullte Ionenaustauscherslule gebracht. Danach wird mit 100 ml 3M Salzsaure, 50 
ml destilherten Wasser und 50 ml Vorbehandlungslosung (siehe unten) in dieser Reihenfolge nachgewaschen. 

Kupfer-Standardlbsungen. Ausgehend von einer Stammlosung die 1,OO mg Cu(I1) (als Chlorid) pro ml 6M Salz- 
slure enthielt wurden durch Verdiinnen mit 6M Salzsaure Losungen mit Kupfergehalten im Konzentrationsber- 
eich von 0,2 bts 20 ppm hergestellt. Fur die atomabsorptionsspektrophotometrischen Messungen wurden Stan- 
dardlijsungen des Kupfers m 1M Salpetersaure bereitet die Kupfergehalte im Konzentrationsbereich von 0.2 bis 
10 ppm enthielten. 

Vorbehandlungslbsung. Ascorbinsaure (05 g) gel&t in 100 ml 0,lM Salzslure (frisch bereitet bis hochstens einen 
Tag alt). 

Andere Reagenzlen. Ferner wurden verwendet: Ascorbinslure, 1M Salpeterlure, O,lM, 3M und konzentrierte 
Salzslure. 

ilpparaturen 

Zur Bestimmung des Kupfers mittels Atomabsorptton wurde ein Perkin-Elmer 303 Atomabsorpttonsspektro- 
photometer in Verbindung mit einen Hitachi-Perkin-Elmer Recorder 56 verwendet. Die Messungen wurden mit- 
tels emer Kupferhohlkathodenlampe bet 324,7 nm unter Anwendung der folgenden instrumentellen Einstel- 
lungen ausgefuhrt: Gitter-ultraviolett; Skalendehnung-bis auf das 10Fache; Spalt-4 (1 mm; 0,7 nm spek- 
trale Spaltbreite); Lampenstrom-15 mA; Brenner-Standardbrennerkopf (flach); Acetylendruck-8 psig (Ein- 
stellung 9,0 auf dem Rotameter); Luftdruck-30 psig (Einstellung 9,0 auf dem Rotameter); Dampfung-bis zu 4. 

Unter diesen Bedingungen weist die Empfindlichkeit der Kupferbestimmung fur 1% Absorption einen Wert 
von 0,096 ppm auf wenn die Messungen in 1M Salpetersaure ausgefiihrt werden. 

Die Ionenaustauschtrennungen wurden in Austauschersaulen eines in einer frtiheren Arbeit69 angegebenen 
Typs ausgefiihrt. 

Bestm~mung der VerteilungskoefJizrenten 

Die Gleichgewichtsvertetlungskoeffizienten (K,,-Werte) des Kupfers wurden unter Anwendung der Batch- 
Methode bestimmt7” 

Vorbereltung der Wasserprobe 

Die Wasserprobe (200 ml) wird so bald als mbglich nach der Probenahme mit 2 ml konzentrierter Salzslure 
angesluert und durch ein dichtes Filter filtriert. Dem Filtrat wird 1 g Ascorbinslure zugesetzt, gut durchgemischt 
bis sich das Reduktionsmittel aufgelost hat und danach wird die Mischung (die Sorptionslosung) etwa 1 Stunde 
lang stehengelassen. 1st fur die Analyse ein kleineres Volumen als 200 ml ausreichend, so ist es nattirlich erforder- 
hch die der Wasserprobe zuzugebenden Mengen an Salzsaure und Ascorbmsaure entsprechend zu variieren. 

Io,lenuustauschtre,rnung 

Die Sorptionslosung (siehe oben) wird durch eine mit 4 g des Ionenaustauscherharzes beschickte Saule (die 
vorher mit 50 ml der Vorbehandlungslosung gewaschen wurde), mit einer dem Gegendruck des Harzbettes ent- 
sprechenden Geschwindigkeit (etwa 70 ml/Stunde) flieDen gelassen. AnschlieBend wird mit 10 ml der Vorbehand- 
lungslosung nachgewaschen und das Kupfer mit 100 ml 1M Salpetersaure eluiert (Kupfereluat). 

Quantitatit)e Bestimmung des Kupfers 

Das Kupfereluat (siehe oben) wird auf dem Wasserbad zur Trockne eingedampft, der Eindampfriickstand in 
10 ml 1M Salpeterslure aufgenommen und die Losung mittels einer Kapillare in die Luft-Acetylenflamme 
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gesaugt und die Absorption bei 324.7 nm gemessen. Die Etchkurve wird durch Ansaugen von geeigneten, analog 
hergestellten Kupferstandardlosungen aufgestellt. Beim Eindampfen des Kupfereluats mu13 natiirlich sehr darauf 
geachtet werden, dat3 dieses mcht mit Kupfer verunremigt wrrd wie z.B. bei Verwendung eines kupfernen Wasser- 
bades. Enthalt der Eindampfriickstand des Kupfereluats eine grtil3ere Menge in 1M Salpetertiure unliislicher, 
organischer Substanzen, so miissen diese durch NaBveraschung mit konzentrierter Perchlortiure entfernt 
werden. Zu diesen Zweck wird der Rtickstand mit 10 ml Perchlorslure versetzt und unter einer Infrarotlampe 
zur Trockne eingedampft. Danach wtrd der Eindampfriickstand in 5 ml 6M Salzslure aufgenommen, die Losung 
auf dem Wasserbad zur Trockne gebracht und wie oben beschrieben weiter verfahren. 

Die direkte Kupferbestimmung in den untersuchten WLssern erfolgte durch Ansaugen der 0.1 M salzsauren 
Proben (in Abwesenhert von Ascorbinslure). Unter diesen Bedingungen weist dre Empfindlichkeit der Kupferbe- 
stimmung ftir 1% Absorption einen Wert von 0,093 ppm auf. 

Zur direkten spektrophotometrischen Bestimmung des Kupfers in Wasserproben wurde die von Kovaiik und 
VinSr4 beschriebene Methode verwendet. Dieses Verfahren beruht auf Chloroformextraktion des Kupferdiathyl- 
dithiocarbamatkomplexes und Messung der Extinktion bei 500 nm. 

Kupferbestimmungen im Kupfereluat konnen such spektrophotometrisch nach Zerstorung organischer Sub- 
stanzen (siehe oben) ausgefiihrt werden.hs 

Obwohl die zur Abtrennung und Bestimmung des Kupfers bentitzten Reagenzien nur verschwindend germge 
Mengen dieses Elementes enthalten, ist es immer ratsam ihre Kupferkonzentrationen unter Anwendung der oben 
beschriebenen Arbeitsvorschrift zu ermitteln wobet 200 ml destilliertes Wasser als Wasserprobe eingesetzt wird. 

RESULTATE UND DISKUSSION 

Stark basische Anionenaustauscher weisen gegentiber Kupfer(II)-ionen eine relativ ge- 
ringe Selektivitlit auf, so daD die Adsorption dieses Elementes nur aus Wasserproben 
erfolgen kann die vorher eingedampft wurden. In diesem Fall ist es moglich das Kupfer. 
nach Aufnahme des Eindampfriickstandes in einer Methanol-HBr-Mischung, von prak- 
tisch allen Begleitelementen auf einer Saule des Harzes Dowex 1, X8 zu trennen und der 
stijrungsfreien Bestimmung mittels Atomabsorptionsspektrophotometrie zuzufiihren. 
Dieses Verfahren wurde zur Kupferbestimmung in geologischen Materialien herange- 
zogen6 * ist aber naturgemll3 ohne vorangehendes Eindampfen der Probe nicht zur Kup- 
feranalyse von Wassern geeignet. Ebenso unbrauchbar fur diesen Zweck sind Methoden 
die auf der Adsorption des anionischen Kupfer(IIkchlorokomplexes beruhen, da dieser 
nur aus blOM salzsauren Losungen eine nennenswerte Adsorption auf stark basischen 
Anionenaustauschern aufweist. Ganz andere Adsorptionsverhaltnisse werden jedoch beo- 
bachtet, wenn das Kupfer in der einwertigen Form vorliegt; unter diesen Umstanden ist 
es moglich dieses Element aus schwach salzsaurer Losung als anionischen Kupfer(It 
chlorokomplex an Dowex 1 relativ stark zu adsorbieren.‘i Diese Tatsache wurde zur Iso- 
lierung des Kupfers aus o-Diphenoloxydase” herangezogen und stellt such das Prinzip 
der in der vorliegenden Arbeit beschriebenen Abtrennmethode dar. 

Durch Messungen der Gleichgewichtsverteilungskoeffizienten des Kupfers an Dowex 1, 
X8 in verdiinnt salzsauren Losungen, die 5 g Ascorbinsaure pro Liter enthielten, wurden 
die in Tabelle 1 gezeigten Resultate erhalten aus denen hervorgeht, da8 das Kupfer am 

Tabelle 1. Verteilungskoeffizienten des Kupfer(I) in Abhangigkeit von 
der Salzsaurekonzentration (1 g Dowex 1; 1 mg Kupfer geliist in 20 ml 

Salzslure + 100 mg Ascorbinsaure) 

SalzsPuremolaritlt Verteilungskoeffizient 

OJ 480 
0,5 397 
f,O 214 
20 202 
4,O 72 
6.0 32 
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Tabelle 2. Resultate von Kupferbestimmungen tm Wiener Trinkwasser 

Volumen der zur 
Analyse verwendeten 

Wasserprobe.* 1. 
Kupfergehalt. 

w/l. 

Volumen der zur 
Analyse verwendeten 

Wasserprobe.* 1. 
Kupfergehalt. 

w/l. 

0. I 9.8 0.8 9,l 
0.2 Il.2 0,9 9.0 
0.3 10.5 1,O 1.1 

0.4 I I,8 20 5.5 

0.5 10.6 3.0 3,7 
0.6 IO.1 5.0 2,1 
0.7 10.0 

* Die Probenahme erfolgte im Mat 1974 im Analytischen Institut der Umversitat Wien. 

Tabelle 3. EinfluR der Kupferkonzentration auf die Kupferausbeute 

Der Wasserprobe* zugesetzte 
Kupfermenge, w 

Im 1M HNO,-Eluat wiedergefundene 
Kupfermenge, pq 

A B 

0 12 25 
50 38 52 

100 80 100 
500 280 500 

1000 480 970 
5000 2300 4600 

* Als Wasserprobe wurde Wiener Trmkwasser verwendet. 
A = Kupfergehalt des Eluats nach Abtrennung des Kupfers aus einer IOOOml 

Wasserprobe. 
B = Kupfergehalt des Eluats nach Abtrennung des Kupfers aus einer 200 ml Was- 

serprobe (siehe Vorberettung der Wasserprobe). 

Tabelle 4. EinfluB von Fremdionen auf die Abtrennung des Kupfers 

Der Wasserprobe* zugesetzte Ionen 
Kupfergehalt des 

Eluats. ,ny 

20 pg Cu + kem Zusatz 19.8 
20 pg Cu + 1 mg Zn(I1) (als Chlorid) 20.4 
20 pg Cu + 1 mg Cd(I1) (als Chlortd) 19,6 
20 pg Cu + 1 mg Hg(I1) (als Chlorid) 196 
20 pg Cu + 1 mg Bi(II1) (als Chlorid) 20.2 
20 pg Cu + 1 mg Sn(I1) (als Chlorid) 19.6 
20 pg Cu + 1 mg Pb(I1) (als Nitrat) 19.6 
20 pg Cu + 1 mg Ag(1) (als Nttrat) 20,4 
30 pg Cu + 1 mg Au(II1) (als Chlortd) 240 
20 pg Cu + 10 mg Cl- (als NaCI) 19.8 
20 pg Cu + 100 mg Cl- (als NaCI) 19.6 
20 Atg Cu + 1000 mg Cl- (als NaCl) 20.8 
20 pg Cu + 10 mg SO$- (als Na?SO,) 19,8 
20 ng Cu + 100 mg SOi- (als Na,SO,) 20.0 
20 pg Cu + 1000 mg SOi- (als Na2S0,) 19.1 
20 pg Cu + 100 mg NO, (als NaNO,) 19.6 
20 pg Cu + 100 mg PO:- (als Na,HPO,) 19,8 
20 pg Cu + 100 mg CIO; (als NaClO,) 18.4 

* Als Wasserprobe wurden Jeweils 200 ml destilhertes Wasser ver- 
wendet und unter Anwendung der Arbettsvorschrift analysiert. 
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besten aus ascorbindurehaltiger 0,lM Salzdure adsorbiert wird, da in dieser der Verteil- 
ungskoeffizient den hiichsten Wert aufweist. Wie am Beispiel der Bleiadsorption aus 
0,15M BromwasserstolXure gezeigt wurde73 (siehe Beitrag V dieser Reihe) ist jedoch such 
bei der Kupferadsorption aus 0,lM Salzsaure damit zu rechnen, da13 diese in Gegenwart 
von Salzen erniedrigt wird. Besonders deutlich wird dieser Salzeffekt durch die in den 
Tabellen 2 und 3 gezeigten Ergebnissen von Kupferbestimmungen im Wiener Trinkwasser 
veranschaulicht. Aus diesen Resultaten geht hervor, da13 der in den Wasserproben ermit- 
telte Kupfergehalt sehr stark vom Volumen der Wasserprobe abhangig ist und darj kon- 
stante Kupferwerte erst dann erhalten werden wenn das Volumen 700 ml unterschreitet. 
Werden grijDere Volumina als diese 700 ml der beschriebenen Anionenaustauschoper- 
ation unterworfen, so wird der Kupfer(Ikchlorokomplex in zunehmenden AusmaB durch 
die in der Wasserprobe anwesenden Anionen der Erdalkalimetalle (Chloride und Sulfate) 
vom Harz verdrangt wodurch betrtichtliche Kupferverluste eintreten. Auf Grund dieser 
Tatsache werden bei der Ionenaustauschtrennung nur 200 ml der Wasserprobe verwendet 
aus der selbst groBer Kupfermengen quantitativ am Harz adsorbierbar sind. Diese Tat- 
sache geht aus den in Tabelle 3 gezeigten Versuchsergebnissen hervor und schafft die 
Moglichkeit diese Methode such zur Analyse von relativ kupferreichen Wasserproben 
(z.B. Abwasser aus Industrie und Gewerbe) heranzuziehen. 

Bei Anwendung von 200 ml Wasserprobe wird die Adsorption des Kupfers am 
Anionenaustauscher weder durch die Anwesenheit von als Chlorokomplexen adsorbier- 
baren Metallionen noch durch hohe Konzentrationen an Anionen (mit Ausnahme von 
Perchlorat) gestort. Die Ergebnisse diesbeziiglicher Untersuchungen werden in Tabelle 4 
gezeigt. Bei der Elution des Kupfers mit 1M Salpeterstiure (siehe Arbeitsvorschrift) werden 
mit Ausnahme von Gold alle koadsorbierten Ionen zusammen mit dem Kupfer eluiert, 
rufen aber keinerlei Storungen bei den atomabsorptionsspektrophotometrischen Messun- 
gen hervor. 

Tabelle 5. EinfluD der Ascorbmslurekonzentration und Reduktionsdauer auf die Kupferausbeute* 

Reduktionsdauer 

I5 Minuten 
30 Minuten 
I Stunde 
2 Stunden 
5 Stunden 

Ascorbinslure 

g/200 ml 0.0 

0,O 
0.0 
0,O 
0,O 
0.0 

Wiedergefundene Kupfermenge, 

PC? 

91 0,5 l,O 2,O 

64 82 102 100 
64 82 100 102 
64 83 100 102 
66 83 98 102 
68 96 100 102 

5.0 

102 
100 
98 
98 

100 

* Jeweils 200 ml Wiener Trinkwasser wurden mit 2 ml konzentrierter Salzsiiure, 100 pg Kupfer und einer bes- 
timmten Ascorbinsauremenge versetzt und nach Ablauf der angegebenen Reduktionsdauer durch die Ionenaus- 
tauscherslule RieBen gelassen. 

Untersuchungen hinsichtlich des EinfluDes der Ascorbins;iurekonzentration und der 
Reduktionsdauer auf die Kupferausbeute ergaben die in Tabelle 5 gezeigten Resultate. Aus 
diesen geht hervor, da13 das Kupfer in Gegenwart von 1 bis 5 g AscorbinsPure/200 ml Was- 

. serprobe und einer Reduktionsdauer von 15 Minuten bis 5 Stunden (Reduktionsdauer = 
Zeitintervall ab Zusatz der Ascorbinsaure bis zum Beginn der Sorption) quantitativ im 
Eluat wiedergefunden wurde. In Abwesenheit von Ascorbinsaure wird dagegen uberhaupt 
kein Kupfer vom Anionenaustauscher festgehalten und demzufolge betragt die im Eluat 
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wiedergefundene Kupfermenge 0,O ,ng (siehe Tabelle 5). Diese Tatsache liefert den eindeu- 
tigen Beweis dafiir, daI3 das Kupfer nur als anionischer Kupfer(I)chlorokomplex adsor- 
bierbar ist*, wlhrend Kupfer(II)-ion aus 0,lM Salzslure nicht vom Austauscher festge- 
halten wird. 

Tabelle 6. Elutionsverhalten des auf Dowex 1 (4 g SLule) adsorbierten 
Kupfer(Ihhlorokomplexes* 

Eluttonsmittel 

Kupfergehalt 
des Eluats, 

ng 

1. 100 ml 1,5M Bromwasserstoffslure 
2. 100 ml 3M Bromwasserstoffslure 
3. 100 ml 6M Bromwasserstoffsaure 
4. 100 ml 9M Bromwasserstoffslure 
5. 100 ml 1.5M Chlorwasserstoffslure 
6. 100 ml 3M Chlorwasserstoffsaure 
7. 100 ml 6M Chlorwasserstoffsaure 
8. 100 ml 9M Chlorwasserstoffsaure 
9. 100 ml 1M Salpeterslure 

10. 100 ml 1M Perchlorsaure 
I 1. 100 ml 1M Schwefelsaure 

250 
275 
665 

1050 
215 
220 
580 
845 
995 
985 
950 

* Jeweils 1000 pg Kupfer wurden aus 200 ml 0,lM Salzslure die 
Ig Ascorbms;iure enthielt am Ionenaustauscher adsorbiert. 

Aus Tabelle 6 ist ersichtlich, dab mittels 1M Salpeterslure eine quantitative Elution des 
Kupfers ermiiglicht wird, dagegen aber nicht bei Anwendung von salzsauren bzw. 
verdiinnt bromwasserstoffsauren Losungen. Ebenso geeignet wie Salpetersaure sind such 
perchlor- und schwefelsaure Elutionsmittel (siehe Elutionsmittel 10 und 11 in Tabelle 6). 

In Tabelle 7 werden die Resultate von Kupferbestimmungen in 10 aus ijsterreichischen 
Gewassern stammenden Wasserproben gezeigt. Wie ein Vergleich der in Kolonne A 
angeftihrten Kupfergehalte mit den entsprechenden, eingeklammerten Werten derselben 
Kolonne zeigt, ist eine der Ionenaustauschtrennung vorangehende Zerstorung organischer 
Substanzen nicht erforderlich. Zu diesen Zweck wurde der angeduerten Wasserprobe 
soviel 0,lM Kaliumpermanganatlijsung zugesetzt bis die Probe eindeutig violett gefarbt 
war. Nach Ablauf einer Stunde wurden 2 g Ascorbinsaure zugegeben und die Ionenaus- 
tauschtrennung wie in der Arbeitsvorschrift angegeben durchgeftihrt. 

Wie ferner aus Tabelle 7 ersichtlich ist, weichen die durch direkte atomabsorptionsspek- 
trophotometrische Messungen ermittelten Kupfergehalte (siehe Kolonne B) sehr haufig 
von den nach Ionenaustausch des Kupfers gefundenen Resultaten ab. Die Ursache daftir 
beruht darauf, da0 nach Durchfiihrung der Anionenaustauschtrennung (Kolonne A) eine 
MeBlBsung von 10 ml erhalten wird (siehe Arbeitsvorschrift) die eine urn einen Faktor 20 
hijhere Kupferkonzentration aufweist wodurch naturgemaf3 wesentlich genauere Kupfer- 
bestimmungen moglich sind als bei Anwendung der direkten Methode (Kolonne B). 

Die durch direkte Spektrophotometrie’4 ermittelten Kupfergehalte (siehe Kolonne C 
der Tabelle 7) stimmen oft nicht mit den Resultaten der Kolonnen A und B tiberein woraus 
geschlossen werden kann, da0 in den Wasserproben anwesende Schwermetallionen oder 
such andere Bestandteile die spektrophotometrische Kupferbestimmung St&en. 

* Ein lhnliches Adsorptionsverhalten zeigt such der Kupfer(Ikbromokomplex welcher bei der Reduktion mit- 
tels Ascorbmsaure in 0,15M Bromwasserstoffslure gebildet wird. 
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Tabelle 7. Resultate von Kupferbestimmungen in osterreichischen Wasserproben 

Kupfergehalt, pg/l. 
Probenbezeichnung und Datum der Probenahme 

203/l Diexerbach nordl. von Obertrixen bei StraOen- 
briicke oberhalb Miihle, Karnten; 16.7.1973 

A B C 

385 (39.5) 37,4 32,0 

186/l Feistritzbach, an der StraBe nach Hochfeistritz 
hinter 4. Stragenbrticke von der HauptstraDe bei 
Miihle, Karnten; 16.7.1973 

13.0 (13,O) 150 20.0 

186/2 Tislckerbach, west]. Eberstein an der StraBe 
nach Kulm bei der 1. Briicke. Klrnten; 16.7.1973 

32.5 (32.5) 31,8 32.8 

186’3 Schreckenbach ostl unter St. Paul, Karnten; 
16.7.1973 

187/l Lollingbach, ostl. Lolling, siidl. Stdckl, 
Karnten; 16.7.1973 

116/l Silzerbach, unterhalb Wasserfall, Tirol; 
26 8.1973 

33.5 (33.5) 35,5 34.8 

28,7 (29.5) 31,8 32,0 

29,7 (30.5) 30,o 27,6 

145/l Leonhardsbach. Oberangern, Tirol; 26.8.1973 23,0 (23,0) 22,4 20,o 
S 11 Stuhlfeldnerbach oberhalb Stuhlfelden, 15,3 (15.3) 15.0 20.0 

Pinzgau. Salzburg; 16.6.1973 
117/3 Reitherbach, Tirol; 26.8.1973 32,5 (32.5) 35.5 26,4 
117/4 Zirlerbach. Tirol; 26.8.1973 33.5 (345) 37,4 25.0 

A = Atomabsorptionsspektrophotometrisch bestimmter Kupfergehalt nach vorangehender Ionenaustausch- 
trennung. Die eingeklammerten Zahlen geben den Kupfergehalt an der nach Zerstijrung der in der Wasserprobe 
anwesenden organischen Substanzen ermittelt wurde. 

B = Kupfergehalt bestimmt durch direkte Atomabsorptionsspektrophotometrie (ohne vorangehende 
Ionenaustauschtrennung). 

C = Kupfergehalt bestimmt durch direkte Spektrophotometriei4 (ohne vorangehende Ionenaustauschtren- 
nung). 

Die beschriebene Methode wurde such zur Bestimmung des Kupfers in der Fresh Water 
Sample W-3 (International Atomic Energy Agency, Intercomparison Run, June- 
December 1973) herangezogen und ein Kupfergehalt von 16,0 ppM ermittelt. Der theore- 
tische Kupfergehalt dieser Probe wird mit 14,6 ppM angegeben. 

Danksuqunq-Dem Fonds zur Forderung der wtssenschaftlichen Forschung wird an dieser Stelle fiir die Bereit- 
stellung der zur Durchfiihrung der beschriebenen wissenschaftlichen 
gedankt. 
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Summary-A method is described which makes it possible to separate ppM levels of copper from 
natural waters and complete the determination by atomic-absorption. The sample is made O.lM 
in hydrochloric acid, filtered, treated with ascorbic acid and passed through Dowex 1 X8 (chloride 
form). The anionic copper(I) chloro-complex is sorbed and the copper separated from most other 
elements present. After elution with 1M nitric acid, the copper is determined by atomic absorption. 
The method has been used to determine copper concentrations in the range l&39 ppM, in some 
Austrian waters. 
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BESTIMMUNG VON ZINK IN SALZShJRE, 
GALLIUMARSENID UND GALLIUMALUMINIUMARSENID 

DURCH FLAMMENLOSE ATOMABSORPTION 

K. DITTRICH und W. ZEPPAN 
Sektion Chemie der Karl-Marx-UniversitPt, Leipzig-701, LiebigstraDe 18, DDR 

(Eingegangen am 17. Januar 1974. Revidiert am 10. Juli 1974. Angenommen am 19. September 1974) 

Zusammenfassung-Ein Eigenbau-AAS-Gerlt und Kohlenstabatomisator wurden verwendet und 
hier beschrieben. Die apparatlven Parameter wurden optimiert. Der Einflul3 der Matrix auf die 
Empfindlichkeit der Bestimmung sowie die Ursachen der unspeztischen Absorption werden disku- 
tiert. Die Nachweisgrenze der Methode liegt je nach Bedingungen bei 2-25 x lo-“g bzw. 3-20 
ppM bezogen auf 1 ml 1M Salzslure oder 2,>30 ppm bezogen auf 0,1-l mg Galliumarsenid. 

ober die Bestimmung von Zinkspuren mittels flammenloser Atomabsorption vor allem 
in organischen Materialien und verdiinnten Lijsungen wurden bereits einige Methoden 
ver8ffentlicht.‘-s 

Die hohe Empfindlichkeit, die guten Nachweisgrenzen und die gute Reproduzierbarkeit 
der flammenlosen Atomabsorption lassen diese Methode fiir die Bestimmung von Zink- 
spuren in Mikroausgangsmengen als geeignet erscheinen. 

Unsere Aufgabe war es, Zinkspuren in Salzsgure, Galliumarsenid-und Galliumalu- 
miniumarsenid-Materialien zu bestimmen. Das Zink wird als Dotierungselement in 
A,,,Bv-Halbleiter eingebaut, ist aber such oft als Verunreinigung in diesen enthalten. So- 
wohl ftir die Kontrolle des Herstellungsprozesses als such fiir die Bestimmung der Eigen- 
schaften des Halbleitermaterials ist die Ermittlung der Dotierungskonzentration von 
groI3er Bedeutung. Die Methode sollte anwendbar sein fiir Ausgangsmengen von 0,l bis 
10 mg Halbleitermaterial und zur Zeitersparnis und Verminderung der Verunreinigungs- 
gefahr ohne Abtrennung der Matrix erfolgen. Wir wendeten einen von uns entwickelten 
elektrothermischen Atomisator, der dem Konzept von Belyae$ entsprach, fiir die Bestim- 
mung an und untersuchten die Matrixeffekte iiber das Verdampfungsverhalten der Sub- 
stanz. 

EXPERIMENTELLER TEIL 

Apparatur 

Fiir alle Untersuchungen benutzten wir ein Eigcnbau-Atomabsorptionsspektralphotometer entsprechend un- 
serer frtiheren Mitteilung, ’ in dem die ZerstLuber-Brenner-Kombination durch einen elektrothermischen 
Atomisator ersetzt wurde. 

Die Abbildung 1 zeigt die Auf- und Seitenansicht des Atomisators. Der Atomisator ist in der Hahe, in der 
Richtung zur opt&hen Achse und im rechten Winkel zu dieser bewegbar (Justierschrauben F). Zwischen die 
Kontaktflgchen (K) der beiden Graphitbacken (C) werden kurze, runde Graphit- oder KohlestLbe geklemmf 
auf die die AnalysenlGsungen mittels einer Mikroliterspritze bzw.-pipette aufgegeben werden k8nnen. Die Gra- 
phitbacken haben eine Stgrke von 5 mm. Die Probetrlger (siehe Abb. 2) wurden aus Spektralkohlen der QualitLt 
T 0 (VEB EKL Berlin, DDR) hergestellt. Die ProbetrSger wurden durch Wechselstrom, der iiber die Kontakte 
(A-Abb. 1) zu den Graphitbacken geleitet wird, aufgeheizt. Zwei Niederspannungstransformatoren gestatten es, 
StrGme bis zu 800 A bei maximal 10 V (Parallelschaltung) bzw. 400 A bei maximal 20 V (Relhenschaltung) an 
die Kontakte zu legen. Zur Erreichung der gewiinschten Probetrlgertemperatur erfolgte die Einstellung der 
Stromparameter auf der Prim;irseite iiber einen Regeltransformator vom Typ SST 250/20, der an einen automati- 
schen Spannungskonstanthalter vom Typ NR 220/20 angeschlossen war. 

Die Kontrolle von Spannung und Stromstlrke erfolgte auf der PrimLr- und Sekundtirseite durch entspre- 
chende MeDinstrumente. Die Registrierung der Absorptionssignale erfolgte mittels eines Kompensations- 
bandschreibers vom Typ G,B, (VEB C. Zeiss, Jena), der eine Einstellzeit fiir den Vollausschlag von 1 Sekunde 
besitzt. Als MeDgraBe verwendeten wir die Peakhiihe des Absorptionssignals.Folgende apparative Parameter 
wurden eingestellti Lampenstrom 6 mA, Spaltbreite 100 pm, Zinklinie 213,9 nm. 

Reagenzien 

ZinMdorid-L.&sung, hergestellt aus ZnSO,. 7H,O und 1M HCl 
Galliumchhd-Ihung, hergestellt aus 99,99999/igem Gallium und HCI suprapur. 
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Abb.1. Schema des elektrothermischen Atomisators. 

Arsensiiure-Liisung, hergestellt aus As,O, p.a. 
Aluminiumchlorid-Liisung, hergestellt aus 99,999xigem Aluminium und HCI Suprapur. 
S&s&e. Suprapur konzentrierte und IM. 
Salpetersiiure. Suprapur, konzentrierte. 
Gdiumarsenid und Galliumaluminiumarsenid mit und ohne Zinkdotierung. 

Allgemeine Arbeitsvorschrift 

Die Herstellung der zu analysierenden LGsungen des GaAs, Ga,., Al,,,As und der einzelnen Komponenten 
erfolgte durch AuflGsen der Substanzen in einem 1: 1 Gem&h suprapurer konzentrierter Salz- und Salpetertiure 
in staubarmer Atmosphlre. Diese LGsungen wurden eingedampft und in 1M Salzslure aufgenommen. Von diese 
LGsungen wurden l-50 ~1 auf den Probetrlger des Atomisators gegeben. Es wird in Abhiingigkeit vom Msungs- 
volumen l&15 Sekunden bei 90” (1.1 V) und 5-7 Sekunden bei 140” (1,3 V) getrocknet und anschliel3end durch 
elektrische Erwkmung bei Atomisatorspannungen zwischen 3 und 5 V (s.u.) verdampft. 

RESULTATE UND DISKUSSION 

Zinkbestimmung in Salzsiiure 

Optimierung der apparativen Parameter 

Zur Erreichung reproduzierbarer, vom Aufzeichnungssystem unabhgngiger Signale ist 
es erforderlich, die Signaldauer gr%er als die Einstellzeit des Aufzeichnungssystems zu ge- 
stalten,8 da sonst das Signal vom Aufzeichnungssystem beeinflul3t wird. Die Steuerung der 
Signaldauer ist iiber folgende Parameter mijglich: (a) die Form und die Dimension des zu 
erhitzenden Probetrtigers; (b) die GrijDe der Atomisatorspannung und die Geschwindig- 
keit, mit der die Atomisatorspannung an den Atomisator angelegt wird; (c) die durch den 
Atomisator striimende Gasmenge. 

(b) 
4.4 v 2mm 

1.6 mm 

O,& I.0 set 1.3-1.6sec 

Abb. 2. Probetrlgerformen aus Reinstgraphit. 
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Wir testeten den EinfluB der Probetragerform und den der GrijBe der Atomisatorspan- 
nung auf die Signaldauer. Die beniitigte Spannung wurde reproduzierbar mit der gleichen 
Geschwindigkeit an den Atomisator angelegt. Die Optimierung erfolgte fur Zinksalze. 

Es kamen zwei Probetrager zum Einsatz (siehe Abb. 2). Die Absorptionssignale wurden 
mit einem Impulsoszillographen registriert. Die Zeit, gemessen vom Beginn des Zinkab- 
sorptionssignals bis zu dessen Maximum, vergr6Bert sich fur die Form b gegentiber der 
Form a von 1,0 auf 1,5 Sekunden. Die Ursache hierfur ist der an der Verjtingung des Pro- 
betragers der Form b entstehende Wlrmestau. Hieraus resultiert eine langsamere Erwlr- 
mung des oberen Teiles des Probetragers, eine langsamere Verdampfung der Zinkteilchen 
und damit ein linger dauerndes Signal. Wir wtihlten aus den genannten Grtinden die Pro- 
betrlgerform b fur alle weiteren Messungen aus. Der EinfluB der Atomisatorspannung auf 
die Hohe und Form des Absorptionssignales konnte bei der Probetrtigerform b bereits mit 
dem Schreiber ermittelt werden. 

EinjluJ3 der Atomisatorspannung 

Auf der Abbildung 3 wird fur drei Atomisatorspannungen die Abhangigkeit der Absorp- 
tion von der Zeit dargestellt. Die Signale wurden mit einer Schreibergeschwindigkeit von 
10 mm/set aufgezeichnet. Es ist zu sehen, da0 sich die Signaldauer mit zunehmender 
Spannung verktirzt. Bei den Spannungen 4,4 V und 5 V wird auDerdem ein Schreiber- 
ausschlag tiber die O%-Absorptionslinie sichtbar. Dieser Ausschlag entspricht einer Emis- 
sion, die durch die Strahlung des gltihenden Probetragers verursacht wird. Damit ergeben 
sich zwei Ursachen fur die Abnahme der Signalhiihe oberhalb der Atomisatorspannung 
von 4,4 V: die Kontinuumstrahlung des gltihenden Probetrtigers und die Trlgheit des Auf- 
zeichnungssystems bezogen auf die Verdampfungsgeschwindigkeit. 

Urn die stiirende Strahlung des Probetragers ohne Modulation des Lichtes der Hohl- 
kathodenlampe auszuschalten, setzten wir vor den Monochromatorspalt eine Blende, die 
das gesamte Abbild des Probetragers ausblendete. Bei der Atomisatorspannung von 4,4 
V erreichten wir dadurch eine etwas vergroberte Empfindlichkeit. Fur noch hijhere 
Atomisatorspannungen resultiert keine zudtzliche Empfindlichkeitssteigerung. Die mit 
steigender Spannung zunehmende Schnelligkeit der Zinkverdampfung beeinflufit dem- 
nach die Signalhohe starker. Der Schreiber kann den schnellen Signalanderungen nicht 
mehr befriedigend folgen. 

Eine Untersuchung der Ktihl- und Transportwirkung des den Atomisator umgebenden 
Gases erfolgte nicht, da dieser Effekt in unserem Fall nur durch Konvektion bestimmt 
wurde. 

Stellung des Probetrtigers zum Strahlengang der HKL 

Bekanntlich ist die Lebensdauer der ftir die atomare Absorption verantwortlichen 
freien Atome bei der gewlhlten Atomisierungsart begrenzt. Ihre gr6Bte Konzentration 
wird jeweils nur in einem sehr begrenzten Volumen oberhalb des Atomisators 
gefunden. 9-1o Die Anzahl der freien Atome verkleinert sich mit zunehmender Entfernung 

1 

t 
30 

t 

t 
Atomiswungszeit. set 

I 0,75ng Zn t 
30 

t 

Abb. 3. Abhgngigkeit der Absorption von der Zeit bei verschiedenen Atomisatorspannungen. 
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Abb. 4. Untersuchte Stellungen des Probetragers relativ zum Abbild der Hohlkathodenlampe. 

vom Probetrager durch Kondensation der Atome in der kalten Atmosphare und durch 
chemische Reaktionen mit den Gasteilchen der Luft. Wir untersuchten die in Abb. 4 
gezeigten Stellungen des Probetragers zum Lichtfleck der Hohlkathodenlampe. Die Posi- 
tionen A und C1 ergeben die griil3ten Absorptionssignale. Aus diesem Grunde wurde der 
Probetrager stets so einjustiert, da13 sein oberes Ende im Lichtfleckzentrum der Hohlkatho- 
denlampe stand. 

Untersuchungen zur Reproduzierbarkeit 

Infolge des Arbeitens ohne Schutzgasatmosphare treten durch Verbrennen des Kohlen- 
stoffs des Probetrlgers und an den Kontaktstellen der Graphitbacken des Atomisators 
Vertinderungen auf. Durch diesen Abbrand verkleinern sich die Probetrager, die Dimen- 
sionen der Kontaktflachen und damit die elektrische Leitfahigkeit. Diese Veranderungen 
kijnnen AnlaB fti unterschiedliche Absorptionssignale fur ein und dieselbe Zinkkon- 
zentration sein. AuDerdem beobachteten wir eine zunehmende PorBsitat des Probetragers. 

Zur Kllrung des Einflusses dieser Abbrandeffekte auf die Reproduzierbarkeit der Zink- 
absorptionssignale wurden ftir eine Zinkkonzentration auf drei Probetrlgern je 10 
Absorptionssignale aufgenommen (siehe Tabelle 1). Vergleicht man die Werte der Spalte 
4 untereinander, so ist keine auf einem systematischen Fehler beruhende Abweichung fest- 
zustellen. 

Diese Untersuchungen wurden in gleicher Weise fur 5 verschiedene Zinkmengen durch- 
gefiihrt und ergaben entsprechende Ergebnisse. Wir konnen demnach feststellen, da13 die 
oben aufgefiihrten Abbrandeffekte an den Probetragern und den Graphitbacken die 
Reproduzierbarkeit der Zinkabsorptionssignale innerhalb von 10 Messungen nicht ver- 
schlechtern. Damit wurde nachgewiesen, da13 die Verwendung einer Inertgasatmosphare bei 
den verhaltnismll3ig niedrigen Temperaturen der Zinkbestimmung nicht notwendig ist. 

Arbeitsvorschrif 

Der Probetrager wird so zwischen die Graphitbacken des Atomisators eingespannt, da13 sein unteres Ende mit 
den unteren Enden der Graphitbacken eine FlPche bildet und sein oberes Ende im Lichtfleckzentrum der Hohl- 
kathodenlampe steht. Vor der ersten Messung wird jeder Probetrager gereinigt. mdem 10 Sekunden eine Span- 
nung von 5 V angelegt wird. 

Die Losungen werden mit einer Mikroliterpipette auf den Probetrager gegeben. Danach wud m Abhangigkert 
vom Losungsvolumen (s.o.) getrocknet und bei 4,4 V atomisiert. Die Emission des gltihenden Probetragers wird 

Tabelle 1. Uberprtifung der Reproduzierbarkett der Absorpttonsmessungen 

Probe- 
trlger 

Zahl der 
Messungen 

Mittelwert. 
% Absorption 

Abwerchung der 
Signale vom 

Mittelwert in 
Prozent (rel.) 

1 10 31 4 
2 10 37 1 
3 10 34,5 7.5 

1.233 30 36 5 
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Tabelle 2. Ergebnisse der atomabsorptionsspektralphotometrischen Zinkbestimmung 

Empfind- Nachweisgrenze 
lichkeit Konzentrationsgebiet (Zs-Krit.) Variations- 

Losungs- Temperatur des bez. auf mit linearer koeffizient 
volumen, Probetragers, 1% Abs., Extinktionsfunktion, abs., rel., 0,s ng Zn, 

pl “C PS w PS PPM* % 

1 20 21 0,07-1,o 20 20 18 
10 20 31 0,2-3,0 150 15 15 
10 90 26 0,2-2,0 120 12 16 
50 90 29 O-2-3,0 150 3 14 

* Parts per milliard. 

durch eine Blende am Monochromatorspalt ausgeschaltet. Als MeBgrGRe wird die Peakhiihe des Zinkabsorp- 
tionssignales ausgewertet. Nach Umrechnung in Extmktionswerte erfolgt die Errechnung der Ausgleichsgeraden, 
der Standardabweichungen und der Variationskoefhzienten mit Hilfe eines Rechenprogrammes am Kleinrechner 
C 8205. Die Tabelle 2 gibt die von uns ermittelten Ergebnisse an. 

Zinkbestimmung GaAs-haltiger Liisungen 

Untersuchung des Absorptionssignals 

Gegentiber einer reinen 1M salzsauren Zinklosung, die einen einzigen Absorptionspeak 
bei flammenloser Verdampfung ergibt, erhalten wir fiir IM salzsaure Zinkliisungen, in 
denen GaAs- und GaAlAs-Matrix aufgelijst war, bei einer Papiervorschubgeschwindigkeit 
des Schreibers von 30 mm/min ein deutliches Mehrpeaksignal (Abb. 5). 

Der 2. Peak ist der spezifische Zinkpeak. Seine Hijhe ist von der vorhandenen Zink- 
menge abhangig. Die beiden anderen Peaks sind unspezifisch, ihre Hiihe hlngt von der 
im Probenvolumen anwesenden Menge der Matrix ab. Auch die Htihe des Zinkpeaks wird 
von der Menge der Matrix beeinfluI3t. 

Durch Messungen mit der Zink-Hohlkathodenlampe und einer Deuteriumlampe wurde 
versucht, die verschiedenen Absorptionsanteile an der Stelle des Zinkpeaks (213,9 nm) auf- 
zuklaren (siehe Tabelle 3). Tabelle 3 zeigt, da13 etwa 3% der Absorption durch die ther- 
mische Ausdehnung des Graphitprobetragers entstehen. Der von der Matrixkonzentration 
abhangige, unspezifische Signalanteil entsteht vorwiegend durch Lichtstreuung schnell 
kondensierter Matrixspezies. Der spezifische Signalanteil wird durch Zinkblindgehalte der 
Matrix und der Reagenzien hervorgerufen. Wie aus der Tabelle 3 zu entnehmen ist, waren 
die Blindgehalte relativ konstant. Aus weiteren Untersuchungen ging hervor, da13 sie sich 
bezogen auf ein Probevolumen von 10 ~1 fur eine GaAs-Matrixkonzentration von 1 mg/ml 
zwischen 300 und 600 pg Zink und fur eine GaAs-Matrixkonzentration von 10 mg/ml 
zwischen 600 und 800 pg Zink bewegten. Daraus ist zu entnehmen, daI3 nicht so sehr das 
zu untersuchende Material als vielmehr das Lijsungsmittel und der LbsungsprozeI3 fur die 
Verunreinigung verantwortlich sind. 

2 4 6 6 

Abb. 5. Abhangigkeit der Absorption bei 213,9 nm von der Zeit. (a) Zink in 1M HCl, (b) Zink in 
1M HCI in Gegenwart von GaAs-Spezies. 
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Tabelle 3. Die Abhangigkeit der Absorption bei 213,9 nm(Zn) von der Konzentration an GaAs. (Probevolumen: 
10 ~1; Atomisatorspannung: 4.4 V) 

GaAs bzw. 

Ga,,,ALAs. 
W/ml 

Extinktion 
Extinktion gemessen 
gemessen mit der Zink- 

mit der Hohlkathoden- 
Deuteriumlampe lampe 

bei 2 13.9 nm bei 213.9 WI 
spezifische 
Extinktion 

I 0,01t3* 0,071 0,053 
5 0,022* 0,075 0,053 

10 0,029* 0.092 0,063 

25 0,043* 0,102 0,059 

* 0,013 Extinktionseinheiten sind auf die thermische Ausdehnung des Probetrlgers zuriickzufiihren. 

Ein&i’ der Atomisatorspannung auf die spezijische Absorption 

Es wurde der EinfluI3 der Atomisatorspannung zwischen 4,0 und 5,O V in Gegenwart 
verschiedener Matrixmengen auf die Signalhiihe des Zinkpeaks untersucht: 4,4 V ergab 
sich als optimale Atomisatorspannung. Sowohl bei hiiheren als such bein niedrigeren 
Atomisatorspannungen ergaben sich verminderte Empfindlichkeiten. Die Abnahme der 
Empfindlichkeit bei niedrigeren Spannungen wird verursacht durch die Verminderung der 
Verdampfungsgeschwindigkeit des Zinks infolge der Matrix. Das relativ langsame Auf- 
zeichnungssystem und Matrixeffekte im Plasma sind die Ursache fiir die Abnahme der 
Empfindlichkeit bei hiiheren Spannungen. 

Einjlufi der Liisungsmenge auf die spezijische Absorption 

Es wurden Liisungsvolumina zwischen 1 und 10 1-11 untersucht. Die Empfindlichkeit ist 
bei kleinen Probevolumina grBl3er. Eine lineare Abhangigkeit der Extinktion findet man 
fur 1 ~1 bis zu 1 ng Zink und fur 10 ~1 bis zu 3 ng Zink. Wird die matrixhaltige Probeliisung 
auf einen auf 90” erwlrmten Probetrager gegeben, so ergibt sich bei einem Probevolumen 
von 10 ~1 eine geringfiigige Empfindlichkeitssteigerung. 

Untersuchung der MatrixefSekte 

Als Matrixeffekte bezeichnen wir Wechselwirkungen zwischen den Spezies des zu be- 
stimmenden Elementes und Spezies der Probe, der Umgebungsatmosphlre und des Pro- 
betragers. Diese Wechselwirkungen konnen sich auf die Richtigkeit, Genauigkeit und 
Empfindlichkeit der Bestimmung auswirken, sie kijnnen in der Gasphase und in der kon- 
densierten Phase erfolgen, und sie kijnnen chemischer und physikalischer Natur sein. 

Wir stellten fest, da13 die GaAs- und die GaAlAs-Matrix einen Depressionseffekt auf die 
Absorption freier Zinkatome ausiibt. Die Steigungen der Eichgeraden der Zinkbestim- 
mung nehmen mit steigendem Matrixgehalt im Probevolumen ab (s. Abb. 6). Die 
Ursachen dieses Depressionseffektes sind folgende: Die Zinkatome verdampfen in die rela- 
tiv kalte Atmosphare iiber dem Probertrager. Dort bilden sie durch Oxydation und Kon- 
densation grBBere Teilchen. die fur die spezifische Absorption nicht zur Verfiigung stehen. 
Diese Kondensation erfolgt wesentlich starker in Gegenwart eines fiberschusses anderer 
Spezies, vor allem, wenn diese einen sehr hohen Siedepunkt besitzen (z.B. Ga, Al und deren 
Oxide). Diese Spezies konnen als Kondensationskeime wirken, die die Zinkatome ein- 
schliegen. Sie konnen dabei Mischkristalle und auchverbindungen bilden. Alle diese Effekte 
fiihren zur Verminderung der Zahl der freien, zur Absorption fahigen Zinkatome im 
Plasma. Die Verwendung eine Argonatmosphare bringt in dieser Hinsicht ebenfalls keine 
Vorteile, da such die nichtoxydierten Teilchen infolge des hohen Siedepunktes und der 
verhaltnismal3ig niedrigen Temperaturen schnell kondensieren. Auch Festkiirperreakt- 
ionen im Probetrager sind zu berticksichtigen. Entsteht z.B. wahrend des Trocknungs-und 
Verdampfungsprozesses ein zinkhaltiges, schwerfliichtiges Ga,O,-Teilchen, so ist die Ver- 
dampfung des Zinks gegeniiber der Verdampfung aus einem Rtickstand, der aus einer salz- 
sauren Zinklijsung verbleibt, auf jeden Fall verzogert. Dies fuhrt ebenfalls zu einer Redu- 
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2 0,Ol tnp GaAs/O.Ol ml 
3 0.05 GaAs/O.Ol ml mg 
4 0.1 GaAs/O.Ol ml mg 

0,I 0,2 0,3 0,4 0.5 0.6 07 0,8 0,9 I.0 

ng Zn 

Abb. 6. Abhangigkeit der Empfindlichkeit der Zinkbestimmung von der Matrixkonzentration. 

zierung der maximalen Konzentration der freien Zinkatome im Plasma. Zur eingehenden 
Untersuchung der unspezifischen Matrixeffekte wurden die Absorptionssignale bei 213,9 
nm in 1M salzsaurem Medium in Anwesenheit der GaAs oder GaAlAs-Matrix bei einer 
Papiervorschubgeschwindigkeit des Schreibers von 10 mm/set aufgezeichnet. Es ergaben 
sich die in Abb. 7 gezeigten Signale. In der Abb. 7 sind fi.inf Peaks zu sehen, die in einem 
Zeitraum zwischen 1,5 und 6,5 set nach Zuschalten der Atomisatorspannung erscheinen. 

Fiir eine Zuordnung der aufgezeichneten unspezifischen Peaks zu bestimmten Spezies 
ist eine Temperaturbestimmung und eine Elementbestimmung erforderlich. Da die Tem- 
peraturmessung dieses Plasmas sehr schwierig ist, wurde die Temperatur des Probetrager- 
kopfes mit einem Pt-Pt/Rh-Thermoelement bestimmt. Das Thermoelement, das an der 
Verbindungsstelle zu einer Kugel zusammengeschmolzen wurde, wurde in eine kleine Boh- 
rung auf der Obertiche des Probetragers gebracht. Zur besseren Kontaktnahme zwischen 
Thermoelement und Probetrager wurde in die Bohrung Kohlepulver gestopft und das 
Thermoelement mit PVC-Leim befestigt. Der Fehler der Temperaturmessung liegt bei 
etwa + 30”. Das Ergebnis der Temperaturmessung ist Abb. 8 zu entnehmen. Ein Vergleich 
der Abbildungen 7 und 8 ermijglicht es, den 5 Peaks folgende Temperaturen zuzuordnen. 

t 

(a) Zn - Hahlkothode 1 (b) Deuteriumlampe 

16 

F 

14 

t 2 

2 4 6 

set set 

Abb. 7. Abhangigkeit der Absorption bei 213,9 nm von der Zeit bei der Atomrsatorspannung 
von 4,4V. GaAs: 0,l mg/lO 4 1M HCl, Zn: 0,5 ng/lO ~1 1M HCl. (a) Zink-Hohlkathodenlampe. 

(b) Deuteriumlampe. 
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Abb. 8. Abhgngigkeit der Temperatur des ProbetrPgerkopfes von der Zeit bei verschiedenen 
Atomisatorspannungen. 

1. Peak 360-540 
2. Peak 550-750” 
3. Peak 900-l 100 
4. Peak 1100-1160 
5. Peak 1360-1410 

Zur Bestimmung der Elemente, die fur die unspezifischen Peaks verantwortlich sind, 
wurden 1M salzsaure Liisungen mit einem Gehalt von GaAs 10 mg/ml bzw. Ga 5 mg/ml 
bzw. As 5 mg/ml untersucht. Es wurde die Absorption zinkhaltiger und zinkfreier 
Lijsungen vermessen. Das eingesetzte Probevolumen war 10 ~1, die Atomisatorspannung 
4,4 V und die Papiervorschubgeschwindigkeit des Schreibers 10 mmjsec. 

Abbildung 9 stellt die Ergebnisse dar. Es ist zu erkennen, dal3 Peak 1 und 2 dem Arsen, 
Peak 3 und 5 dem Gallium und Peak 4 dem Zink zuzuordnen sind. Es ist miiglich, durch 
programmierte Temperatur das Amen aus dem Probetrlger zu entfernen. Dies bringt 
jedoch in analytischer Hinsicht keinen positiven Effekt, so da13 auf dieser Basis keine Be- 
stimmungsmethode ausgearbeitet wurde. 

Berticksichtigt man, da13 die 1M salzsauren Lijsungen folgende Ionen enthalten: Ga3+, 
AsO:-, A13+, Zn2+ und Cl-, so befinden sich nach dem TrocknungsprozeD im Pro- 
betrager folgende Verbindungen: As205, GaCl,, ZnCl,, ZnO, GaOCl, GaAsO,, 

Zn3(AsO&. 
Diese Verbindungen kijnnen bei den festgestellten Peaktemperaturen hauptslchlich wie 

folgt reagieren. 

1. As205 
315” - AS203 + 02 

2. Asz03 + 3C = 2As + 3C0 

3. GaCl, , GaOCl, Ga(OH)3 2oo-500’ Ga,O, 

4. Ga203 + 3C 600” Ga,O 600’ 2Ga 

5. Gafeinverteirt + l/2% 1ooo’ GaN 

6. 2Ga + 2C - 1200” Ga,C, 

7. GaAsO, + 4C w Ga + As 

+ 3co 

+ 4co 
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Die Reaktion 5 halten wir fur miiglich, da Gallium mit Ammoniak bei 1100” und pyro- 
phores Gallium bereits bei 100” zu Galliumnitrid reagieren.’ ’ In unserem Fall liegt fein- 
verteiltes Gallium vor: eine Reaktion mit Stickstoff bei 1000” ist also nicht auszuschliel3en. 
Das nach Reaktion 6 gebildete Galliumcarbid ist im Dampfzustand stabil im Gleichgewicht 
mit Galliumdampf und festem Kohlenstoff.’ 1 

Lijsungen in denen 10% des Gallium durch Aluminium ersetzt waren, zeigten im Signal- 
bild keinen Unterschied zu reinen Galliumlosungen gleicher Konzentration. Reine Alu- 
miniumlosungen (Al bis zu 2,5 mg/ml) ergeben kein unspezifisches Absorptionssignal bei 
213,9 nm. Das ist verstandlich, wenn man beriicksichtigt, da13 das entstehende Aluminium- 
oxid (Fp 2050”) erst ab 1565” mit dem Kohlenstoff des Probetrigers zu verdampfbarem 
Aluminiumcarbid reagiert. Durch Kombination der Elementbestimmung und Tempera- 
turmessung ergeben sich folgende SchluBfolgerungen fur die Ursachen der unspezifischen 
Peaks. 

1. Peak: Temperatur: 36&540”, Element: As.Es handelt sich urn As,O, (Kp 465”) 
welches in geringem Ausmal3 parallel zur Reaktion 2 verdampft. 

2. Peak: Temperatur: 45@750”, Element: As.Es handelt sich urn sublimiertes, elemen- 
tares Arsen oder dessen Folgeoxydationsprodukte. 

3. Peak: Temperatur: 900-llOO”, Element: Ga .Es handelt sich urn sublimiertes GazO 
(Sblp. 600”) welches als Zwischenprodukt nach Reaktion 4 entsteht. Evtl. kann such GaN, 
das nach Reaktion 5 entstehen kijnnte, zur Absorption bzw. Streuung beitragen. 

4. Peak: Temperatur: 11o(r1160”, Element: Zn. 
5. Peak: Temperatur: 136~1410”, Element: Ga.Es handelt sich urn Galliumcarbide, 

die nach Reaktion 6 entstehen. 
Weiterhin ist aus der Abbildung 9 zu erkennen, da8 die spezifische Absorption, die 1 

ng Zink in 10 ~1 hervorruft, sehr von der Matrixart abhangt. Der hochste Wert wird fur 

25 mg GaAs/ml 30 

n’ 20 

s 
IO 

2468 2 4 6 6 IO 12 14 16 18 

40 

z 

30 

{ 20 

IO 

2 4 6 6 2 4 6 8 IO 12 14 I6 I6 

30 30 
ap 

12,5mg Go/ml .\” 

; 20 20 
2 ; 

IO t 10 

2 4 6 8 2 4 6 8 IO 12 14 16 16 

1 I 
0 2 4 6 6 0 2 4 6 8 IO 12 14 16 18 

F---4 4v- G-3.2 V- -44v - 

Abb. 9. Abhiingigkeit der Absorption bei 213,9nm von der Zeit fiir Zinkspuren in 1M HCI m 
Gegenwart verschiedener Matrices. ~ Zink-Hohlkathodenlampe; ---- Deuteriumlampe. 
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arsenhaltige Lijsungen, der kleinste fti nur galliumhaltige Lijsungen erhalten. Daraus ist 
zu schluBfolgern, da13 in der Verdampfungsbeeinflussung des Zink die eigentliche Depres- 
sionsursache ftir die spezifische Absorption zu sehen ist und Matrixeffekte im Plasma nur 
eine geringe Rolle spielen. 

Verwunderlich erscheinen zunZchst die Werte fti LBsungen, die nur Gallium bzw. Gal- 
liumarsenid-Spezies enthalten. Wahrscheinlich bildet sich im Probetrgger beim Trock- 
nungsprozel3 in Gegenwart von Gallium’irsenid-Spezies neben Galliumtrioxid eine 
gr%ere Menge Galliumarsenat. In arsenfreien Liisungen entsteht beim Trocknungs- 
prozel3 fast nur Galliumtrioxid. Das Galliumtrioxid ist schwer fliichtig und hilt das 
eingeschlossene Zink sehr stark fest, das Galliumarsenat dagegen zersetzt sich bei stei- 
gender Temperatur iiber Galliumarsenid zu Gallium und Arsen, welches sich verfliichtigt. 
Infolge dieser Zersetzung des Galliumarsenats wird das in diesen Partikeln enthaltene 
Zink freigesetzt und kann verdampfen. 

Arheitsvorschr$ftir dre Besrimmung des Zink VI GaAs und GaO,gAlO.,As 

Flir die Bestimmung des Zinkgehaltes in GaAs und Ga,,,Al,,,As werden Probemengen von 0,l bis 10 mg 
in kleine Teflonbecher eingewogen. Die Substanzen werden mit 0,l bis 1 ml eines Gemisches aus konzentrierter 
Salzslure und konzentrierter SalpetersLure (1 :l) gel&t. Nach Beendigung der spontan einsetzenden Reaktion 
wird die SPure vorsichtig abgedampft. Der Riickstand wird in 0.1 oder 1.0 ml 1M SalzsLure fie nach Einwaage) 
aufgenommen. Wegen der Verunreimgungsgefahr ist wHhrend der Probenvorbereitung miiglichst unter vijlligem 
StaubausschluIj zu arbeiten. Es ist aus dem gleichen Grund empfehlenswert, sofort nach der Probenvorbereitung 
die Bestimmungen durchzufiihren. Ein 10-p Teil der Probelasungen wird mit einer Mikroliterspritze auf den 
ProbetrLger gegeben. Danach wird 15 set be1 90” und 10 set bei 140” getrocknet und anschliel3end bei 4,4V 
atomisiert. Fiir eine Analysenprobe werden zur Verbesserung der Genauigkeit 5 Absorptionsmessungen durch- 
gefiihrt. Als MeDwert wlrd die Hiihe des Zinkpeaks ausgewertet. Bei der Auswertung ist die Matrixkonzentration 
zu beriicksichtigen. Es ist erforderlich, die Eichkurven und die unspezifische Absorption an der Stelle des Zink- 
peaks stSindig durch Vermessen entsprechender Eichlasungen mit der Zink-Hohlkathodenlampe und der Deuter- 
mmlampe zu iiberpriifeq. Die Tabelle 4 gibt die von uns ermittelten Ergebnisse wieder. 

Tabelle 4. Ergebnisse der Bestimmung von Zink in Galliumarsenid. 

Empfindhchkelt Nachweisgrenzen Variations- 
Einwaage Analysen- bezogen auf 1 %A Lmeares analy- 3-s-Kriterium koeffizient 

GaAs, volumen. 0,0044 E, tisches Gebiet, absolut, relativ, bei 0,5 ng Zn 

mg pl ng ‘lg PS PP* (G=W (P = 95%),% 

O,l 1 0,035 0,l -1 30 30 5 
0,l 10 0,03 0,15-3 150 15 12 
LO 1 0,025 0,2 -1 120 12 10 
l,O 10 0,l 0.25-3 250 2.5 15 

Parameter-Zn-HKL-6 mA. 213.9 nm; Spalt-0,l mm; Trocknen-15 set 90°C; 10 set 140°C; Atomisieren 
-3 set 4.4 V ; 280 A. 

Probevolumen: 100 ~1, Drelfachmessung. 

Anwendung der Arbeitsvorschrift 

Es wurde der Verunreinigungsgehalt an Zink von Chrom-, Selen-, Tellur- und Zinn- 
dotierten Galliumarsenid-Halbleitern bestimmt. Da sich der Gehalt nahe der Nachweis- 
grenze befand, wurden die Ergebnisse durch die Anwendung einer Zusatzmethode 
iiberpriift. Es ergab sich ein Verunreinigungsgehalt von 1,5 ppm Zink bezogen auf Gal- 
liumarsenid mit einem Variationskoeffizienten von 50%. Dieser Wert wurde durch 
Neutronenaktivierungsanalyse bestitigt. 
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Summary-A home-made AAS-instrument and a home-made carbon-rod atomizer are described. 
The instrumental parameters were optimized. The influence of the ma&x on the sensitivity, and 
the reasons for non-specific absorption are discussed. The detection limit of the method is 2-25 x 
lo-“g or 3-20 ppM relative to 1 ml of 1M hydrochloric acid or 2530 ppm relative to 0.1-l 
mg of gallmm arsemde. 
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SHORT COMMUNICATIONS 

TITRIMETRIC DETERMINATION OF MERCAPTANS WITH CHLORAMINE-T 

(Received 4 June 1914. Accepted 27 August 1974) 

Chloramine-T has been widely used as a titrimetric oxidant, replacing the more expensive iodine and the less 
stable hypochlorite. I,2 In the present investigation, its use has been extended to the determination of various 
mercaptans. 

EXPERIMENTAL 

Reagents 

Chloramine-T,2 iodine cyanide,3 thioglycollic acid and 2-mercaptopropionic acid“ were purified according to 
the procedures reported in the literature cited. All the other chemicals used were of guaranteed purity. 

The solutions of chloramine-T (0.05&f) and iodine cyanide (OtI4M) were prepared in doubly distilled water 
and O.lM hydrochloric acid, respectively. Thio-p-cresol was dissolved in the minimum quantity of ethanol and 
then diluted with water to give a 0.025M solution. The solutions (0.02.W) of 2-mercaptoethanol, thioglycollic 
acid, cysteamine hydrochloride, 2- and 3-mercaptopropionic acids and thiomalic acid were prepared in doubly 
distilled water and those of other mercaptans in glacial acetic acid. The solutions of various mercaptans and 
chloramine-T were standardized according to reported methods.‘,’ 

Procedures 

Direct titrations. An aliquot of the mercaptan solution (1-5 ml) was diluted with distilled water (2@30ml). 
Potassium iodide (_ 0.5 g) was added and the solution titrated with standard chloramine-T solution, with starch 
(1 ml of 1% solution), carbon tetrachloride, chloroform, carbon disulphide and benzene (2ml) as indicators. 
Enough concentrated hydrochloric acid was added to the 2-mercaptoethanol solution before the titration to 
make the acid concentration 0.55M. . 

Potentiometric titrations. A known volume of the mercaptan solution (2-10 ml) was taken in a lOO-ml titration 
cell, diluted to about 50 ml with water, and then titrated as above, with the potentiometric titration outfit de- 
scribed earlier.5 

Buck-titrations. An aliquot of mercaptan solution (l-5 ml) was diluted with water (20-30 ml) and treated with 
excess of standard chloramine-T solution (5-20 ml); 2M hydrochloric acid (l-2 ml) was also added to the titrand 
in the titrations of cysteamine hydrochloride and 2-mercaptoethanol. The contents were allowed to stand, with 
occasional shaking, in a stoppered flask, for the time indicated in Table 1. The unconsumed chloramine-T was 
then titrated with standard thiosulphate solution.’ 

Iodine cyanide method. Iodine cyanide solution (l-3 ml) was added to an aliquot of mercaptan solution (l-5 ml) 
in a stoppered flask. The mixture was diluted to about 20 ml with 5M hydrochloric acid and/or water to adjust 
the acidity of the solution to the value given in Table 1, and then titrated with standard chloramine-T, chloroform 
or carbon tetrachloride (- 5 ml) being used as indicator. The solution was shaken vigorously after each addition 
of titrant, until the colour abruptly changed from violet to colourless. 

The titrations were repeated at least thrice at each concentration level. Some typical results are given in 
Table 1. 

Table 1. Determination of various mercaptans with chloramine-T 

Potentmmetnc Back-tltratmn 
Visual determmatmn determmatmn method . ICN method 

Meall Meall 
rrlat1ve relatwe 

Taken, Found. dewatmn. Taken, Found, denatmn. Taken, Found.t Time, Taken Found, CHW 
Mercaptan my w “0 w w 

I>,, 
,o w w hr mg mg M 

Propyl 744 745 0.14 I2 13 1211 OG9 7.44 743 1’ _ _ _ 

mercaptatl 

Ally1 mercaptan 7 76 7 75 013 - -- _ 1552 15.53 0.08 - - 
2.Mercaptoethanol 364 3 65 002 8 15 8 14 0.20 8 87 8.90 2 00 8.87 8.89 3 
Cysteamme 568 5 67 0 I2 1211 1209 009 568 567 15 568 966 06 

hydrochlonde 
2.Ammobenzene- 5 80 581 022 7 62 760 017 - - ~ _ _ 

thml 
Thm-p-cresol IO.50 IO.52 005 18 12 18 14 007 IO.15 I@20 052 - 
Thmglycalhc 5 13 5 12 0 19 1263 1261 009 513 512 3 21.24 2126 1.8-2 I 
aad 
2.Mercapto- 412 411 006 1260 I2 58 0.08 4.12 4.13 2 4.12 4.11 I5 
propmmc aad 
2-Mercaptobennxc _ _ _ _ _ _ 768 767 3 - _ 

acld 

Thmmahc actd 
3-Mercaptopro- 
pmmc actd 

_ 5 60 5.59 05 *60 561 09-l 5 
_. 7.20 719 2 6.80 6.79 2 

* The contents were heated at N&43”. 
t These determinations correspond to a chloramine-T/mercaptan molar ratio of 3: 1. 
t TIII\ tlc~cr~ll~n;~~l,,n corresponds to a chloramine-T/mercaptan molar ratio of 2: 1. 
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RESULTS AND DISCUSSION 

Propyl mercaptan, ally1 mercaptan, 2-mercaptoethanol, thio-p-cresol, 2-mercaptobenzenethiol, cysteamine hy- 
drochloride, 2-mercaptopropionic acid and thioglycollic acid react in 2: 1 molar ratio with chloramine-T in the 
presence of iodide, forming the corresponding disulphides. In the potentiometric titrations, there is no sudden 
jump in potential corresponding to a mercaptan/chloramine-T molar ratio of 2: 1 in the absence of iodide, indi- 
cating that the addition of iodide is essential not only for detecting the end-point with indicators such as starch. 
but also because the oxidation to disulphide is essentially a reaction of iodine with the mercaptans: 

CHsChH,S02NCl- Na+ + 2 I- + 2 H+ + Iz + CH3C6H,S02NH, + Cl- + Nai 

2RSH + Iz-+RSSR + 2HI 

Chloramine-T is known to oxidize certain polyhydroxy alcohols but it does not oxidize ethanol.6 It is logical, 
therefore, that only the thiol group in 2-mercaptoethanol is oxidized. Thiomalic acid 3-mercaptopropionic acid 
and 2-mercaptobenzoic acid do not react quantitatively in the 2: 1 molar ratio, and the amount of chloramine-T 
consumed is somewhat greater than that expected theoretically. This is in keeping with the observation of 
Danehy and Oester’ that mercaptans having a free B-carbonyl group are strongly inclined to further oxidation. 

Benzene is far the best extraction indicator and the non-aqueous layer becomes light violet at the end-point. 
In all other cases, a drop of titrant in excess is required for a clearly detectable colour change. The colour disap- 
pears after 2-3 min in the titration of ally1 mercaptan, probably because of addition of the iodine formed to the 
double bond in the ally1 group. Potentiometric titration of this mercaptan is not possible. 

The other potentiometric titrations are possible in the presence of iodide and the jump in the potential at the 
equivalence point is fairly large (- 75 mV/O.05 ml of the titrant) in every case. 

The oxidation of the mercaptans with chloramine-T in the absence of iodide is a function of time. If the mercap- 
tans are allowed to stand with excess of chloramine-T for the times indicated in Table 1, they react in molar 
ratio 1: 3, and the corresponding sulphonic acids are formed: 

RSH + 3CH3C6H,S02NCl-Na+ + 3H20 -+ RSOsH + 3CH3C,H4S02NH, + 3Na+ + 3CI. 

Excess of chloramine-T has already been reported to oxidize thioglycollic acid to the sulphonic acid.’ Thio-p- 
cresol reacts with excess of chloramine-T in 1: 2 molar ratio. It appears difficult to account for this stoichiometry. 

Chloramine-T instantaneously reacts with 2-mercaptoethanol. cysteamine hydrochloride, 2-mercaptopro- 
pionic acid, 3-mercaptopropionic acid, thiomalic acid and thioglycollic acid in the molar ratio 3: 1 in the presence 
of iodine cyanide. The end-point cannot be accurately detected in the titrations of 2-aminobenzenethiol, ally1 
mercaptan and thio-p-cresol, and 2-mercaptobenzoic acid and propyl mercaptan do not react quantitatively in 
the molar ratio 1:3 with chloramine-T in the presence of iodine cyanide. It may be mentioned that iodine 
cyanide4 or chloramine-T, when present alone, will oxidize the mercaptans only to disulphide in a direct titration. 
In the present titrations, iodine cyanide acts as a catalyst and preoxidizer, and itself is reduced to iodine, which 
imparts a violet colour to the carbon tetrachloride layer. The iodide is completely oxidized back to I+ by chlora- 
mine-T at the end-point. There is no mercaptan present to reduce it again and the solution becomes colourless 
owing to the formation of iodine cyanide. 

In almost all the reported visual titrations of chloramine-T, iodide has been added to the titrand and it has 
therefore, been concluded that the substance to be determined must be a stronger reducing agent than the iodide, 
otherwise iodine would separate on adding the titrant.* The iodine cyanide method is advantageous in the sense 
that iodide need not be added and even the reductants weaker than iodide can be determined. 

The direct titrations of the mercaptans. with or without addition of iodine cyanide, are fast and quantitative. 
As little as @5 mg of the mercaptan can be determined in 50 ml of solution with +0.25% error. Acetate, chloride, 
bromide, iodide, urea, acetone and ethyl acetate do not interfere even when present in large excess. However, 
hydrazines, thiocyanate and thiocarbonyl compounds such as thiourea interfere in these titrations. 
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Summary-Propyl mercaptan, ally1 mercaptan, 2-mercaptoethanol, cysteamine hydrochloride, 
thio-p-cresol, 2-aminobenzenethiol, 2-mercaptopropionic acid and thioglycollic acid react with 
chloramine-T in 2: 1 molar ratio in the presence of iodide, forming the corresponding disulphides. 
Mercaptans having a free /?-carbonyl group do not react quantitatively. The oxidation of the mer- 
captans is a function of time, and the corresponding sulphonic acids are formed on allowing them 
to stand with excess of chloramine-T. The oxidation to sulphonic acid is, however, instantaneous 
in the presence of iodine cyanide which acts as a catalyst and preoxidizer. This method is simple. 
accurate and rapid, and as little as 0.5 mg of the mercaptan can be determined with + @25% error. 
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DIRECT- PHOTOMETRIC TITRATION OF TELLURIUM 

(Received 19 June 1974. Accepted 27 August 1974) 

Surprisingly few titrimetric methods are available for the determination of tellurium and most of these are in- 
direct and laborious.‘-‘5 We have developed a direct photometric titration method for the determination of 
tellurium(IV) with dichromate, based on our observation that the reaction between tellurium(IV) and dichromate 
is fast in nitric or perchloric acid media. The initial oxidation state of the tellurium is not important. Tellur- 
ium(V1) can be quantitatively reduced to tellurium(IV) by heating with hydrochloric acid,” and elemental tellur- 
ium quantitatively oxidized to tellurium(IV) by dissolving it in 1: 1 nitric acid;6 tellurium( -11) can be converted 
into tellurium(IV) by treatment with nitric acid.lh 

EXPERIMENTAL 

Apparatus 

The photometric titrations were done with a Klett-Summerson photoelectric calorimeter with a No. 40 filter 
(bandpass 38lS430 nm) and a rectangular 2 x 4 x 8 cm glass cell (2 cm path-length). Extraneous light was 
excluded by a cover having two holes-one for the burette tip, the other for an inlet tube for passage of carbon 
dioxide to stir the solution. 

Reagents 

Potassium dichromate. 0,lN. 
Tellurium(l~solution. An approximately 0.025M solution was prepared by dissolving sodium tellurite in water, 

and its strength determined.” 
Tellurium(V) solution. An approximately 0.025M solution in 05M hydrochloric acid was prepared from 

sodium tellurate, and its strength checked.” 
Nitric acid free from nitrous oxide. Prepared by treating 75 ml of concentrated nitric acid with 25 ml of 4% 

aqueous urea solution, boiling for 2 min, and finally diluting with water to obtain approximately 8M nitric acid. 

Procedure 

To I-10 ml of 0.025M tellurium(IV) (3-30 mg of tellurium) in the titration cell, add enough 8M nitric 
acid and water to give a total volume of 40 ml of 2-6M nitric acid. Adjust the absorbance to read zero 
(i. = 38(X430 nm) and titrate with 0.1 N potassium dichromate in the usual way, taking absorbance readings not 
less than 60 set after the addition of titrant, and plot volume of dichromate vs. corrected absorbance. The inter- 
section of the two straight lines gives the end-point. Instead of nitric acid, l-4M percholoric acid can be used, 
or l-3M sulphuric acid, but with the latter the readings must not be taken sooner than 120 set after addition 
of reagent. 

- Chromium (XIII) 
h--a Chromium (III) 

Wavelength, nm 

Fig. 1. Absorption spectra of Cr(V1) and Cr(II1) in 2M nitric acid. 
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Choice ofconditions 

RESULTSANDDISCUSSION 

Tellurium(V1) and (IV) do not absorb over the range 35&750 nm. Figure 1 shows that chromium(II1) has no 
significant absorption peak in the same range, and the titration should obviously be monitored via the 
chromium(V1) absorption at 360-450 nm. . 
Interjerencrs 

Selenmm(V1) and (IV) do not interfere, nor do chloride and phosphate in concentrations up to 0.05 and 0.2M 
respectively, but higher concentrations retard the reaction and the results become erratic. Any other species ox,- 
dizable by dichromate under the conditions used will interfere. 

Attempts to develop a visual end-point or potentiometric method failed because indicators are irreversibly 
oxidized and stable potentials are not attained. 

Precision and accuracy 

Solutions containing known amounts of tellurium(IV) were analysed six times according to the recommended 
procedure. Averages and relative standard deviations (from the range) were; 25.58 mg, 0.6% (25.52 mg taken); 
12.77 mg, 0.5% (12.76 mg taken); 6.39 mg, 0.4% (6.38 mg taken). Table 1 shows typical results for the range 5-60 
mg of tellurium. 

Table 1. 

Amount of tellurium, mg 

Taken Found 

4.785 4.7, 
8,948 8.9, 

15.31 15.3, 
25.52 25.4; 
62.43* 62.0, 
49.95* 49.8; 
31.56t 31.6, 
19.07 18.8, 

* Oxidation of metallic tellurmm with nitric acid and 
estimation of Te(IV). 

i Reduction of Te(V1) to Te(IV) and subsequent esti- 
mation. 
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Summary-A direct photometric titration method has been developed for the determination of 
tellurium. Tellurium(IV) is titrated with potassium dichromate in 2-6M nitric acid (or l-4M 
perchloric acid) at 380-430 nm (blue-violet filter). Selenium(IV) does not interfere. 
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PRECIPITATION OF MOLYBDENUM(V) AS THE HYDROXIDE AND 
ITS SEPARATION FROM RHENIUM 

(Received I8 June 1974. Accepted 20 September 1974) 

Existing precipitation methods for separation of rhenium from molybdenum are based on the precipitation of 
molybdenum(V1) as the salt of an organic base’ or a heavy metal cation2 or as an insoluble chelate with oxme 
or a-benzomoxime.3 Traces of molybdenum are left behind in solution and have to be removed by other methods 
such as solvent extraction, before rhenium can be estimated by the often-used thiocyanate method.“,’ The bulki- 
ness of the chelate limits application of the methods to a few milligrams of molybdenum to avoid loss of rhenium 
by adsorption. Precipitation of molybdate with collectors5.’ has hitherto been used only for 10-20 pg of molyb- 
denum per ml. 

Mo(V1) and Re(VI1) do not precipitate as hydroxides in slightly acid or alkaline media whereas MO(V) does, 
although the exact conditions have not previously been established. As Mo(V1) can be reduced7 to MO(V) with- 
out affecting Re(VII),s a possibility exists for separating the two elements simply by adjusting the pH. 
Accordingly, we present below a study of these two aspects. 

EXPERIMENTAL 

Reagents and solutions 

Molybdenum solution. Sodium molybdate dihydrate was dissolved in water, and the solution standardized and 
diluted to give 500, 100 and 10 pg/ml concentrations. 

Rhenium solution, 1 mg/ml. An appropriate weight of potassium perrhenate (“Spec. pure”, Johnson-Matthey) 
was dissolved in water. Lower concentrations were obtained by suitable dilution. 

Zirconium solution, 5 my/ml. Zirconium oxychloride octahydrate was dissolved in O.lM hydrochloric acid. 
Solutions of other elements. 10 or ?I) mg/ml. Prepared by dissolvmg suitable salts m water or dilute hydrochloric 

acid. 
Samples. Synthetic samples were prepared by mixing solutions of the elements to give the composition shown 

in Table I. Molvbdenites (Mexico. 200 mg: Norwav. 400 me) were opened out with concentrated nitric acid.4h 
After destruction of the nitrate with hydrochloric ac;d, the soiution was adjusted to pH 8-9 with sodium hydrox- 
ide. Any precipitate was filtered off and washed thrice with 5-ml portions of water. The filtrate and washings 
were boiled with hydrogen peroxide, the excess of which was then removed. The solution was then adjusted to 
a volume of 20 ml and 1.6M m hydrochloric acid and submitted to procedure (iii) below. 

Separation procedures 

(i) Precipitation of 10-100 mg of molybdenum(V) as the hydroxide. A solution containing 10-100 mg of molyb- 
denum was adjusted to be 1+1,6M in hydrochloric acid and 20 ml in volume. It was boiled with 500 mg of 
hydrazine sulphate for 3-4 min in a covered beaker with occasional stirring. The solution was cooled to room 
temperature and the pH adjusted to 5C5.8 (pH-meter) with ammoma. the solution being cooled as the tempera- 
ture rose. The solution was heated to 6@70”, a little filter paper pulp at pH 50-58 was added and the precipi- 
tate was filtered off an a Whatman No. 41 paper and washed thrice with 3-5-ml portions of water adjusted to 
pH 5&5,8. The filtrate and washings were made just alkaline with sodium hydroxide and boiled with a few drops 
of hydrogen peroxide, the excess of which was then removed. The solution was evaporated to about 30 ml and 
procedure (ii) applied. To minimize oxidation, the molybdenum(V) hydroxide was handled without delay. 

(Ii) Precipitation of 5 10 mg of molybdenum(V) with zirconium as collector. Procedure (i) was followed after 
addition of enough zirconium solution to give a Zr/Mo w/w ratio of at least 20. 

(iii) Separation of rhenium from molybdenum. Solutions of rhenium and molybdenum were treated by pro- 
cedures (i) and/or (ii) as appropriate to the amount of molybdenum present. 

The filtrate and washings were evaporated to suitable volume. cooled to room temperature and taken for deter- 
mmation of rhenium. 

Determination of the elements. Mtlhgram amounts of molybdenum were determined by the cerimetrtc7h or 
oxmate’ method. microgram amounts by the thiocyanate method.4’ Rhenium was determmed by the thiocyanate 
method“.’ and isoamyl alcohol extraction. Suitable conventional methods were used for estimation of other ele- 
ments. 

RESLLTS AND DISCUSSION 

Precipitation of mg/ml concentrations of molybdenum(V) 

Molybdenum(V1) is quantitatively reduced to a brown molybdenum(V) species by hydrazine in 1-2M hydro- 
chloric acid?,’ From solutions containing 1 mg of molybdenum(V) per ml, precipitation starts at pH 2.4. It 
reaches a maximum of about 97.5% between pH 5.0 and 5.8 (Fig. 1, curve B) and varies only slightly with higher 
concentrations of molybdenum (Fig. 1, curve A). The brown precipitate quickly flocculates on heating to 60- 
70”. Stronger heating is avoided to minimize oxidation. Addition of filter paper pulp hastens filtration. Both 
the pulp and the wash-water should be adjusted to pH 5G5.8 to keep the solubility of the precipitate to the 
minimum. The precipitate should be kept covered throughout and filtration and washing of the precipitate com- 
pleted as quickly as possible to minimize oxidation. If the pH is over-stepped and readjusted or filtration is 
delayed for 20 min, slightly lower results are obtained, probably owing to oxidation. After oxidation of molyb- 
denum(V), the filtrate and washings’are evaporated to 20-30 ml, before procedure (ii) IS used to precipitate the 
residual molybdenum. 
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mg Me/ml. A 
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3 4 5 6 7 6 

PH, B 

Fig. 1. Dependence of molybdenum precipitation on its concentration and pH (curves and corre- 
sponding scales on axes indicated by same letter). A-pH 5.8 and 20 min waiting before filtration, 

B-MO 1 mg/ml and immediate filtration. 

Tartrate, citrate, oxalate, EDTA, phosphate, and arsenate in sufficient amount, completely suppress the preci- 
pitation of molybdenum(V) as hydroxide. 

Precipitation of molybdenum(V) in concentrations of < lmg/ml 

The precipitation of molybdenum(V) hydroxide falls off rapidly at molybdenum concentrations < 1 mg/ml 
(Fig. 1, curve A), so it is not possible to recover theresidual molybdenum in procedure (i) by its repetition. Precipi- 
tation with Be(U), Zn(II), Sn(II), Al(III), Th(IV), Zr(IV) as collectors at 1 mg/rnl concentration was therefore inves- 
tigated. Except with Zr(IV), the degree of precipitation increases with molybdenum concentration up to 0.25 
mg/rnl, above which it levels off (Fig. 2, curves C-G), some molybdenum always being left in solution. 
Zirconium(IV) gives complete precipitation at Zr/Mo w/w > 10 (Fig. 2, curve H), independent of molybdenum 
concentration (up to 0.5 mg Ma/ml). 

40 

c 

01 0.2 03 04 0.5 

mg MO/ml C to G 

I I I I I I I 
05 IO 15 20 25 

mg Zr/ml H 

Fig. 2. Dependence of molybdenum precipitation on collector (curves and correspond& scales 
on axes indicated by same letter). pH 58 and 20 min waiting before filtration. C-Zn 1 mg/ml; 

D-Be 1 mg/ml; E-Al 1 mg/ml; F-Sn(I1) 1 mg/ml; G-Th 1 mg/ml; H-MO 0.25 mg/ml. 
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Thus if procedures (i) and (ii) are applied consecutively, large amounts of molybdenum can be quantitatively 
precipitated as molybdenum(V) hydroxide. The precipitation is not affected by sodium, ammonium, chloride, 
sulphate, silicate and acetate ions, even in very high concentrations. 

Separation of rhenium(VII) from molybdenum(V) 

Rhenium(VI1) is not reduced by hydrazine in l-21%4 hydrochloric acid,* and does not precipitate as hydroxide. 
Therefore, a separation from molybdenum is effected by applying procedure (i) followed by (Ii). As molyb- 
denum(V1) is also collected by Zr(IV) quantitatively,h the molybdenum in the filtrate need not be reduced in 
procedure (ii), thus saving time. 

A single separation requires about 45 min. Rhemum is not adsorbed on the molybdenum(V) hydroxide. This 
was tested by the thiocyanate method4’ after separation of the molybdenum by the tribenzylamine’ and thio- 
cyanate ” extractions. 

When other elements are also to be separated as hydroxides, ’ the hydrazine sulphate concentration should 
not be more than 5 mg/ml in excess of that required for reduction. as it suppresses the precipitation of some 
of them. 

Table 1. Analysis of samples by the proposed method 

Sample composition 
MO. mg Rc, w Re found, w 

5 40 39.5 
10 30 30.0 
15 20 19.5 
20 10, 30, 50 10. 29.5. 50 
30 10 IO.0 
50 10 10.0 

100 20 19.5 

Molybdenite (Mexico) 0012% @Ol I,% 
Molybdenite (Norway) 0.0036% 0.0037% 

The results in Table 1 show that the method can be satisfactorily apphed to the analysis of molybdenites and 
other molybdenum-rhenium samples and offers a simple solution to the problem of separation of rhenium from 
large amounts of its natural associate, molybdenum. 
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Summary-A study of the conditions for precipitation of molybdenum(V) hydroxide shows that 
for MO concentration 2 1 mg/ml about 97.5% of the MO can be precipitated between pH 5 and 
5.8. Lower concentrations of molybdenum(V) or molybdenum(V1) can be precipitated quantitati- 
vely by using 20 times the amount ofzirconium as collector, at the same pH. On this basis, a simple 
method is given for quantitative separation of rhenium from large amounts of molybdenum and 
is attested by analysis of synthetic and molybdemte samples. 
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QUANTITATIVE GOLDBESTIMMUNG IN FILMMATERIALIEN MITTELS 
FLAMMENLOSER ATOMABSORPTION 

(Eingegangen am 9. Juli 1914. Angenommen am 17. September 1974) 

Es wurde eine AAS Methode ausgearbeitet, die es ermijglicht, das den Filmmaterialien als Sensibilisator zuge- 
setzte Gold quantitativ zu bestlmmen. Da im allgemeinen das Gold nur m geringsten Mengen (10-7-10-8 g/ 
cm*)zugesetzt wird, mul3te eine sehr empfindliche Methode ausgewPhlt werden. Uns erschien das Verfahren der 
flammenlosen Atomisierung als besonders geeignet, da es gegeniiber anderen Methoden einige entscheidende 
Vorteile besitzt, wie z.B. Verwendung LuDerst geringer Probenvolumma, hohe SelektivitLt und eine sehr gute 
Nachweisgrenze. Die bisher verijffentlichten Ergebnisse der AAS Bestimmung von Gold mittels Flamme erwlesen 
such fiir die Liisung des Problems als unzureichend.1m4 

EXPERIMENTELLER TEIL 

Gercite 

Fiir alle Messungen wurde ein Eigenbau-Atomabsorptionsspektralphotometer’ verwendet. 
Alle Bestlmmungen wurden mit den nachstehend aufgefiihrten Parametern, die sich im Verlauf der Versuche 

als optimalerwiesen hatten, vorgenommen: Analytische Wellenllnge 242,8 nm; Lampenstrom 20 mA; Spaltbrelte 
0,l mm; ProbetrLgerform a (siehe Abb. 2); ProbetrPgerlInge 8 mm; Atomisatorspannung 4,5 V; Argon- 
strtimungsgeschwindigkeit 20 1. h. 

Der von uns verwendete elektrothermische Atomisator (Abb. 1) 1st eme Welterentwlcklung des bereits von uns 
beschriebenen Atomisators.5 Zwischen die Graphitbacken G werden kleme Stifte aus Remstgraphit als Pro- 
betrLger geklemmt. Der Atomisator ist in Richtung der optischen Achse, senkrecht dazu und in der HBhe verstell- 
bar. 

Die Stromversorgung des Atomisators (maximal 800 A bei 10 V) erfolgt iiber zwei parallel geschaltete Nieder- 
spannungstransformatoren undeinen 20A Sparstelltransformator, an den 220 V angelegt werden. Der Atomlsator 
wird mit Wasser gekiihlt. Beim Anlegen von Spannungen zwlschen 3.0 und 5,0V RieBen StrGme zwischen 50 
und 250 A durch den Probetrgger, der auf Grund seines Widerstandes so hoch aufgehelzt wlrd, daR die Probe 
verdampft und dissoziiert. Urn den Abbrand des ProbetrLgers und der Graphitbacken auf ein Minimum zu redu- 
zieren, lieI3en wir den Atomisierungsvorgang unter Argonatmosphgre ablaufen. Die von uns zu diesem Zweck 
verwendete Glasglocke kann mittels eines 60 mm Schliffes direkt auf den Atomisator aufgesetzt werden. Die 
Dosierung der Probeliisung erfolgt mlt emer Mikroliterspritze direkt auf den Probetriiger. 

Zur Unterscheidung zwischen spezifischer und unspezifischer Absorption wnd eine Deutermmlampe verwen- 
det, die im rechten Winkel zur optischen Achse des Atomabsorptionsspektralphotometers angebracht wlrd. Mit 
Hllfe eines einklappbaren Spiegels ist es mBglich, abwechselnd das Licht der Hohlkathodenlampe und der Deu- 
teriumlampe durch die Absorptlonszelle zu schicken, so daB eine Korrektur der nichtspezifischen Absorption 
nicht direkt, sondern nur mit zwei Messungen maghch ist. 

Reagenzien 

Gold(lll)-Stammlasuny. Gold (I g) wurde in 25 ml KGmgswasser gel&t. Die LGsung wurde emgedampft und 
der Riickstand m 1 Liter 1M SalzsLure (stabilislert durch 0,4 g Kaliumchlorat) aufgeliist. 

Gold(ZlI)-Analysenfdsungen. Diese wurden erhalten durch Verdiinnen der Stammliisung mit IM Salzslure 
(stabilisiert’mit 1.6 g Kaliu-mchlorat/Liter). 

t--30mm-_l 
SchnittA-A 

- 1 -l2( 
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Abb. 1. Schema des elektrothermischen Atomisators. 
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Methylisobutylketon. Das MIBK wurde vor der Verwendung 3 Stunden unter Riickflug tiber Kaliumperman- 
ganat gekocht und anschliel3end tlber eine l-m Vigreux-Kolonne destilliert. Verwendet wurde die Fraktion, die 
bei 114-l 17” iiberging. Das MIBK wurde mit Bromwasserstoffsiiure (lo%-ig) gesattigt. 

Des weiteren kamen zum Emsatz: HBr (pa.); HNO, (~.a.); H,Oz @.a.); NaCN @a.); Na,S203 (p.a.); 
KBr @a.). 

Allgemeine Arbeitsvorschrijt fir die Goldbestimmung 

Nach dem Reinigen des Probetragers durch mehrmahges Aufheizen bei 45 V gibt man mit einer lo-p1 Pipette 
die wlgrige (bzw. organische) Goldliisung durch eine Offnung der Glasglocke auf den auf 90” vorgeheizten Pro- 
betrager. Das Liisungsmittel (1M Salzslure, IO%-ige Bromwasserstofftiure, bzw. Methylisobutylketon) wird bei 
46 V (MIBK bei 94 V) verdampft. Anschliegend wird noch 10 Sekunden bei 1,0 V getrocknet. Dann wird sofort 
die Atomisatorspannung (s.u.) an den Probetrager angelegt. wodurch die Probe innerhalb von 2 Sekunden ver- 
dampft und atomisiert wird. Das Signal wird mit einem Kompensationsbandschreiber aufgezeichnet. Als 
MeSgrGOe wird die Peakhohe des Absorptionssignales verwendet. 

ERGEBNISSE UND DISKIJSSION 

Optimierung der Verdampjung und Atomislerung der Probe 

Wie bereits friiher berichtet wurde,’ kann die Verdampfung und Atomisierung durch die Probetragerform und 
die elektrischen Parameter beeinflugt werden. Im Zusammenhang mit unserem Aufieichnungssytem kamen wir 
zu folgenden Ergebnissen. 

Probetriigerform. Die von uns verwendete Probetragerform ist in Abb. 2 zu sehen. Die Oberkante des Pro- 
betrlgers befand sich stets im Lichtfleckzentrum der Hohlkathodenlampe. 

Elektrische Parameter. (a) Bei Spannungen von 3,0 V und 120 A ist nur eine geringe Konzentrationsabhangig- 
keit festzustellen. (b) Von 3.0 bis 4,5 V nimmt die Hohe des Absorptionssignales zu. (c) Ab einer Spannung von 
45 V verringert sich die Signalhohe wieder, da der Atomisierungsvorgang fur das Aufzeichnungssystem bereits 
zu schnell wird. 

Wir konnten feststellen, dab das Gold in zwei Formen verdampft. Ein klemer Teil des Goldes verdampft 
wahrend des Aulhelzens als AuCl, und dissoziiert m der Dampfphase. Der griil3ere Teil wird im Probetrlger 
zu elementarem Gold reduziert. welches duekt verdampft. Dieser Absorptionspeak wurde zur analytischen Be- 
stimmung verwendet. 

Ergebnisse der Goldbestimmung in w@riger Phase 

Eine Zusammenfassung der gefundenen Ergebnisse zeigt die Tabelle 1. Zur Bestimmung des in photogra- 
phischen Materialien enthaltenen Goldes mug die Gelatine zerstijrt und der Rtickstand in Losung iiberftihrt 
werden. Wir wahlten fur die Zerstorung der Gelatine den enzymatischen Abbau mit Mezymfortelosung (0,1x-ig 
an Mezymforte/O,OS M an Ammoniumchlorid).6 Durch mehrmaliges Abrauchen mit einem Gemisch aus gleichen 
Teilen Salpeterslure (cont.) und Wasserstoffperoxid (30x-ig) wurde der organische Rtickstand zerstijrt und das 
Gold in die Gold(III)-form iiberfuhrt. Nach dieser Operation bestand der Riickstand hauptslchlich aus Silber- 
bromid, welches z.B. in folgenden Losungen gel&t werden kann: 1. Bromwasserstoffs;iure (48x-ig); 2. Natrium- 
thiosulfatliisung (2M); 3. Natriumcyanidlosung (2M); 4. Kaliumbromid/Bromwasserstofftiure-Losungen; 5. 
Ammoniumbromid/BromwasserstoffsLure-Losungen verschiedener Konzentrationen. 

Es zeigte sich jedoch, dal3 diese Losungsmittel ft die flammenlose Atomisierung bei Verwendung eines Gleich- 
lichtgerltes nicht eingesetzt werden konnten, da verschiedene Matrixeffekte auftraten, die hauptsachlich den Ver- 
dampfungsprozess beeinflullten. Bei Verwendung von Bromwasserstoff&ure (48x-ig) erhielten wir zwar Goldsig- 
nale, diese zeigten jedoch keine ‘Konzentrationsabhangigkeit. Bei den anderen verwendeten Losungsmitteln 
erhielten wir an der Stelle des Goldpeaks eine sehr hohe unspezifische Absorption. Eine Trennung des spezifischen 
vom unspezifischen Signal gelang weder durch fraktionierte Verdampfung noch durch Erhohung der Papiervor- 
schubgeschwindigkeit am Schreiber. 

Ergebnisse der Goldbestlmmung in organischer Phase 

Da die sofortige Bestimmung des Goldes nach L&en des Riickstandes nicht mdglich war, extrahierten wir 
das Gold. Als wlbrige Phase verwendeten wir das Lijsungsmittel Kaliumbromid/Bromwasserstoffslure (4 M an 
KBr/lO%-ig an HBr) und als organische Phase HBr-gesattigtes Methylisobutylketon. 

5mm 

I Imm 
2mm 

8mm “us I_-- 

Abb. 2. Probetrlgerform aus Reinstgraphit. 
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Tabelle 1. Ergebnisse der AAS-Bestimmung von Gold in waBrigen Losungen *’ 

Losungs- 
mittel 

HCI 
(IM) 

HBr 
(loo,-1g) 

Losungs- 
volumen. 

nl 

IO 

10 

Empfind- 
lichkeit 
bez. auf 
1% Abs., 

ng 

0,I 1 

0,08 

Konzentrations- 
gebiet mit 

linearer Extink- 
tionsfunktion, 

‘?J 

0,3-3,0 

0,333.o 

Nachweisgrenze 
(3 s-Krit.) 

abs., ry rel., ppm 

0,28 0,028 

0,30 0,030 

Variations- 
koeffizient 
bei 1 ng Au, 

“/, 

16.5 

23.0 

* Die analytische Bestimmung des Goldes wurde in IM HCI und in lo’%-iger HBr vorgenommen. Es wurden 
jeweils 10 nl Losungsvolumen eingesetzt. Zur Verbesserung des Vertrauensmtervalls wurde eine Dreifachbestim- 
mung durchgefiihrt; eine Korrektur iiber die Deuteriumlampe war nicht erforderlich. 

Arbeitscorschrft 

Filmfllchen (I-2cm’) werden aus dem Film herausgestanzt, in kleine BecherglIser (1.7 cm Durchmesser/l,S cm 
Hohe) gegeben und mit 1 ml Mezymfortelosung (0,1x-ig an Mezymforte/O,OSM an Ammonmmchlorid) 
bedeckt. Der Abbau der Gelatine erfolgte bei 38” innerhalb von 30 Minuten bis 2 Stunden. Nach. Entfernen der 
Filmunterlage wird die trtibe AgX-Sole mit einer IR-Lampe zur Trockne eingedampft. Der Riickstand wird mit 
einem Gemisch aus 8 Tropfen Wasserstoffperoxid (30x-ig) und 8 Tropfen Salpeters;iure (cont.) aufgenommen. 

Tabelle 2. Bestimmung von Gold (Au) in Filmmaterialien 

Probe, 
cm’ 

Empfind- Konzentrations- 
lichkeit gebiet mit 
bez. auf hnearer Extink- 
1% Abs., tionsfunktion, 

“g ng 

Nachweisgrenze 
abs, (3 s-Krit.) 

rel., 
ng ng/cm’ Film 

Variations- 
koeffizient 

bei 5 ng Au, 
0, ,D 

1 0, I 7 0,7710 0.7 14 I l,o 
2 0.17 0,7-10 0,7 7 I l,o 

Hierbei werden die organischen Bestandteile oxydiert und das elementare Gold in die Gold(III)-form iiberffihrt. 
Nach Beendigung der Reaktion dampft man wieder zur Trockne ein und oxydiert nochmals mit 16 Tropfen 
Konigswasser. Diese Losung wird wieder eingedampft. Der Rtickstand wird in 0,s ml einer Losung (4 M an KBr/ 
IO%-ig an HBr) aufgelijst und in ein Extraktionsrohrchen, in das bereits 200 4 MIBK (gesattigt an HBr) dosiert 
wurden. gegeben. Die Bechergllser werden mit 200~1 KBr/HBr-Losung ausgesptilt und diese Menge zu den 
0,5 ml hinzugefiigt. Dann fiillt man mit KBr/HBr-Losung auf 1 ml auf, urn die Volumenveranderung des MIBK 
konstant und reproduzierbar zu gestalten, und extrahiert 30 Sekunden. Jeweils 10 ~1 der MIBK-Losung werden 
auf den Probetrlger gebracht und atomisiert. Wir empfehlen, die extrahierten Losungen sofort zu vermessen, 
da nach einiger Zeit Kaliumbromid auskristallisiert. 

Die Parameter der Goldbestimmung im wLBrigen Medium werden iibernommen, lediglich die Atomisator- 
spannung wurde auf 4,7 V verlndert. Zur Erhiihung der Genauigkeit wurden Dreifachbestimmungen durch- 
gefiihrt. Die von uns gefundeden Ergebnisse sind in der Tabelle 2 zu sehen. 

Sektlotl Chemir der Karl-Marx-UnwersU 
701 Leipzig, Lieblgstrabe 18, DDR 
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Summary-A graphite rod electrothermal atomizer has been used for the AAS determination of 
traces of gold in hydrochloric and in hydrobromic acid solutions, and also after extraction into 
HBr-saturated methyl isobutyl ketone. Photographic film samples were decomposed first by 
enzyme action then by nitric acid/peroxide oxidation, and the gold was extracted into MIBK. For 
10-p ahquots of solution the 3s hmits of detection were 3 x IO-*’ g for aqueous solutions, 7 x 
IO-” g for MIBK, and 7 x lo- 9 g/cm’ for film. 
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ANALYTICAL DATA 

MASS SPECTRA OF METAL CHLORIDES 

(Received 19 June 1974. Accepted I1 September 1974) 

Activation analysis and spark-source mass spectrometry have been used to test the purity of standard metal sam- 
ples and reagents. In previous papers,‘,’ we have reported the mass spectra of metal halides and the determina- 
tion of mercury halides by use of a conventional electron-impact mass spectrometer. The method was found use- 
ful for testing the purity of metal samples (with the exception 01 alkali and alkaline earth metals). The impurities 
in the metals could be detected at the lOO-ppM level. The mass spectra of ten chlorides are given. 

EXPERIMENTAL 

The mass spectrometer used was a JMS-OlSG (JEOL Co.). The operating conditions were: accelerating volt- 
age, 6 kV; ionization voltage, 75 V; ionization current, 200 ,uA; vacuum (in the ion source), 1 x 10-s mmHg; 
sample temperature, lo(r4CO”; main slit, 30 pm (the theoretical resolution was about 5000). A heated inlet system 
was used for liquid samples. 

The standard metal sample was dissolved in nitric acid or aqua regia and the solution was evaporated to dry- 
ness, and a drop of hydrochloric acid added. Iron, tin and antimony were dissolved directly in hydrochloric acid. 
Titanium was dissolved in hydrofluoric acid and the solution was evaporated to dryness, and a drop of hydro- 
chloric acid added. Germanium dioxide was dissolved in sodium hydroxide solution and the solution was acidi- 
fied with hydrochloric acid. All metals and reagents were the super special grade from WAKO Pure Chemical 
Industries Ltd. 
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Fig. 1. Mass spectrum of manganese chloride. Sample temperature 380”. 
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Fig. 2. Mass spectrum of cobalt chloride. Sample temperature 380”. 
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Fig. 3. Mass spectrum of nickel chloride. Sample temperature 400”. 
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Fig. 4. Mass spectrum of lead chloride. Sample temperature 360”. 
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Fig. 5. Mass spectrum of antimony chloride. Sample temperature 120”. 
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Fig. 6. Mass spectrum of titanium trichloride. Sample temperature 340”. 
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Fig. 7. Mass spectrum of ferric chloride. Sample temperature 200”. 
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Fig. 8. Mass spectrum of tellurium tetrachloride. Sample temperature 130”. 
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Fig. 9. Mass spectrum of stannic chloride. Sample temperature 100”. 
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Fig. 10. Mass spectrum of germanium tctrachloride. Sample temperature 100”. 
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RESULTS 

Simple mass spectra are obtained from chlorides of bivalent elements, such as MnCl,, CoCl,, and NiCl,, but 
in the case of lead chloride, a doubly-charged ion, PbCli+, was observed and the spectrum IS more complex. 

The spectrum obtained from antimony trichloride was the simplest of those of the tervalent metal chlorides. 
The mass spectrum obtained from titanium trichloride was more complex, with peaks at m/e values higher than 
that of the molecule ion TiCI:, corresponding to the ionic species TiCI:, TiCI: and Ti,Cl~. The mass spectrum 
of ferric chloride is even more complex, having several peaks due to ions containing more than one iron atom, 
such as Fe&l:, Fe,Cl:. Fe,Cla, Fe,Cl:, and Fe&l,+. The mass spectrum of tellurium tetrachloride has doubly- 
charged ions, TeC12+ and TeCl :’ but the spectrum is less complex than that of TiCl, or FeCl,. , 

The mass spectra of the quadrivalent metal chlorides stannic tetrachloride and germanium tetrachloride are 
simpler than those of chlorides of tervalent elements. Diagramatic representations of the mass spectra are 
given m Figs. l-10. 
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Summary-The mass spectra of ten metal chlorides are given and may be used to test the purity 
of metals. 
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ON THE ROLE OF ANALYTICAL CHEMISTRY IN SOLVENT 
EXTRACTION PROCESSING* 

A. W. ASHBRO~K 

Extraction Metallurgy Division, Mines Branch, Department of Energy, 
Mines and Resources, Ottawa, Canada 

(Received 29 May 1974. Accepted 29 September 1974) 

Summary-Analytical chemistry plays a vital role in both the development and operation of any 
chemical process, and the process of solvent extraction as applied in hydrometallurgical operations 
is no exception. Because of the increasmg attention being given today to solvent extraction as a 
means of separating metals in solutton. it seemed appropriate that the analytical chemistry asso- 
ciated with solvent extraction studies, process development. and operations be reviewed. In this 
review, consrderation is given only to analysis of the aqueous and organic phases for the determma- 
tion of solvent components, rather than to the determination of metals in these phases. Further- 
more, the major emphasis is placed on analytical methods which are applicable to process studies 
and plant control, and which require a mmimum of instrumentation and operator skill. The impor- 
tance of sampling is discussed first, and problems encountered in obtaining representative samples 
from the solvent, aqueous, and slurry phases are considered in some detail. This is followed by 
a review of methods of analysis which are directly applicable, or are considered as having appli- 
cation, to the analysis of the organic and the aqueous phases of the solvent extraction process. Ana- 
lytical methods for the determination of the various extractants, modifiers, and diluents presently 
being used, or considered for use. in commercial solvent extraction processes are surveyed. First, 
those methods which are applicable to the determination of reagents in the solvent phase are consi- 
dered, followed by those which are available for analysis of the aqueous phase for the determma- 
tton of soluble components of the solvent phase. In both cases extractants, modifiers. and dtluents 
are considered separately. Finally, some of the more obvious analytical needs, and areas where 
research is required in order that a more complete understanding of the solvent extraction process 
can be obtained, are discussed. 

Much interest has developed over the last few years in the application of solvent extraction 
to metallurgical processing, which is evident from the number of plants put into operation, 
and planned for the future. 

On the other hand, there is apparently little interest being shown in the development 
or in the use of methods of analysis in this particular field. One might gather from the 
published data that the only analyses carried out in solvent extraction studies are those 
required to determine metal concentrations in aqueous (feed and raffinate) phases. Little 
concern is directed towards analysis of raffinates for solvent components, or extracts for 
metal and solvent components. 

In more fundamental studies on the extraction of metals, particular attention is directed 
towards volume measurements, volume changes and metal ion concentrations in the 
aqueous phase where reactant concentrations are usually low. In process studies these 
quantities and concentrations are usually determined with much less accuracy and preci- 
sion. In process studies it would seem that in order for the process to be optimized, it is 
important to determine metal concentrations in both phases, solvent losses in raffinates, 
and solvent composition and degradation over prolonged periods of time. 

Little attention is being paid today to the loss of solvents other than to those effects 
such losses may have on the economics of a solvent extraction process. Thus, provided 
this loss, determined almost invariably by inventory, is not uneconomic for a given system, 
the actual determination is rarely of concern. 

It is unlikely that this situation will obtain for long, because of public concern for 
damage to the environment which can result from the distribution of both organic and 
inorganic materials. We can foresee a need to determine the concentrations of solvent com- 
ponents which may occur in waste streams from solvent’extraction processes. These will 

* Crown copyrights reserved. 
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have to be determined before the installation of a plant, necessitating their determination 
in bench or pilot plant studies. 

The apparent lack of attention which has been paid to the analytical requirements asso- 
ciated with solvent extraction studies and processes is the reason for this dissertation, the 
main objective being to focus some attention on this most important. but often forgotten, 
area. 

ANALYTICAL REQUIREMENTS 

Methods 

The analytical techniques and methods required in solvent extraction studies can be 
suitably divided into two classes: first, those required for fundamental and process studies, 
and second, those required for plant control purposes. This division is based essentially 
on the availability of skilled and qualified personnel. sophistication of equipment, and 
available time. 

Fig. 1. The general process of solvent extractlon as apphed to metallurgical processing 

Research laboratories and universities are usually well endowed with skilled and learned 
analytical personnel, and with sophisticated equipment which can make analysis a much 
simpler operation than it is in plant operations, especially those in more remote areas. Fur- 
thermore, it is unlikely that methods of analysis used in the more fundamental solvent 
extraction studies are directly applicable to plant samples, for obvious reasons. 

As a result, methods which may be considered simple in research laboratories cannot 
be used in operating plants because the cost of analysis would become prohibitive. There 
exists, therefore, a need for simple, accurate and precise procedures which can be carried 
out by relatively unskilled personnel with a minimum of equipment and reagents. 

Samples 

It is useful at this point to consider the type and nature of samples which require analysis 
if any process is to be optimized, and also those which may be required for control of 
materials detrimental to the environment. 

Considering only the unit process of solvent extraction, there are essentially eight 
streams which require analysis of one or more components; aqueous feed, extraction raf- 
finate, scrub solution, scrub raffinate, loaded solvent, strip solution, strip liquor and 
stripped solvent (Fig. 1). 
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Samples which may require analysis for environmental pollution purposes will be those 
which leave the plant either directly from the solvent extraction circuit, for example the 
extraction raffinate, or from a process or processes downstream from the solvent extrac- 
tion circuit and dealing with its liquors. These will depend on the actual plant design, and 
therefore cannot be defined here. They could also include samples from settling ponds, etc. 

It is apparent that the samples from a solvent extraction circuit will vary considerably; 
in two cases they are organic, and in the others aqueous in nature. It is also apparent that 
the methods of sampling will vary, and this subject will be discussed next. 

Sampling 

It is a self-evident truth that an analysis is only as good as the sample on which the 
analysis is performed. In far too many cases this axiom is either not recognized or is 
ignored, both in the plant and also in the laboratory. It cannot be stressed too strongly 
that usually a sample is only a representative of a whole or population, and is not in itself 
the population. 

The degree to which a sample is representative of the population from which it is taken 
depends, in part, on its size and on the homogeneity of the population. Thus, sample size 
is a very important factor in any sampling scheme, and especially so when the homogeneity 
of the material being sampled is questionable. 

Considerable thought must be given to sampling techniques if the analytical results are 
to be meaningful. The problem also involves the economics of both sampling and carrying 
out the analyses. The more samples which are taken and analysed the more certain will 
be the analytical result, but this must be weighed against the costs of sampling and analy- 
sis. 

Sampling techniques for many types of materials have been described,‘s2 and the statisti- 
cal approach has been well documented.3 However, the sampling of streams in solvent 
extraction processes involves problems peculiar to such processes, and which do not 
appear to have been detailed in the literature. These are dealt with below in some detail. 

The aqueous phase. Most extractants used in commercial solvent extraction processes 
are surface-active. Consequently they will be readily sorbed onto the surfaces of sample 
containers, and this fact must be taken into account in the sampling and analysis of solvent 
extraction streams. 

The effect of surface adsorption will be greatest when only small amounts of solvent 
are present in the sample. As the solvent concentration decreases, the sample taken for 
analysis usually increases. This requires a larger sample container with a resultant increase 
in surface area available for adsorption. Problems also arise in the transfer of aliquots of 
the sample for analysis. For example, in the determination of low concentrations (ppm) 
of tertiary amine in aqueous solutions, it has been shown that adsorption of amine on the 
pipette can produce results that are up to 20% 10w.~ This effect was overcome by rinsing 
the pipette at least five times with the sample solution before taking an aliquot for amine 
determination. Another example of amine adsorption onto surfaces has been given by 
Milun and Moyer5 who showed the loss of amine from an aqueous solution onto 
polyethylene, and onto “Desicote”-coated glass containers, to be a function of time. On 
glass containers coated with “Desicote”, very little amine was adsorbed. 

The problems of adsorption will occur when taking the sample in the plant, thus it is 
advisable to rinse the sample container several times with the solution being sampled 
before taking a sample for analysis. Specially prepared sample containers could also be 
used. It is also evident from Milun and Moyer’s work’ that samples should be analysed 
as soon as possible after they are taken. 

To obtain consistent results on samples which contain, or are suspected to contain, 
entrained solvent it is preferable to remove this before analysis. In cases where inefficient 
plant operation results in visual amounts of solvent in the aqueous sample, analysis would 
not be too meaningful. If the dissolved portion of the solvent is to be determined, the 
entrained solvent must be removed. 

The size of the sample originally taken from a process stream will be governed by several 
factors, such as the sensitivity of the methods of analysis, the amount of entrained solvent 
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expected, and the number of analyses to be carried out on the sample. One way of minimiz- 
ing the effects of sorption of solvent on sample containers and pipettes is to make the 
sample size the same as that required for the analysis. In this way the whole sample is 
used, and the container can be washed with methanol or other reagent to remove sorbed 
solvent. A drawback to this method of sampling is that the sample taken may not be suffi- 
ciently large to be representative of the stream being sampled. It may, therefore, be necess- 
ary to make a compromise between sample size and the accuracy of the analysis. 

The problem of entrained solvent in an aqueous sample is essentially one of non-homo- 
geneity. For a meaningful analysis to be obtained, any sample must be homogeneous. 
Visual amounts of solvent in an aqueous sample, therefore, mean that any analyses carried 
out can provide only approximately true results, and this must be understood by both the 
analyst and engineer. 

Slurries. The economic advantages to be gained by application of the so-called solvent- 
in-pulp process6 to commercial operations are many. This process involves extraction of 
a metal from a leach slurry and obviates the need for filtration of the solid material. Several 
pilot plant studies have been made on this process, with particular successes.7*s 

Sampling of slurry raffinates presents major problems. The rate at which solids in a 
slurry settle is dependent on solution viscosity, density and size of the solid particles, tem- 
perature. and so on. The greater the settling rate the less chance there is of obtaining a 
representative sample. In fact, it is doubtful if a truly representative sample from such a 
stream can be obtained. 

The time between sampling and analysis may vary considerably. Ideally, the sample 
should be analysed immediately after sampling. This, unfortunately, is the exception rather 
than the rule. 

There are essentially three points to consider in determining solvent losses in slurries. 
First, physical entrainment; this is more likely to occur in slurry than in liquid-liquid 
extraction because the solids can drag solvent into the raffinate sampling port of the con- 
tactor. Secondly, there is sorption of solvent onto the surfaces of the solid particles. This 
may be considered as a special type of entrainment, and in fact may give rise to entrain- 
ment if the sorption results in small globules of solvent adhering to the solids. Finally, 
there is the solubility of the solvent in the aqueous phase. Here again, it is expected that 
loss of the more polar constituents of the solvent will be greater than loss of the non-polar 
constituents. 

It is probably impossible at present to determine quickly and accurately these three 
separate types of solvent loss. Entrainment losses, for example, are not readily obtained 
by volume measurement because the solids in the sample can trap droplets of solvent as 
they settle. From observations of slurry raffinate samples, it has been found that droplets 
of solvent are released from the settled solids over periods of hours and days, and these 
coalesce on the surface of the aqueous portion of the sample. The problem is not readily 
solved by agitation of the sample. For example, to agitate the solids so as to maintain them 
in a suspended state in order that the occluded solvent be freed requires sufficient agitation 
for the solvent released to be dispersed again in the suspension. As the solids settle after 
agitation, the solvent is again trapped. 

Neglecting the problem described above, analysis of slurry samples can be accomplished 
in essentially two ways. The first approach is to use the whole sample for the determina- 
tion, which would provide a total solvent loss. The other approach is to separate the solid 
and liquid phases and analyse each separately. 

In the first method one major drawback is that in order for the sample to be in any 
way representative of the stream being sampled, it has to be larger than the aliquot taken 
for analysis. The problem then is how to take a representative aliquot from this large 
sample. In the second approach, the problems of entrapment of solvent, efc., can be serious 
and vary from sample to sample. Further, analysis by the second method will take at least 
twice as long as by the first. 

It is evident that the whole problem of sampling aqueous raffinates (liquid and slurry) 
is complex, and that many compromises may have to be made between the sampling and 
analytical procedures. Further, analysis of a single sample can provide quite erroneous and 
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misleading results; consequently solvent losses should only be viewed in the light of several 
analytical determinations. 

The organic phase. Compared to sampling of aqueous raffinate streams, the sampling 
of organic phases is relatively free from problems. Here, the stream is much more homo- 
geneous. The problems are then not so much in sampling the organic streams in the plant 
as in sampling in the laboratory. 

Loaded solvents which may contain more than 20 kg of metal per m3 are invariably vis- 
cous. This results not only from the metal concentration but also from the fact that rela- 
tively high concentrations of extractant are sometimes used to obtain high metal loadings 
to reduce the solvent throughput in the plant. 

In transfer and measurement of such solutions by pipette, drainage of the pipette 
becomes a serious problem. The same situation obtains with aqueous solutions containing 
high concentrations of salts. One way of circumventing this problem is to use a wash-out 
pipette. 

Aqueous or solid entrainment in organic samples can usually be removed quite readily 
by centrifuging, or, if the viscosity of the sample is not too high, by filtration through a 
phase-separating paper such as a Whatman 1PS. 

ANALYTICAL METHODS 

As was mentioned previously, methods of analysis for process control need to be simple, 
but with sensitivity and accuracy adequate for the purpose. For example, in the determina- 
tion of extractant concentration in the solvent phase, a titrimetric procedure would offer 
the ease, accuracy and precision required, since the concentrations of extractants are 
usually greater than 5% v/v in the solvent. On the other hand, the determination of extrac- 
tant loss in aqueous raffinates, probably of the order of a few ppm, would require much 
greater sensitivity, such as can be achieved by a calorimetric procedure. 

In considering or reviewing available analytical methods it will be useful to separate 
them into those used for analysis of the organic phase, and those used for the aqueous 
phase. These two categories can then be suitably divided to deal with extractants, modifiers 
and diluents. 

The organic phase 

All extractants currently in use in commercial solvent extraction operations are liquids 
(Table l), of viscosity such that they need to be diluted in order to improve dispersion 
in the organic phase, improve settling (coalescence) characteristics, and avoid emulsion 
formation. Diluents used, or those being studied for use,’ range in nature from essentially 
pure aromatic to pure aliphatic, and are usually fractions from the distillation of petroleum 
products. 

Concentrations of extractant in a diluent can range from 2 to 50% v/v. This solvent mix- 
ture may also contain a modifier to improve the solvent characteristics, but mainly to sup- 
press the formation of a third phase. Modifiers are limited to aliphatic alcohols (such as 
2-ethylhexanol and isodecanol), p-nonylphenol and tri-n-butyl phosphate (TBP). 

Because of the generally active nature of the extractant, interference from the diluent 
and alcohol in the cfetermination of the extractant does not usually occur, since both are 
relatively unreactive. The reactivity of the extractant towards other reagents depends on 
the active group, and it is convenient then to separate extractants in this way, since similar 
extractants can usually be determined by the same method. Extractants considered here 
will be divided into acidic, basic, neutral and chelating. 

Acidic extractants. The one extractant in this class to have seen extensive use in com- 
mercial solvent extraction processes is di-(2-ethylhexyl)phosphoric acid (D2EHPA). 
Others which have been investigated are other alkyl phosphates, carboxylic acids (used 
in a Russian process for the separation of cobalt and nickel,” and the extraction of 
yttrium),’ 1 and sulphonic acids. 

Titration in non-aqueous solution has been used extensively for the determination of 
these extractants in the organic phase. Basically the determination of these extractants pre- 
sents no analytical problems by titrimetric methods, and general methods are available 



332 A. W. ASHBROOK 

Table 1. Some commercially available extractants 
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in any text on non-aqueous titrations. The use of both indicator and potentiometric 
methods for end-point determination is adequate. Indicators may be considered the more 
suitable because a pH meter is then not necessary. 

A general method for the determination of an acidic extractant in a solvent would be 
by titration in chloroform solution with sodium methoxide solution.‘2 Any of the normal 
indicators used in acid-base titrations may be used. 

This general approach can only be used for solvents which contain no metals, acids, 
bases or other components which would interfere. For solvents which have been contacted 
with acidic or basic aqueous solutions containing metals, or have been equilibrated to 
form salts of the extractant (such as the sodium salt of D2EHPA) the sample must be 
treated before the determination of the extractant. Metals and salts can usually be stripped 
from the solvent with acids (20% v/v sulphuric acid), followed by water washing to remove 
entrained acid, and then titrated. 

The concentration of sodium or ammonium salt of, say, D2EHPA in a solvent can be 
determined by titration with perchloric acid, again in chloroform solution, with Thymol 
Blue as the indicator.i2 The total D2EHPA can be determined as described above. 

Thymol Blue is a versatile indicator since it has two pH ranges over which it can be 
used. With acid solution the colour change is from yellow to purple, and with base from 
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yellow to deep blue. These colour changes can be used to advantage in the determination 
of solvents which may contain mineral acids. Thus after stripping with acid, a solvent 
sample can be diluted with chloroform, and Thymol Blue added followed by base to a 
yellow -+ blue end-point. The mineral acid is converted into a salt (e.g., sodium sulphate) 
and no longer interferes. Titration of the excess of base with perchloric acid to a blue-+ 
yellow end-point is followed by titration of the extractant to a yellow ---* purple end- 
point.‘* 

Basic extractants. For all commercial operations, basic extractants are limited to pri- 
mary, secondary and tertiary amines and quaternary ammonium halides. These are usually 
long chain fatty amines of fairly high molecular weight, and are used as metal extractants 
in acid or concentrated salt systems. Because the mechanism of metal extraction is one 
of anion-exchange (although this appears not to be absolutely necessary13) the amine-con- 
taining solvent requires equilibration with an acid to provide the exchangeable anion 
before it enters the metal extraction stage. Consequently this has to be taken into account 
in any method for the determination of amine concentration in the solvent phase. 

Numerous volumetric methods employing titration in non-aqueous media have been 
proposed for the determination of both macro and micro amounts of amines. The non- 
aqueous media include acetic acid,14 methyl ethyl ketone,i5 pyridine,“j nitromethane,” 
“methyl Cellosolve”,‘* dioxan,” benzene,*’ and some mixtures of these. The end-point 
is usually determined by indicator or potentiometrically. Non-aqueous titrations are also 
very useful for the determination of primary, secondary and tertiary amines in mixtures 
of these amines. 

Amines generally used in solvent extraction processing are not particularly weak bases, 
thus they can be determined by titration in chloroform or similar media. Most methods 
appear to use acetic acid, in which the basicity of the amine is increased. Acetic acid has 
one advantage over hydrocarbons for total amine determinations, namely that any basicity 
differences between the amine components tend to cancel out in this medium. 

For the titration of amines in non-aqueous media they must be present as “free amine”, 
and since samples of amine-containing solvents from plant processes rarely contain the 
amine in this form, treatment before analysis is necessary. Any metals present in the sol- 
vent sample will also have to be removed. 

Conversion of an amine salt into the free amine is readily accomplished by contacting 
it with a solution of sodium carbonate; metals can be removed by shaking with dilute sul- 
phuric acid or sodium carbonate (for example, uranium). After stripping with acid the 
sample will have to be treated to remove the acid taken up by the amine. 

In the case of amine-containing solvents used for the extraction of uranium both 
uranium and sulphuric acid in the solvent sample can be removed by shaking with calcium 
hydroxide. ‘* 

Probably the best titrant for determination of amines is a solution of perchloric acid 
in dioxan; indicators include Thymol Blue, Gentian Violet and Crystal Violet. Potentio- 
metric end-point determinations may also be used. Modifiers such as alcohols and TBP 
do not interfere. 

Neutral extractants. In all commercial solvent extraction operations only one neutral 
extractant, TBP, is used in a diluted form. Methyl isobutyl ketone is used undiluted and 
thus does not require analysis in the solvent phase. 

TBP has seen considerable use in the nuclear industry where it is used for the extraction 
and separation of radioactive species.* ’ It has also been used successfully for the separ- 
ation of zirconium and hafnium,** and for the separation of uranium from impurities 
before the production of high-grade U02 and U03. 23 TBP has also seen some use in the 
extraction of base metals. 

Methods for the determination of TBP in kerosene-type diluents are of varied nature. 
Titrimetric,24 colorimetric,25 flame photometric,26 gas chromatographic27-29 and paper 
chromatographic3’ methods have been described. 

One titrimetric method is based on the ability of TBP to form an adduct, TBP . HNO,, 
under controlled conditions when contacted with nitric acid. The nitric acid thus extracted 
is titrated and the equivalent amount of TBP calculated.31 An analogous method uses the 



334 A. W. ASHBROOK 

formation of a TBP-uranium complex, UO,(N0,),2TBP, the uranium being determined 
by titration with EDTA, using Xylenol Orange as the indicator.32 A similar method has 
been used for micro amounts of TBP, the uranium being determined calorimetrically with 
Arsenazo I.32 

These methods are also suitable for the determination of butyl dibutylphosphonate, tri- 
butylphosphine oxide and trioctylphosphine oxide. Other calorimetric methods, again 
employing the extraction of uranium but measuring the colour of the yellow TBP- 
uranium complex, in both the visible and ultraviolet ranges, have been described.33 Other 
reported methods involve turbidimetry,34 dielectric properties3’ specific gravity,36 and 
decomposition followed by determination of phosphorus3’ 

In many of these procedures, metals must be removed from the sample before the deter- 
mination of the extractant, which can usually be accomplished by stripping with acid or 
sodium carbonate solution. l2 

The most useful of the methods outlined above are the indirect titrimetric determination 
of TBP by contacting with nitric acid followed by titration with base, and the calorimetric 
approach using the colour of the extracted uranium complex as an indirect method for 
the determination of TBP.” 

Chelating extractants. Commercially available chelating extractants are limited to the 
General Mills LIX reagents (substituted 2-hydroxybenzophenones) and the Ashland 
Chemicals Kelex 100 reagent (a substituted %hydroxyquinoline). While Kelex has not as 
yet seen use in commercial operations, LIX 64N has been used in several solvent extraction 
processes for the extraction of copper.38-43 

Having a tertiary nitrogen atom, the Kelex extractant can be readily titrated in non- 
aqueous media as a tertiary amine. l2 However, this extractant contains some 8-hydroxy- 
quinoline44 which will also be titrated under these conditions, but for plant control pro- 
cesses this should not be a problem. 

The LIX extractants are very weakly acidic in nature,45 but can be readily titrated 
potentiometrically in non-aqueous media with strong base, provided the titration is done 
slowly. 46 This procedure does not distinguish between the isomers. Titration of these 
extractants with base gives rise to the formation of a yellow colour (anionic species) which 
may have possibilities for use as an internal indicator, but this approach has not been 
examined. 

A procedure generally employed in plants using LIX extractants utilizes the loading 
capacity of the solvent for copper as a measure of the LIX concentration.46 The copper 
loaded by the solvent may be determined calorimetrically (after dilution) or by stripping 
the copper and determining it in the strip liquor by a suitable method. 

Modijiers. There appear to be no simple and accurate methods for the determination 
of modifiers (aliphatic alcohols, phenols and TBP) in the solvent phase. Most methods for 
the determination of alcohols, for example, are time-consuming and may require very close 
control.47 One approach to the determination of alcohols in solvents is to use the red- 
brown complex formed between vanadium oxinate and an aliphatic alcoho1.48-52 A less 
sensitive approach is the use of acetylacetone in place of oxine,51 which may be more suit- 
able for alcohols in the 2-5x v/v range. 

When used as a modifier, TBP may be determined as indicated previously, provided that 
the extractant does not extract acid or uranium. 

The aqueous phase 

The composition of raffinates from solvent extraction processes will vary within a pro- 
cess, and from process to process. In a single process the extraction and scrub raffinates 
may be expected to have fairly constant compositions, especially if the feed and scrub solu- 
tion compositions are constant. Variations should then only occur as a result of upsets 
such as pump failure, solution surges, or during start-up after a shut-down period. 

Raffinates from similar processes may vary significantly in composition as a result of 
different feed and scrub solutions. Because of such variations any given method of analysis 
may not be directly applicable to all raffinates from similar processes. For example, some 
processes used for preparation of a feed to a solvent extraction circuit, such as leaching, 
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filtration, thickening and precipitation, may use reagents which interfere with the deter- 
mination of solvent extraction reagents in raffinate samples. It is advisable to determine 
beforehand whether such is the case. In fact, each method of analysis should be investi- 
gated thoroughly with regard to its applicability to the analysis of any sample. Attention 
must also be paid to sampling techniques in both the plant and in the laboratory. This 
point cannot be emphasized too strongly. 

Few methods are available for the determination of solvent components in raffinates. 
Many methods have been reported for the determination of organic compounds such as 
acids, bases and alcohols, in water. In most cases these methods are not applicable to raf- 
finate solutions, for obvious reasons. Further, raffinates will contain all the components 
of a solvent (extractant, diluent and modifier), which will not necessarily be in the ratio 
in which they are present in the solvent. 

In reviewing methods for the analysis of solvent components in the aqueous phase it 
is again convenient to divide them into different categories as was done for the organic 
phase. 

Acidic extractants. There are a number of methods reported in the literature for the 
determination of organic acids in aqueous solutions, many of which are not applicable to 
plant control. Thus carboxylic acids have been separated from the inorganic constituents 
of a solution by steam distillation. Shaova et ~1.~~ employed this approach, and determined 
monocarboxylic acids in the distillate by polarography. Gas chromatography has been 
used for the determination of carboxylic acids in aqueous solutions.54Y55 Low molecular- 
weight acids have been separated on ion-exchange resins and determined in the eluates 
by gas chromatography. 56 Others have used gas chromatography with varying degrees of 
success.57-s9 Baker6’ has reported the determination of volatile fatty acids in water at the 
lo-ppm level by gas chromatography. One problem with gas chromatography for the 
determination of total acids such as “Versatic” and naphthenic acids in aqueous solution 
is that these are not pure compounds, but mixtures of several similar acids. The con- 
centration of the components also varies, to some degree, from batch to batch, or run to 
run. For example, Versatic 911, as received, contains at least five components, and these 
have been shown to vary significantly between two different samples.4 Another point to 
remember is that the various components of the acid extractant may have different solubi- 
lities in the aqueous phase, which could present problems in interpreting the analyses in 
terms of extractant loss. 

Calorimetric methods of analysis for acids include the use of Rhodamine and Butylrho- 
damine for aromatic carboxylic acids, in an extraction-photometric procedure.61 

Methods which are probably the most appropriate for the determination of fatty acids 
in solvent extraction raffinates are those based on the formation of a metal-carboxylic acid 
complex. This approach is similar to that employed for the determination of DZEHPA, 
Kelex, and the LIX reagents. Such methods have been describedP2-68 and could almost 
certainly be modified to determine carboxylic acid extractants. 

Except for one reported method,69 there appear to be no methods in the literature for 
the quantitative determination of trace amounts of alkylphosphoric acids in solvent 
extraction raffinates. Alkylphosphates in aqueous solution have been determined indir- 
ectly by oxidation to phosphoric acid, followed by determination of the phosphorus by 
conventional methods. This approach assumes that all the phosphorus determined results 
from the organophosphate. The presence of TBP in the solvent, or phosphorus in the feed 
solution, nullifies this approach. 

Phosphine oxides in aqueous solution have been determined by O’Laughlin, Sealock 
and Banks.” The method is based on the formation, in acid solution, of a yellow adduct 
between the phosphine oxide, titanium(IV) and thiocyanate, which is extracted into 
chloroform or carbon tetrachloride. 

Basic extractants. The determination of micro and macro amounts of amines in 
aqueous solutions has been investigated quite thoroughly, and a number of methods have 
been reported in the literature. Most employ the formation of a coloured complex of the 
amine, and a photometric finish. 

Critchfield and Johnson’i determined primary amines in the presence of secondary and 
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tertiary amines by reacting the primary amine with an aqueous reagent containing cupric 
chloride, salicylaldehyde and triethanolamine. The complex formed was extracted into 
hexanol, and the copper in the hexanol determined photometrically with bis(2-hydroxy- 
ethyl)dithiocarbamic acid. The yellow-green colour formed between amines and alcoholic 
cupric chloride in aqueous solution, and extracted into chloroform, was used by Her- 
schensen and Hume to determine total amine in aqueous solution.” 

Silverstein used Methyl Orange, at pH 3-4. to form an extractable coloured adduct 
for the determination of total amines. In the presence of salicylaldehyde, primary amines 
did not react. In the presence of acetic anhydride, only tertiary amines are determined. The 
procedure was modified by Larrick74 for use in the field. Irving” employed Bromocresol 
Green for the determination of amines in &lo-‘M solutions. The adduct was extracted 
into dichloroethane and determined calorimetrically. Trifluoroacetic anhydride was used 
by McCurdy and Reiser76 to form trifluoracetyl derivatives of amines in aqueous solution, 
followed by extraction into n-hexane and determination by gas chromatography. Forma- 
tion of N-substituted cinnamides of primary and secondary amines was the basis of a col- 
orimetric method for the determination of these amines by Hong and Connors.” 

The ability of small amounts of primary amines to reduce the absorption of a copper- 
EDTA solution at 720 nm was used by Citron and Mills’* to determine primary amines. 
Succinaldehyde has also been used for the spectrophotometric determination of primary 
amines.79s0 

Dyes have proved to be popular chromophoric reagents for amines. These include Bro- 
mocresol Purple, 8’,82 Bromothymol Blue,83 Bromocresol Green,82 Phenol Red,82 and 
Methyl Orange. 84 Other reagents include picric acid,8s ninhydrin,86 35dinitrobenzoyl 
chloride,87 3-chloro-3-(10,12-dioxodi-indeno-[1.2-b; 2’,1’-1~]-phthalide,~~ aconitic anhyd- 
ride,89 and chloranil.89 

The formation of an extractable complex in aqueous solution between amines and 
cobalt thiocyanate has been used for the determination of symmetrical fatty amines in raf- 
finates from uranium solvent extraction plants. 9” This method has been modified to deter- 
mine non-symmetrical amines.“’ Further modifications involve the use of ferric thio- 
cyanate in place of the cobalt thiocyanate,92 and the extraction of amine into carbon 
tetrachloride before the formation of the amine-cobalt thiocyanate complex.93 Small 
amounts of long-chain amines in aqueous solutions have also been determined by using 
Erdmann’s salt.94 

Titrimetric methods for the determination of amines in aqueous solutions have included 
the use of eosins and sodium lauryl sulphate. 9s Amine salts in aqueous solution have been 
converted into free amines in a “fore column” packed with an acid-coated support in a 
gas chromatograph. The amines were then determined by gas chromatography on an ana- 
lytical column attached to the end of the “fore column”.96 

Of all these procedures, one using Bromophenol Blue as the chromophoric reagent,97 
and extraction of the amine-dye complex into chloroform, is probably the easiest to carry 
out. with adequate accuracy and precision at the ppm level in aqueous raffinates. All of 
the common amines (primary. secondary, tertiary and quaternary) can be determined by 
this method. 

Neutral extractants. O’Laughlin et al.” have reported a spectrophotometric procedure 
for the determination of phosphine oxides in aqueous solutions. based on the formation 
of an extractable adduct formed between the oxide, titanium(IV) and thiocyanate. Cationic 
interference was not investigated. A similar approach in which a metal complex formed 
in the aqueous phase is extracted into an inert hydrocarbon, has been investigated for the 
determination of TBP.4 Ferric thiocyanate, for example, can be used, but the method is 
not very sensitive. Further, in the presence of D2EHPA or similar extractants. this 
approach is not suitable because the D2EHPA forms an extractable species and interferes. 

Perhaps the most promising approach to the determination of TBP in aqueous raf- 
finates is by forming an extractable complex with a metal ion, and determining the metal 
in the extracted phase. For example, in a modification of the method of Nikolaev,3’ the 
uranyl nitrate-TBP complex (U02)(N03)2 .TBP is formed in aqueous solution, extracted 
into a suitable organic solution, and the uranium determined calorimetrically by a reagent 
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such as Arsenazo or bromopyridylazodiethylaminophenol. Alternatively, the TBP 
extracted into the organic phase (as a metal-TBP complex) may be determined by gas 
chromatography. 

Chelating extractants. Methods for the determination of LIX extractants in the ppm 
range in aqueous raffinates have recently been reported,98 as has a procedure for Kelex 
100.99 These methods make use of the fact that extractants present in the aqueous phase 
will complex with a metal ion, and under optimum experimental conditions can be 
extracted into an organic phase and be determined spectrophotometrically. The methods 
are simple and do not require elaborate apparatus. 

Modijiers. Reagents of concern here are aliphatic alcohols, especially isodecanol and 2- 
ethylhexanol, nonylphenol and TBP. These reagents are used as modifiers in solvent sys- 
tems which require modifiers. 

Many methods have been reported for the determination of monoaliphatic alcohols in 
aqueous solution. Thus, Chalov and Volskaya”’ converted ethanol into ethyl nitrate by 
reaction with nitrous acid, formed an azo dye and determined this calorimetrically. 
Parker”’ used a similar method, which was later modified by Wellington”’ for microde- 
termination of monohydric aliphatic alcohols. 

Oxidation of alcohols with various oxidants, and subsequent determination by spectro- 
photometry, have been reported. Ginther and Finchlo oxidized isopropyl alcohol to ace- 
tone with potassium persulphate, followed by reaction of t6e acetone with alkaline salicyl- 
aldehyde to form the orange-red dihydroxybenzal acetone. Other oxidizing agents such 
as dichromate have been used, but the colour produced by this reagent has necessitated 
distillation of the acetone before its determination.‘06’06 Critchfield and Hutchinsonlo7 
used dichromate oxidation for the indirect determination of secondary alcohols, the 
ketone produced being determined calorimetrically as the 2,4_dinitrophenylhydrazone 
derivative. Excess of dichromate was reduced with hypophosphite. 

Spectrophotometric determination of aliphatic alcohols with ceric ammonium sulphate 
as reagent have been reported. 1o8*1o9 These are not applicable to the microgram range. 
Other calorimetric methods involve reactions of alcohols with vanillin or p-dimethyl- 
aminobenzaldehyde, ’ lo-l ’ 1 chromotropic acid after oxidation,’ lz and phenylhydrazine.’ ’ 3 

Acetylation of primary and secondary alcohols, followed by hydroxamation, was used 
by Gutnikov and Schenk. ‘14 Titrimetric methods for the determination of alcohols in 
aqueous solution have been reported, based on the back-titration of excess of oxidant (per- 
manganate, xenon trioxide, ceric sulphate) after oxidation of the alcohol.’ “J l6 Konishi 
et al.“’ have reported a procedure based on the oxidation of alcohols with excess of bro- 
mine chloride, the excess being titrated iodometrically. Gas chromatography has also been 
used to determine alcohols in aqueous solutions.’ ’ * 

Probably the procedure most studied for the determination of aliphatic alcohols in 
aqueous solution is that involving the formation of a red extractable vanadium(V) oxinate- 
alcohol complex. 48,52 Other vanadium complexes also give rise to red colours in the pres- 
ence of alcohols, and have been suggested for the determination of alcohols.52 But while 
these methods are sensitive and accurate for the determination of alcohols in water, they 
are not directly applicable to the determination of alcohols in solvent extraction raffinates. 
The reason for this is that raffinates contain trace or major amounts of metals which also 
form extractable coloured complexes with oxine, and consequently interfere. Separation of 
the alcohol is thus required before its determination. This same problem of interferences 
is common to all the methods, except perhaps gas chromatography. 

There does not appear to be any satisfactory method available for the determination 
of monohydric aliphatic alcohols, in the ppm range. in raffinates from solvent extraction 
processes. 

The same situation obtains in the case of TBP, when it is used as a modifier in the 
D2EHPA solvent system. The method of forming an extractable metal-TBP species is in- 
applicable since D2EHPA would (almost certainly) form a similar metal species and 
extract with the TBP-metal species. If the TBP could be extracted from the aqueous phase 
into an organic solvent, it could probably be determined by gas chromatography. In this 

case, any D2EHPA co-extracted would not interfere. 
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Diluents. The determination of kerosene-type diluents in aqueous solution presents 
many problems to the analyst. These materials are fractions of crude oil, and can contain 
many different types of hydrocarbons, ranging from aliphatic to aromatic. Further, vari- 
ations in composition of the diluent, even though small, could affect both the analysis and 
the extraction of metals. 

Determination of kerosenes, or similar materials, in aqueous solutions in the ppm range 
has been investigated by several workers. ‘19-124 The method described by Lee and 
Walden125 is satisfactory for the determination of kerosene (Shell 140 Flash Naphtha) in 
aqueous solution provided no other organic compounds are present. Almost all organic 
materials give a turbidity under the conditions of the method. Thus the method is not suit- 
able for the determination of kerosene in raffinates from solvent extraction processes. 

Slurry rafinates 

Methods used for the determination of amines, LIX and Kelex extractants have also 
been applied to the determination of these reagents in slurry raffinates.12 The general tech- 
nique is to extract the reagent from the slurry with methanol. In this way the water-soluble 
reagent and the adsorbed or entrained reagent can be determined separately if required. 
Problems associated with sampling of slurries were discussed earlier in this paper. 

DISCUSSION 

It is evident that there are many methods of analysis available for compounds similar 
in nature to those used in solvent extraction processes. It is also evident that the majority 
of these methods are not directly applicable to the determination of solvent extraction re- 
agents, especially in raffinates. The number which may be applicable is further reduced if 
limited to the simpler methods suitable for plant control purposes. Thus there is a pressing 
need for analytical methods which are simple, rapid, accurate, precise, and of low cost. 

Generally the determination of extractants in solvents poses few problems, mainly 
because the concentrations are sufficiently high for titrimetric methods to be applicable, 
and also because generally the other components of the solvent (diluent and modifier) are 
sufficiently inert for them not to interfere or interact during the determination. The use 
of mixed extractant systems could present problems, but such systems appear to be used 
only in experimental studies where the need for analysis is not usually necessary. 

The major analytical problems are then those faced in the determination of solvent com- 
ponents in raffinates. Probably the most pressing problem in this respect is the determina- 
tion of the solubility of each of the solvent components in raffinates. Except for a few data 
on the solubility of extractants12 nothing is known about the solubility of diluents and 
modifiers in solvent extraction processes. A knowledge of the solubility of each separate 
component in water is probably of little use, because in many cases the aqueous solutions 
involved in solvent extraction processes have high salt concentrations and are usually 
quite acidic, and also because it is unlikely that the solubility of each solvent component 
will be independent of the others. 

It is also important to know whether the solubility of a reactive component of the sol- 
vent is a function only of its concentration in the solvent phase, a function of the con- 
centrations of the other components of the solvent, or a combination of these. One in- 
stance of the solubility of an extractant increasing with increasing concentration in the sol- 
vent phase has been given for a carboxylic acid. 12’ This aspect could be important if the 
use of extractant concentrations higher than those currently used were to be considered. 

In a similar vein, it is important to know whether the extractant solubility in a given 
aqueous phase is a function only of the extractant, or is a function also of the formation 
of soluble metal-extractant complexes. 

This approach appears to have been neglected in all studies of extractant solubility in 
raffinates, and could be of particular interest to those studying environmental effects of 
solvent extraction raffinates. 

Obviously the analytical requirements in the areas indicated above will require, at least 
initially, modern analytical hardware and competent analysts. It might also mean that sim- 
ple and inexpensive methods, suitable for plant control purposes, will not be forthcoming, 
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owing to the complexity and nature of the samples. However, this should not deter investi- 
gations into simple methods, or the use of unsophisticated equipment. For example, the 
use of atomic-absorption spectrophotometry is, today, a common method for the quantita- 
tive determination of metals in solution. Furthermore, these instruments are now quite 
cheap and suitable for use by plant technicians. Much the same can be said for gas chro- 
matography, and the application of this approach could very well be the answer to some 
of the problems faced in the determination of organic materials in raffinates. 

Concurrent with the development of methods of analysis must be the development of 
methods of sampling. Some of the prqblems involved in sampling have been discussed pre- 
viously. Without an understanding of the problems associated with sampling, sample prep- 
aration, storage, adsorption of sample components on containers, and so on, the develop- 
ment of methods of analysis may be just an exercise in futility. 

One area which also requires considerable thought is that of standards for calibration 
purposes. Since the extractants, diluents and modifiers used in solvent extraction processes 
are commercially produced, the composition of these reagents must be taken into account 
if they are used for purposes of calibration or standardization. A particular case in point 
is the use of the LIX extractants for calibration purposes. It is well known that these 
extractants contain some 40% v/v of an organic diluent, probably “Napoleum 470”. Thus 
it is obvious that it is meaningless to use the commercial extractant as a standard without 
knowing exactly how much of the active reagent is present. Another complication in this 
particular case is the presence of two isomers of the active component, which could com- 
plicate methods which use the formation of an extractable metal complex as the means 
of determining the concentration of extractant. 

Similar problems will arise with other extractants. Thus the commercially available 
Kelex 100 is only about 80% active reagent; tertiary amines contain primary and second- 
ary amines, and so on. This problem can be alleviated if the particular method of analysis 
does not distinguish between similar components of the extractant, as is the case with most 
methods for the determination of amines which employ dyes as the chromophoric reagent. 

As with all processes, maintenance of optimum operating conditions requires fast and 
accurate chemical analysis, both in the plant and in the laboratory. Control in the plant 
is generally limited to quick, routine methods suitable for use by plant operators, such as 
pH measurements, simple titrations, density measurements, and so on. Most of the analyti- 
cal procedures are carried out in the plant laboratory, which again requires that these be 
fast, accurate and precise so that problems in the plant can be quickly diagnosed and cor- 
rected. 

The choice of analytical methods is then of considerable importance, and is not usually 
an easy decision to make. In the selection of any control method the problem is one of 
deciding between accuracy and speed. As a general rule, the greater the reliability of the 
method the longer the time for analysis. Methods finally chosen involve a compromise 
between these two factors. 

Another factor to be considered is the number of samples to be analysed. During bench- 
scale and pilot-plant studies a considerable number of samples, requiring several analyses 
on each, can be generated. This is the best time to assess methods of analysis for their accu- 
racy, precision, speed and costs. Plant operations will normally involve fewer samples, 
especially after the initial plant problems have been overcome. But whichever methods are 
chosen will depend on the complexity of the samples, the number of analyses per sample, 
the available laboratory facilities, competence of the operators, and cost of analysis. 

Undoubtedly, modern instrumentation can provide fast and accurate analysis. There 
are, of course, drawbacks to this approach, especially where a plant is situated in a remote 
area. For example, instrument failure could result in several weeks of down-time unless 
a back-up system were available. Most back-up systems are wet-chemical in nature. 
Sophisticated equipment also requires well-trained operators, not only to do the analyses, 
but also to maintain the equipment. 

The analytical facilities, and analyses done, for a large pilot-plant operation for the sep- 
aration of cobalt and nickel by solvent extraction, are given in Table 2 as an example of 
how this process was controlled analytically. The process used D2EHPA (as the 
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Table 2. Analytical requirements and methods of analysis used in a solvent extraction process for the separation 
of cobalt and mckel 

Sample 

Aqueous feed 

Solvent feed 

Raffinate 

Scrub solution 

Scrub raffinate 

Loaded extract 

Scrubbed organic 

Strip solution 

Strip liquor 

Nickel ammonium 
sulphate product 
from raffinate 

Cobalt oxide 
product 

Equilibrated 
solvent 

XRF = X-ray fluorescence 

Determmatlon 

Co. NI. Cu. Fe, As. Ca, Mg, Ag 

SO, 
NO3 

PH 
Free acid 

DZEHPA 
D2EHPA (NH: salt) 

Co, NI 
D2EHPA 

PH 

Co, Ni 

PH 
Free acid 

Co. Ni 

PH 
Free acid 

Co, Ni, Ca 

Co, I% 

Free acid 

Co. Ni. As, Ca, Mg, Cu, Fe 
Free acid 

PH 

Co, Ni, Cu. Fe, As, Ca, Mg, Ag 

SO, 
NO3 

Co, Nl, Cu. Fe, As, Ca. Mg, Ag 

SO4 
NO, 

DZEHPA 
D2EHPA (NH: salt) 

Method 

XRF 
Grav 
Dist 

Vol 

Vol 
Vol 

XRF 
Color 

XRF 

Vol 

XRF 

Vol 

XRF 

XRF 

Vol 

XRF 
Vol 

XRF 
Grav 
Dist 

XRF 
Grav 
DIst 

Vol 
Vol 

ammonium salt) at pH 5-6 to extract cobalt from nickel, from a sulphate-nitrate solu- 
tion.12’ The availability of X-ray fluorescence made analysis of the metal concentrations 
in the organic and aqueous phases fast and efficient. A similar scheme, used in a uranium 
solvent extraction plant in South Africa, has been described. l2 * 

In conclusion, there is much work to be done in the area of analytical chemistry asso- 
ciated with solvent extraction processing if this unit process is to achieve the success that 
many are predicting it will achieve. Analytical procedures are required that are simple, 
rapid, accurate, and precise, require little, or inexpensive, easily manipulated and main- 
tained instrumentation, and are economic. 

1. 

2. 
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MASSENSPEKTROMETRISCHE UNTERSUCHUNGEN ZUR 
ELEMENTARANALYSE ORGANISCHER VERBINDUNGEN-IV* 

KINETIK DER VERBRENNUNG IM LEEREN ROHRt 

OTTOKARJAENICKE und WALTER~ALISCH@ 

Organische und Instrumentelle Analytik, Universitlt des Saarlandes, 66 Saarbriicken, B.R.D. 

(Eingegangen am 29. August 1974. Angenommen am 27. September 1974) 

Zusammenfassung-Die in Teil III dieser Reihe beschriebene MeBanordnung gestattet durch 
gleichmLl3iges Einleiten von Proben- und Trtigergas (SauerstolT) die Herstellung eines station&en 
Zustandes in einer Reaktionsstrecke und damit eine einfache Zuordnung der Lange I der Reak- 
tionsstrecke zu einer Reaktionszeit t. Die bei [ vorhandene Gaszusammensetzung wird stetig mit- 
tels emer beweglichen EinlaDsonde abgeschniiffelt, in etwa 80 ms ins Hochvakuum iiberfdhrt, auf 
diese Weise “eingefroren” und sofort mit einem Massenspektrometer gemessen. 1st das Massen- 
spektrometer auf emen fiir die zu beobachtende Komponente reprasentativen Peak eingestellt. so 
hat die registrierte Peakintensitlt U(1) ihre Entsprechung m der kinetisch..auswertbaren Kurve 
V(t). Die Messung der thermischen Spaltung von Athylacetat ergibt gute Ubereinstimmung mit 
Literaturwerten. Orientierende Verbrennungsuntersuchungen an Wasserstoff, Kohlenmonoxid, 
Ammoniak und Methan zeigen, da13 schon bei diesen einfachen Gasen das Verbrennungsgeschehen 
sehr komplex ablluft. Wiihrend Wasserstoff im Anschlul3 an eine Induktionsperiode gem%D einer 
Reaktion erster Ordnung bereits bei 928 K nahezu vollstlndig verbrennt, verlluft die Kohlen- 
monoxidoxidation bis 1150 K ziemlich langsam nach einem Geschwindigkeitsgesetz zweiter Ord- 
nung. Ammoniak und Methan verbrennen,wie Kohlenmonoxid je nach Reaktionstemperatur llber 
andere Mechanismen, was sich in einer Anderung der Reaktionsordnung ausdriickt. Diese oft 
sprunghaften Anderungen erschweren, in Verbindung mit den Induktionsperioden, die kinetische 
Auswertung und beeintriichtigen die Genauigkeit der so gemessenen Geschwmdigkeitskonstanten. 

Die in Teil III’ dieser Reihe beschriebenen Vorgange der Verbrennung organ&her Ver- 
bindungen, die im leeren Rohr beobachtet wurden, erlauben die Aufgliederung des Ver- 
brennungsprozesses in eine oxidative Pyrolyse zu Molekiil-Zwischenprodukten und deren 
anschliebende Verbrennung zu Endprodukten. In den dargestellten Verbrennungs-Ther- 
mogrammen’ ist die Temperaturabhlngigkeit beider Schritte quantitativ erfal3t; u.a. ist 
daraus zu erkennen, dal3 mit steigender Temperatur die Verbrennung der Zwischenpro- 
dukte zur geschwindigkeitsbestimmenden Reaktion wird. 

Eine Charakterisierung der Reaktionstypen, die dieser sekundlren Verbrennung 
zugrunde liegen, wurde bisher nur iiber die Steigung der Umsatz-Temperaturkurven ver- 
sucht und aus der maximalen Steilheit von 3%/Grad auf einen Radikal-Kettenme- 
chanismus geschlossen. Eine genaue Kenntnis des zeitlichen Ablaufs der betreffenden 
Reaktionen und seiner Beeinflussung durch Partialdruck und Temperatur liefern zus;itz- 
lithe Aussagen zum Mechanismus und erlauben eine Vorhersage des Reaktionsablaufs bei 
gegebenen Verbrennungsbedingungen. Ein gezieltes Eingreifen in den Verbrennungs- 
prozeg wird nur so realisierbar. 

Kinetische Untersuchungen der Verbrennungsreaktionen wurden bisher in der Regel 
unter Bedingunger? durchgeftihrt (Flamme, StoDwellenrohr und statische Systeme), die 
mit den elementaranalytischen Gegebenheiten nicht vergleichbar sind. Lediglich in den 
Arbeiten von Pratt7 sowie Burgoyne et al.’ werden MeBbedingungen zugrunde gelegt, die 
gewisse SchluBfolgerungen auf elementaranalytische Verbrennungsprozesse zulassen. Ein 
Ergebnis dieser Arbeiten ist, dalj sich der Reaktionsmechanismus mit der Temperatur, 
dem Summendruck und der Anfangskonzentration der Probe Indern kann. Weiterhin 
wurde ein EinfluD des Volumen-Oberfllchenverhaltnisses und des GefaBmaterials festge- 
stellf’ und es erscheint deshalb geboten, die GesetzmaBigkeiten such ftir den besonderen 
Fall der dynamischen Verbrennung im leeren Rohr experimentell zu bestimmen. 

* Teil III: Talanta, 1975, 22, 167. 
t Diese Arbeit wurde als Projekt des Sonderforschungsbereichs Analytik durchgefuhrt. Wir danken der 

Deutschen Forschungsgememschaft fur die Bereitstellung der Mattel. 
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Mit elementaranalytischen Verbrennungsprozessen haben sich erstmals Kainz und 
Mitarbb.“” eingehender befal3t. Die von diesen Autoren eingesetzte “Pulsmethode” (ein- 
malige impulsfiirmige Probenzugabe in den Trggergasstrom und Messung zu einem ausge- 
suchten Zeitpunkt nach Ausliisen des Impulses) liefert jedoch immer nur einen MeBpunkt 
pro Probenimpuls, und fi_ir das Geschehen wghrend der Verbrennung sind keine konstanten 
Bedingungen garantiert. Auf diese Weise kBnnen allenfalls Reaktionen 1. Ordnung erfaBt 
werden. Die Untersuchung des Zeitablaufs von Einstufen- und Mehrstufenreaktionen 
beliebiger Orgnung erfordert dagegen Bedingungen, unter denen Konzentrationtinde- 
rungen im stramenden System verfolgt werden kijnnen. 

Durch fortlaufendes und gleichmll3iges Einleiten der Probe zum konstanten TrPgergas- 
Strom wird bei der Methode des stationben Zustandes”,” im Reaktionsrohr ein zeitin- 
varianter Zustand erreicht, der in einfacher Weise eine ZuorcJnung von Konzentration zu 
Reaktionszeiten zul;iDt. Die friiher verwendeten Analysensysteme13.14 gestatten allerdings 
eine Variation der Reaktionszeit nur durch Vergnderung des TrBgergasstromes, so da13 
such hier eine diskontinuierliche Messung unvermeidbar ist. Die weiterftihrende Methode 
der Bestimmung der Konzentration als Funktion der Llnge der Reaktionsstrecke mittels 
einer Sonde’ wird nicht voll ausgenutzt, da die sich anschlieBende chemische Analyse 
wieder diskontinuierlich gestaltet wird. 

Das von uns mehrfach beschriebene viskose EinlaBsystem’~153’6 fiir Massen- 
spektrometer ermijglicht eine stetige Probennahme unter den extremen Bedingungen der 
Verbrennungsreaktionen, gewlhrleistet ein Einfrieren des Reaktionszustandes am Ort der 
Probennahme und bietet mit dem angeschlossenen Massenspektrometer die Mbglichkeit, 
alle auftretenden Molektiarten qualitativ und quantitativ zu analysieren. Mit dieser in der 
Reaktionsstrecke verschiebbaren EinlaBsonde erftillt die Kopplung von stationgrem 
“Striimungsreaktor” und Massenspektrometer alle Voraussetzungen, die an eine Anord- 
nung zur kinetischen Untersuchung von Verbrennungsvorggngen gestellt werden miissen. 

MESSANORDNUNG 

Die m Teil III dieser Reihe beschriebene Einrichtung kann in dem dort m Abb. 1 wiedergegebenen Aufbau 
unverlndert such zu kinetischen Untersuchungen herangezogen werden. Hlerzu wird. wie bei der Aufnahme von 
Thermogrammen, die zu untersuchende Verbindung mit dem einstellbaren Probenstrom d [mMc$s] dem Sauer- 
stoffstr0rn.o [mMol/s] zugesetzt. Das Sauerstoff-Probengemisch $riimt in etwa 20 ms durch die Uberbrbckungs- 
kapillare UK in den Reaktionsraum RR und nimmt noch in der Uberbriickungskapillare die Reaktionstempera- 
tur T des Reaktionsraumes an. 

Zur Messung des zeitlichen Ablaufs der Reaktion wird beI vofgegebenen Werten fiir tl. ~1’ und T die Reaktions- 
strecke RS der LPnge 1 (mm), die zwischen dem Emtritt der Uberbriickungskapillaren in den Reaktionsraum 
und der Spitze der EmlaDsonde ES liegt, entweder von Hand auf bestimmte Werte eingestellt oder mlttels eines 
Motors, der den Wagen verschiebt, auf dem die Anordnung montiert lst, stetig variiert. Die Reaktionszeit t ergibt 
sich mit ausreichender Genauigkeit aus Volumen und Temperatur der Reaktionsstrecke und dem TrZgergas- 
Strom v, solange v’ < v und damit die durch die Verbrennung zutitzhch entstehende Gasmenge vernachllssigbar 
ist. Der Probenpartialdruck p’ ist durch Vergnderung von v’ bei konstantem u in gewissen Grenzen einstellbar, 
die Reaktionszeit t kann bei gleicher Reaktlonsstrecke durch Versnderung von L' variiert werden. Dabel ist m 
unserer Anordnung die Verweilzeit pro mm (spezifische Reaktionszeit t,) etwa zwischen 0.01 und 0.1 s/mm 
wlhlbar, ohne da13 die Grenzen der Methoden iiberschritten werden (bei 1000 K). 

Am Ende der Reaktionsstrecke wlrd ein Teil des Reaktionsgemisches mit der EinlaBsonde abgeschndffelt und 
in etwa 100 ms ins Hochvakuum iiberfiihrt. Der so eingefrorene Reaktionszustand entspricht der Zelt t = I’ t, 
und wird massenspektrometrisch analyslert, mdem eme fiir die Ausgangsverbindung oder ein Reaktionsprodukt 
reprLsentative Peakintensltlt U’ registriert wird. Da der isotherme Bereich der Reaktionsstrecke 250 mm betrlgt 
und der Ofen nut dem Reaktionsrohr gegeniiber der feststehenden EmlaDsonde such urn diese Strecke ver- 
schobenwerden kann, betrLgt der hijchste zuglngliche Reaktionsbereich 25 s. Bei maximal zulzssigem Trlgergas- 
Strom kann ein kleinster Reaktionsbereich von 2,5 s noch hinreichend genau beobachtet werden. Damit besteht 
-in Verbindung mit dem groBen Variationsbereich ftir die Reaktionstemperatur-ein ausreichender Spielraum 
fiir die beabsichtlgten Untersuchungen. 

Die Bestimmung des Faktors F; der “externen Partialdruckempfindlichkelt” gemll3 U’ = F;.p’ erfolgt fiir 
jede Probe und jede Temperatur gesondert. Durch dynamische Hinzumischung Is des Jewelhgen Probengases 
erhLlt man sehr genau den gewtinschten Eingangspartialdruck pk. In Stellung I = 0 bestimmt man die dazu ge- 
hiirige Intensitlt Ub eines Peaks der Probe und damit den gesuchten Faktor Ft. AnschlieDend stellt man eme 
geniigend groBe Reaktionsstrecke ein, wghlt einen fiir das zu beobachtende Endprodukt reprlsentatlven Peak. 
fiihrt einen vollstPndigen Umsatz zu diesem Endprodukt durch Anhalten des Gasstromes herbei (stopped flow) 
und berechnet aus der gefundenen Peakintensittit U: und der bekannten Stachiometrle der Reaktlon den 
gesuchten Faktor Fr, Die entsprechenden externen Partialdruckempfindlichkeiten fdr andere Reaktlonstempera- 
turen werden entweder in gleicher Welse gemessen oder nach Gleichung (7) m Teil II5 berechnet (vergl. such 
Tab. IV in TeiI I). Wegen der ungeniigenden Langzeitkonstanz der Faktoren werden die Eichmessungen hlufig 
wlederholt. 
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KONTROLLUNTERSUCHUNGEN 

Der nicht ganz genau definierbare Ubergang von der Uberbrtickungskapillaren zum 
Reaktionsrohr sowie die Verweilzeit in der Uberbrtickungskapillaren und der EinlaBsonde 
gebieten eine Uberprtifung des Nullpunktes der Reaktionsstrecke und damit der Zeitachse. 
Derartige Uberprtifungen mit verschiedenen Gasphasenreaktionen ergaben, dal3 an der 
Stelle I = 0 bereitsein Reaktionsablauf angezeigt wird, der einer Reaktionszeit to entspricht. 
Diese Null-Reaktionszeit ist tiber den aus der Uberbriickungskapillaren herrtih- 
renden Anteil von v und T abhangig, wahrend der durch die EinlaDsonde verursachte 
griil3ere Teil im wesentlichen durch das Totvolumen der jeweiligen Sonde bestimmt wird, 
also nahezu konstant ist. Bei der eingesetzten EinlaDsonde liegt die Nullzeit je nach den 
MeDbedingungen zwischen 80 und 110 ms. Alle zukunftigen Zeitangaben sind urn einen 
entsprechenden Betrag korrigiert. 

Die Totzeit der EinlaDsonde im Vakuumteil betragt etwa 0,2 s; die Einstellzeit (595%) 
des Massenspektrometers einschliel3lich des Elektrometerverstarkers liegt bei 0,3 s. Im 
Hinblick auf eine ausreichend genaue Zuordnung der Peakintensitat U’ zur jeweiligen 
Lange I der Reaktionsstrecke ist demnach eine Vorschubgeschwindigkeit von 2 mm/s 
nicht zu iiberschreiten. 

Im Gleichgewicht hatte die laminare Stromung bekanntlich die Ausbildung eines aus- 
geprlgten Konzentrationsparaboloideni7 zur Folge, wenn nicht die Diffusion hir einen 
dauernden radialen Konzentrationsausgleich sorgte. Dieser Konzentrationsausgleich 
erfolgt offenbar unter den iiblichen Reaktionsbedingungen so schnell, da13 such bei maxi- 
mal&m u-Wert kein radialer Konzentrationsgradient festgestellt werden kann, wenn man 
einen Rohrquerschnitt (r = 4 mm) abschntiffelt. Der Berechnung der Reaktionszeit t kann 
also die aus o und T berechnete, mittlere Stromungsgeschwindigkeit zugrunde gelegt 
werden. 

Andererseits setzt die Striimungsmethode voraus, da13 die Diffusion in axialer Richtung 
keine stiirende Vermischung bewirkt. WBhrend die radiale Diffusion die Anwendbarkeit 
der Striimungsmethode bei hohen Striimungsgeschwindigkeiten begrenzt, setzt die axiale 
Diffusion bei niedrigen u-Werten eine Schranke. Nach Langmuir,ls der sich aushihrlich 
mit der Theorie des stationaren Zustandes in einer Reaktionsstrecke befal3t hat, mu&e un- 
ter unseren MeDbedingungen die axiale Diffusion vernachlassigt werden konnen. 

Da es sich bei der Betrachtung von Langmuir urn eine Naherung handelt, erscheint es 
angebracht, die Vernachlassigbarkeit der axialen Diffusion experimentell zu best;itigen. 
Eine direkte Uberpriifung wie im Falle der radialen Verteilung ist nicht moglich. Deshalb 
wurde von uns durch Untersuchung der thermischen Spaltung von Athylacetat ein Bezug 
zu Literaturwerten hergestellt. Diese Reaktion 1. Ordnung wurde von mehreren 
Autoren’3,19-21 mit verschiedenen Methoden eingehend untersucht. Eine Ubereinstim- 

IO3 / T. OK-’ 

I 40 I 35 I 30 I25 

Abb. 1. Thermische Spaltung van Athylacetat. I: )’ = In(uf’/@‘) =f(r); 
Ink, =f(l/T);A’3;+‘9;~und~ eigene Messung. 

T=829K. II: y= 
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mung unserer Ergebnisse mit den andersartig bestimmten Werten wiirde sowohl die Ver- 
nachlgssigbarkeit der axialen Diffusion als such die Brauchbarkeit der gesamten Anord- 
nung bestitigen. 

Bezeichnen wir den Partialdruck von Athylacetat an der Stelle 1, der aufgrund der 
eingestellten Werte von u und T die Reaktionszeit t entspricht, mit p: und an der Stelle 
1 = 0 mit &,, so gilt im Falle einer Reaktion 1. Ordnung: 

ln(p&J = -k,tbzw.ln(UyUb) = -k,t (1) 

Es geni.igt also, das Massenspektrometer auf einen fiir die Ausgangsverbindung relevanten 
Peak einzustellen (bspw. den intensiven Peak bei Masse 61), den Motorvorschub des 
Reaktionssystems bei 1 = 0 beginnend einzuschalten und die Funktion U;(t) mittels 
eines Kompensationsschreibers zu registrieren. Eine Bestimmung der Partialdruckempfind- 
lichkeit und des Wertes von &, eriibrigt sich. Das b;thylacetat wurde wie in Teil III fiir 
Feststoffe beschrieben verdampft. 

In Abb. 1 ist das Ergebnis einer derartigen Messung wiedergegeben. Die Gesetzm%Dig- 
keit der Gleichung (1) ist innerhalb der Fehlergrenzen At = &0,06 s; Aln U@J; (wie in 
Abb. 1 eingezeichnet) voll erfiillt. Die aus dem Anstieg der Geraden I bestimmte Geschwin- 
digkeitskonstante betrlgt: kl = 0.75 + 0,l (s- ‘). 

Zum besseren Vergleich mit Literaturwerten sind in Kurve II der Abb. 1 die von 
anderen Autoren13*19 und uns bei verschiedenen Temperaturen gemessenen Geschwindig- 
keitskonstanten in der Form In k, = f(l/T) aufgetragen. Alle Werte liegen auf eirler Ge- 
raden. Damit ist die Eignung der Methode zur Bestimmung von Geschwindigkeitskon- 
stanten und AktivierungsgrBDen bewiesen. Der grofie, zugtingliche Temperaturbereich 
(wegen der Miiglichkeit, die Reaktionszeit sowohl iiber die Reaktionskinge I als such iiber 
den Trggergasstrom u zu variieren, kiinnen Geschwindigkeitskonstanten. die sich urn 
einige Zehnerpotenzen unterscheiden, noch in zumutbaren MeBzeiten erfal3t werden) 15l3t 
eine eingehende Untersuchung der AktivierungsgriiDen von Gasphasenreaktionen such 
bei hohen Temperaturen zu. Die station;ire Strijmungsmethode mit massenspektromet- 
rischer Detektion aller Reaktionskomponenten bietet also neben den qualitativen 
Aspekten’ such die Miiglichkeit zu ausgiebigen, quantitativen kinetischen Untersu- 
chungen. 

MESSERGEBNISSE 

Eine “vollstindige Verbrennungskinetik” sollte eigentlich die Beobachtung der Bildung 
aller Primlrprodukte und deren Ubergang zu den Endprodukten beinhalten. Die in Teil 
III angefiihrten wenigen Beispiele lassen jedoch erkennen, da13 das Verbrennungsge- 
schehen schon bei einfachen organischen Verbindungen so komplex sein kann. da13 eine 
Aufkllrung aller Schritte vorerst noch weit aul3erhalb unserer Mijglichkeiten liegt. Die 
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Abb. 2. Verbrennung van Wasserstoff. Ia: y, = Upzo; T= 928K; py2 = 27,5mbar. IIa = Ia mit 
pi2 = 14.2 mbar. IIIa = Ia mit T = 973 K. I&IIIb: yb = ln(1 - U~20/U~1”). 
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vorliegende orientierende Untersuchung beschrankt sich deshalb auf die Beobachtung des 
Ubergangs der einfachsten Zwischenprodukte-Wasserstoff, Kohlenmonoxid, Ammoniak 
und Methan-in die entsprechenden Endprodukte. Obwohl wir Methan als Zwischenpro- 
dukt bisher nicht nachweisen konnten, haben wir es bei unseren Messungen berticksich- 
tigt, da einerseits die Bedeutung von Methan als Zwischenprodukt immer wieder betont 
wird und andererseit? MeDergebnisse vorliegen, die unter vergleichbaren Bedingungen 
erarbeitet wurden. 

In allen Fallen ist der Partialdruck der Probe so niedrig, dal3 die Veranderung der Reak- 
tionsbedingungen hinsichtlich Temperatur und Sauerstotfpartialdruck durch die Reaktion 
selbst nicht beriicksichtigt zu werden braucht, und der SauerstofTpartialdruck, der in die 
beobachteten Reaktionen hochstens mit der Ordnung zwei eingeht,’ wird in die Geschwin- 
digkeitskonstante einbezogen. 

Der Umfang des vorliegenden Zahlenmaterials 1aDt eine vollstandige Wiedergabe nicht 
zu. Wir beschranken uns deshalb auf wenige aber typische MeDreihen, die zur besseren 
Ubersicht in Form graphischer Darstellungen mitgeteilt werden. 

Wasserstofloxidation 

Die Knallgasreaktion wurde schon frtiher23-26 ausfuhrlich untersucht. Sie verlauft in 
der Regel als durch und durch verzweigte Kettenreaktion4*’ und die EinfluDgroDen Tem- 
peratur, Druck und GefaDwand lndern nicht nur den Wert der Geschwindigkeitskon- 
stanten, sondern oft such den Reaktionsmechanismus und die Reaktionsordnung. Induk- 
tionsperioden und Ztindungsphanomene spielen eine groBe Rolle. 

Unsere Untersuchungen im leeren Rohr bestatigen weitgehend den bisherigen Erkennt- 
nisstand. Wie aus Kurve Ia der Abb. 2 hervorgeht, setzt die Reaktion bei 928 K erst nach 
einer Induktionsperiode ein, die bei dem niedrigeren Eingangspartialdruck von 14,3 mbar 
in Kurve IIa noch ausgepragter in Erscheinung tritt. AnschlieDend verlauft die Reaktion 
annahernd nach 1. Ordnung, wie die Geraden Ib und IIb beweisen, deren Extrapolation 
auf die Ordinate Null die deutlich verschiedenen Induktionszeiten t, = 0,17 s bzw. t, = 
0,30 s ergibt. Dagegen wirkt sich bei dieser Temperatur der unterschiedliche Eingangspar- 
tialdruck auf die Geschwindigkeitskonstanten nur geringfugig aus (k, = 1,38 s-l bei 
27,6 mbar; k1 = 1,18 s-l bei 14,3 mbar). 

Bei 973 K entfallt dagegen die Induktionsperiode viillig. Sowohl die Extrapolation der 
Kurve IIIa : V: * = f(t) als such der Kurve IIIb : ln( 1 - U ,r */U A *) = f(t) gehen durch den 
Zeitnullpunkt. An der leichten Kriimmung der Kurve IIIb erkennt man, da13 unter diesen 
Bedingungen das Zeitgesetz 1. Ordnung nicht mehr voll erftillt wird. Stellt man zur Bestim- 
mung der genauen Reaktionsordnung die Funktion ln(AV/At) = f[ln(U” - U,)]graphisch 
dar, so ergibt sich aus dem Anstieg dieser Geraden die Reaktionsordnung n = 1,2. Aus 

Abb. 3. Verbrennung von Kohlenmonoxid. Ia: J’,, = U, ‘(‘1.7’= 1123K;pg”= 13,8mbar.IIazIa 
mit T = 1223 K. Ib: y, = (LIy2 - UF”2)- ’ - (CJy)- 1 ; ‘wnst E Ia. Ilc: yc = ln( 1 - CJ~2/U~z); 

sonst = Ia mit T = 1223 K. 
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dem mittleren Anstieg der Kurve IIIb erhalt man eine Geschwindigkeitskonstante k, = 
5,0 s- ‘. Bemerkenswert ist weiterhin die aul3erordentlich grol3e Anderung der Geschwin- 
digkeitskonstanten zwischen 893 und 928 K von k, = 0,055 s- ’ auf k, = 1,3 s- ‘, die nur 
mit Ztindungsphanomenen erklart werden kann (vergl. such Abb. 2 in Teil III). 

Kohlenmonoxidoxidation 

Obwohl bereits sehr fri.ih27’28 erste An&ze zur Aufklbung der CO-Verbrennung 
gemacht wurden, ist such heute noch das Verstlndnis der sehr komplexen Vorglnge 
erheblich geringer, als im Falle der Wasserstoffoxidation. 4 Dies gilt besonders fti die Ver- 
brennung unter elementaranalytischen Bedingungen, wie u.a. die in Teil III dieser Reihe 
mitgeteilten Verbrennungsthermogramme zeigen. 

Wie aus Abb. 3 hervorgeht, bewirkt eine Temperaturerhohung von 1123 auf 1223 K 
offenbar eine grunds;itzliche Anderung im Reaktionsgeschehen. Wlhrend die MeBwerte 
bei 1123 K (Kurve Ia) am besten mit einer Reaktion 2. Ordnung beschrieben werden 
konnen (Kurve Ib), ist bei der hoheren Temperatur (Kurven IIa und 11~) das Geschwin- 
digkeitsgesetz 1. Ordnung innerhalb der Fehlergrenzen erfiillt, und man erhalt k, = 
7,9 s- ‘. Eine Induktionsperiode wurde in beiden Fallen nicht beobachtet. 

Bei 1123 K wurden weitere MeBreihen bei niedrigeren Eingangspartialdrucken durch- 
gefuhrt. Auch die hierbei gefundenen Werte sind am ehesten mit der Reaktionsordnung 
n = 2 zu erklaren. Die aus dem Anstieg der Geraden Ib ermittelten Geschwindigkeitskon- 
stanten (k, # 0,32 mbar- ‘. s- ’ ) zeigen zwar keine systematische Konzentrationsabhan- 
gigkeit, sind aber andererseits such nicht besonders gut reproduzierbar, was mit der sicher 
vorhandenen “Wandbeteiligung” erklart werden kann. Ob der Wechsel in der Ordnung 
der Reaktion auf eine Veranderung des Kettenverzweigungsfaktors29 zurtickzuftihren ist. 
bleibt vorerst genauso ungekllrt, wie die von uns bei 1098 K beobachtete extreme Verlang- 
samung der Reaktion, die nach einem Umsatz von 50% einsetzt, wahrend bis zu diesem 
Zeitpunkt die Verbrennung grundsltzlich so verlauft, wie bei 1123 K. 

Ammoniakoxidation 

Bei der Verbrennung von Ammoniak entsteht nicht, wie bei den bisherigen Beispielen, 
ein einziges Endprodukt in einem Schritt, sondern es werden Wasser, Stickstoff und Stick- 
stoffmonoxid gebildet. Moglicherweise ist dies die Ursache fur den eigenartigen Verlauf 
der Ammoniakkurve Ia in Abb. 4, die tiber den NH-Peak bei der Masse 15 beobachtet 
wurde. Bei 973 K startet die Reaktion nach einer deutlichen Induktionsperiode von 0,3 s 
mit einer sehr steilen Abnahme des NH,-Partialdrucks. Bei 0,6 s wird die Reaktionsge- 
schwindigkeit geringer und es beginnt eine Zone nahezu konstanter Reaktionsgeschwindig- 
keit, der ab 1,7 s (75% Umsatz) eine Zone abnehmender Reaktionsgeschwindigkeit folgt. 

Abb. 4. Verbrennung von Ammoniak. Ia: y, = Ur”; T = 973 K; pcH3 = 21.6mbar. Ila = Ia mit 
T = 1073 K. Ib: yb = d\/‘CT,NH - m; sonst = Ia. IIb: y, = m - m; sonst s IIa. IIc: 

y, = ln(U,N”/Uy”); sonst = IIa. 
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Fur das Geschwindigkeitsmaximum bei 0,s s und die anschliegende Zone konstanter 
Geschwindigkeit haben wir vorerst keine Erkllrung. Der eigenartige Verlauf ist reprodu- 
zierbar und tritt in gleicher Weise such bei niedrigeren Eingangspartialdrucken (17,2 und 
13,l mbar) auf. 

Wie aus Kurve Ib hervorgeht, beschreibt eine Geschwindigkeitsgleichung der Ordnung 
l/2 das “mittlere Reaktionsgeschehen” in guter Naherung. Die mittels Ib extrapolierte In- 
duktionszeit betragt 0,30 s, wahrend bei 1073 K (Gerade IIb) eine Induktionszeit von nur 
0,15 s extrapoliert wird. Ob die gefundene mittlere Reaktionsordnung l/2 tatsachlich aus 
einem einheitlichen Reaktionsgeschehen resultiert, oder ob sie das zufallige Ergebnis einer 
hbheren Reaktionsordnung in der steilen Ztindregion und einer niedrigeren Reaktionsord- 
nung (Null) in der anschliegenden Zone ist, bleibt noch definitiv zu klaren. Wir neigen zu 
der zweiten Annahme. 

Bei der Ammoniakverbrennung bei 1073 K (Kurve IIa) ist die sehr groDe Steilheit bei 
0,28 s bemerkenswert; 50% der Reaktion erfolgen innerhalb 0,l s, was einer Reaktions- 
strecke von nur 4 mm entspricht. Damit ist bewiesen, dab extrem hohe axiale Konzentra- 
tionsgradienten im stationtiren Zustand bestehen und gemessen werden kiinnen, und die 
eingangs gemachte Annahme, dal3 eine stiirende, axiale Diffusion nicht statthndet, erfahrt 
hierdurch eine zu&zliche Bestatigung. Die Tatsache, daD die Gerade IIb such in diesem 
Falle fur eine Reaktionsordnung l/2 spricht, darf keinesfalls iiberbewertet werden, wie aus 
der Geraden IIc ersichtlich ist, die ln(U:5/U~5) =f(t) darstellt. Auch sie ergibt innerhalb 
der Fehlergrenzen eine Gerade. Die raumliche und damit zeitliche Auflosung der Anord- 
nung reicht fur eine eindeutige Aussage iiber diese extrem schnelle Reaktion noch nicht 
aus. 

Lost man das Gesamtgeschehen in seine Einzelbestandteile auf, indem man sowohl das 
Verschwinden von Ammoniak als such das Entstehen von Wasser, Stickstoffmonoxid und 
Stickstoff in Abhangigkeit von der Lange der Reaktionsstrecke beobachtet, so erhalt man 
eine Darstellung, die den Thermogrammen in Teil III nahe verwandt ist, und die bei der 
Verbrennung organ&her Verbindungen-bei geeigneter MeIQemperatur-ebenfalls das 
ganze komplexe Reaktionsgeschehen sichtbar werden la&. 

Ein solches “Kinetogramm” ist in Abb. 5 fur den sehr einfachen Fall der Verbrennung 
von Ammoniak wiedergegeben. Kurve I ist mit Kurve I in Abb. 4 identisch; es ist lediglich 
statt der Peakintensitat U,“” der daraus berechnete Partialdruck pyH3 (mbar) aufgetragen. 
Da Wasser direkt und stochiometrisch aus Ammoniak entsteht, verlauft Kurve II erwar- 
tungsgemlg komplementar zu Kurve I. Dagegen ist das Verhlltnis von Stickstoff zu Stick- 
stoffmonoxid (Kurven III und IV) nicht konstant. Wie aus Kurve V [y = pf“‘/ 
(prH3 prH3)] deutlich hervorgeht entsteht in der Induktionsperiode iiberwiegend Stick- 
stoffmonoxid. In der Ziindperiode (0,30,6 s) fallt der NO-Anteil sehr schnell auf 25% 
und sinkt dann in der Zone konstanter Geschwindigkeit (O&1,7 s) langsam auf 14% 

0 60 

Abb. 5. N&N2 Verteilung bei der Verbrennung von Ammoniak (T = 973 K; pt”’ = 21,6 mbar). 
I: y = pY”3 (mbar). II: y = pF”/1,5 (mbar). III: y = 2. pr’(mbar). IV: y = p;” (mbar). V: 

y = pf”/(&“” p?“j). 



352 OTTOKAR JAENICKE und WALTER WALISCH 

ab. Bis zum Reaktionsende erfolgt dann nur noch eine geringfiigige Vergnderung der 
NC&N, Verteilung. Diese Endverteilung-12% als NO und 88% als N,-ist im leeren 
Rohr offenbar ammoniakspezifisch, da bei der Verbrennung anderer stickstoffhaltiger 
Verbindungen andere Endverteilungen von uns’ beobachtet wurden. 

Mijglicherweise sind Sekund;irreaktionen3’ zwischen gebildetem Stickstoffmonoxid 
und Ammoniak am Zustandekommen des eigenartigen Verhaltens wesentlich beteiligt. 
Dal3 mindestens teilweise eine konsekutive Reaktion stattfindet, ergibt sich aus dem von 
uns bei hiiheren Reaktionstemperaturen beobachteten, absoluten Partialdruckmaximum 
des Stickstoffmonoxids bei einem Umsatz von etwa 60%. 

Methanoxidation 

Wie bereits in Teil III dieser Reihe gezeigt (Abb. 3), entstehen bei der Verbrennung von 
Methan neben den Endprodukten CO1 und H,O mindestens noch die Zwischenprodukte 
Formaldehyd und Kohlenmonoxid. Wasserstoff und Wasserstoffperoxid, die unter 
anderen Bedingungen7 gefunden wurden, konnten bisher von uns nicht nachgewiesen 
werden. Vielmehr scheint der im Methan enthaltene Wasserstoff fast vollstindig (ein ge- 
ringer Anteil wird iiber das Zwischenprodukt Formaldehyd verbrannt) unmittelbar in 
Wasser iiberfiihrt zu werden, denn der reduzierte Wasserpartialdruck (y = 0,5.p:iz0) ver- 
lguft, wie Kurve II in Abb. 6 zeigt, praktisch komplementlr zum Methanzerfall de”r Kurve 
I. Dagegen entsteht COz (Kurve IV) wegen der zwischenzeitlichen Bildung von CO stark 
verzGgert. Kohlenmonoxid (Kurve III in Abb. 6) erreicht nach 0,9 s bei 80% Methanumsatz 
ein Maximum. Zu diesem Zeitpunkt sind erst 25% des verbrannten Kohlenstoffs in CO2 
umgewandelt. Erst nach dem CO-Maximum beginnt ein steiler Anstieg des Kohlendioxid- 
partialdruckes. 

Einer einfachen kinetischen Auswertung zugPnglich ist der Methanzerfall oder die die- 
sem nahezu entsprechende Wasserentstehung. Wie Kurve V der Abb. 6 beweist, verlluft 
diese Reaktion bei 1023 K nach der Ordnung l/2. Die Geschwindigkeitskonstante betrtigt 
8,4 s- ’ .mbar0q5. die deutlich ausgeprggte Induktionszeit liegt bei 0,26 s. Fiihrt man den 
gleichen Versuci bei niedrigeren Partialdrucken durch, dann wird die Reaktionsordnung 
l/2 in allen Fgllen besttitigt. Die Anstiege der entsprechenden Geraden nehmen jedoch 
-bei konstanter Induktionszeit-mit dem Eingangspartialdruck des Methans ab; bei 
pg”* = 14,3 mbar ist k0,5 = 5,92 s-l .mbar0q5 und bei 11,45mbar findet man k0,5 = 
5,04 s- ’ .mbar’? In erster Ngherung ist also die Geschwindigkeitskonstante dem 
Eingangspartialdruck proportional und im untersuchten Druckbereich gilt: li,,, # 
0.4 .pzHJ s- ’ . mbar0*5. 

Dagegen scheint bei der niedrigeren Temperatur von 973 K ein anderer Reaktionsme- 
chanismus zu iiberwiegen. W;ihrend sich fiir den Reaktionsbeginn wie bei den hijheren 

Abb: 6. Verbrennung von Methan T= 1023K, pk”+ = 22 mbar). I: y = p:“~ (mbar), II: y = 
0,5.pFzo (mbar). III: y = py) (mbar). IV: y = pF”’ (mbar) V: y = dp - d’p (mbar”2). 
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Temperaturen eine eindeutige Reaktionsordnung nicht fassen la& verlauft das Reaktions- 
geschehen ab 40% Umsatz nicht nach der Ordnung l/2, sondern nach zweiter Ordnung 
mit k, = 0,05 s-‘.mbar-‘. Bei 1073 K entfallt die Induktionsperiode vollig. Die wenigen 
MeDpunkte, die am Beginn der Reaktionsstrecke noch erfaBt werden konnen, lassen da- 
rauf schlieBen, da13 am Reaktionsende eine Reaktion 1. Ordnung vorherrscht mit k, = 

7.2 s- ‘. 

DISKUSSION 

Wie bereits aufgrund unserer qualitativen Untersuchungen in Teil III dieser Reihe 
erwartet werden konnte, ist such der zeitEiche Ablauf der Verbrennung im leeren Rohr 
iiberaus komplex. Sowohl Radikal-Kettenreaktionen mit den schwer faBbaren Ein- 
flul3groDen Oberflache und Gaszusammensetzung als such verzweigte Kettenreaktionen 

Tabelle 1. Geschwindrgkeitskonstanten der Verbrennung 

Wasserstofl 893 1.7 1 
928 0,2 1 
973 1 

Kohlenmonoxid 1173 2 
1223 1 

Ammoniak 973 0.3 0.5 
1073 0.15 ? 

Methan 973 1 2 
1023 0.26 0,5 
1078 1 

0,055 s- ’ 
1.3 s- ’ 
5.0 s- ’ 

0.32 s- ’ .mbar- ’ 
1.9 s- 1 

3,5 s- ’ .mbar”,’ 

13 

0.5 
0,15 
0.31 
91 
0.52 

0.05 s- ’ mbar- ’ 2.0 
5~-‘~rnbar”.~ 0.37 

7s-’ 0.1 

Trlgergas: Sauerstoff; Eingangsprobenpartialdruck p0 = 5 bis 27 mbar; t, = Indukttonszett; n = Reaktions- 
ordnung; k, = Geschwindigkertskonstante der Ordnung n; to,, = Halbwertszeit der Verbrennung be1 pa = 
10 mbar. 

mit Ztindungsphanomenen und Induktionsperioden sind offenbar mal3geblich beteiligt. 
Das bei der Verbrennung organ&her Verbindungen unvermeidbare Auftreten vieler Zwi- 
schenprodukte’ hat die gegenseitige Beeinflussung der gleichzeitig ablaufenden Kettenreak- 
tionen zur Folge6 und erschwert kinetische Untersuchungen und eindeutige Vorhersagen 
genauso, wie die als Folge geringfugiger Temperaturanderungen beobachteten Spriinge in 
den Reaktionsordnungen und Reaktionsmechanismen. 

Moglicherweise wirken sich die beobachteten Induktionsperioden bei der Elementar- 
analyse nicht besonders storend aus, da durch die vorausgehende oxidative Pyrolyse eine 
ausreichende Konzentration an Radikal-Kettenstarter erzeugt wird. Andererseits mu13 
damit gerechnet werden, da@ wie von uns im Falle von Harnstoff beobachtet, die oxidative 
Pyrolyse selbst eine Induktionsperiode und damit eine zusatzliche Reaktionsstrecke erfor- 
dert. 

In Tabelle 1 sind die wichtigsten MeDergebnisse zusammengestellt. Die angefuhrten 
Werte fur die Induktionszeit ti, die Reaktionsordnung n, die Geschwindigkeitskonstante 
k, sowie die Halbwertszeit t0,5 sind mit der bei derartigen Reaktionen immer gebotenen 
Skepsis zu beurteilen. Die aus den gemessenen Geschwindigkeitskonstanten berechneten 
Halbwertszeiten erlauben aber, in Verbindung mit Trtigergasstrom und Temperatur. eine 
grobe Abschltzung der zur vollstandigen Verbrennung benotigten Reaktionsstrecke. 

Wie erwartet, bestimmt Kohlenmonoxid Mindesttemperatur und Mindestlange der 
Reaktionsstrecke, und bei der fur elementaranalytische Verhaltnisse sehr hohen Tempera- 
tur von 1123 K ist eine vollstandige Verbrennung des CO nur bei sehr geringem Trager- 
gasstrom gesichert. Allerdings ist in diesem Falle (n = 2) die benotigte Reaktionszeit 
umgekehrt proportional pz”, so da13 bei hoheren Eingangspartialdrucken die vollstandige 
Verbrennung eher erreicht wird. Es ergibt sich also die paradoxe Situation, dal3 Verbin- 
dungen mit geringem Kohlenstoffgehalt “schlechter” verbrennen, und daD eine langsame 
Verdampfung der Probe in den Verbrennungsraum (klassische Technik mit beweglichem 
Kurzbrenner) sich eher nachteilig auswirkt. Dieses iiberraschende Ergebnis erklart such, 
warum die explosionsartige “Pulsverbrennung”,3 ’ bei der p. sicher sehr hohe Werte 
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annimmt, so erfolgreich verlaufen kann. Im iibrigen sollte zur Bestimmung von Kohlen- 
stoff, Wasserstoff und Stickstoff grundetzlich nicht mit leerem Rohr, sondern mit einer 
kleinen Fiillung von Platinwolle gearbeitet werden. Wie wir’ gezeigt haben, wird dadurch 
der ungiinstige homogene Reaktionstyp vermieden, und die Verbrennung ist such bei 
erheblich niedrigeren Temperaturen vollst2ndig. 

Unsere bisherigen Verbrennungsuntersuchungen wurden fast ausschliel3lich mit einem 
kleinen 180” Massenspektrometer durchgefiihrt, das eine gleichzeitige Bestimmung der 
relevanten Zwischen- und Endprodukte nicht zulll3t. In der Zwischenzeit haben wir durch 
Verwendung von Mehrftingermassenspektrometer oder durch Einsatz eines Massenpro- 
grammwtihlers die Simultanbestimmung realisiert. Wir erhoffen uns hiervon schnellere 
und genauere kinetische Daten und glauben, mindestens die grundlegenden Verbren- 
nungsmechanismen in B8lde auflcl5ren zu kiinnen. 
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MASSENSPEKTROMETRISCHE UNTERSUCHUNGEN ZUR 
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(Eingegangen am 7. August 1974. Angenommen am 27. September 1974) 

Zusammenfassung-Basierend auf eigenen friiheren Arbeiten wird eine Verbrennungsanordnung 
entwickelt, die es gestattet, die entstandenen Verbrennungsprodukte Kohlendloxid, Wasser und 
Stickstoff mittels eines kleinen, exponentiell abnehmenden Trggergasstromes in ein vorher evaku- 
iertes Reservoir zu treiben und dort zu sammeln. Als Triigergas dient Helium mit einem Zusatz 
von 3% Sauerstoff. Der zur Verbrennung nicht benijtigte Sauerstoff wird in einem Reduktionsrohr, 
in dem such Stickoxide reduziert werden, zuriickgehalten. Die das Reduktionsrohr mit dem Reser- 
voir verbindende Kapillare ist so dimensioniert, daD das Reservoir mit einer Halbwertszeit von ca. 
70 s gefiillt wird. Nach 8 Minuten ist der Enddruck erreicht, die Homogenitlt des Gasgemisches 
gewlhrleistet, und die Konzentratlon an Kohlendioxid, Wasser und Stickstoff wird mittels eines 
Massenspektrometers, das iiber em viskoses Einlallsystem mit dem Reservoir verbunden ist, 
durch Messung der Peakintensititen bei den Massen 44. 28, 18 und 14 gemessen. Mit Einwaagen 
von etwa 300 pg kiinnen in einer Stunde fiinf C-H-N-Bestimmungen durchgeftihrt werden. 

In Teil II’ dieser Reihe wurde gezeigt, da13 bei dynamischer Gestaltung des Verbrennungs- 
prozesses eine massenspektrometrische Bestimmung der Verbrennungsprodukte dadurch 
erfolgen kann, da13 diese mit konstanter Geschwindigkeit an einem geeigneten EinlaDsy- 
stem2 vorbei gefiihrt werden und die Intensitit eines fiir das gewghlte Verbrennungspro- 
dukt reprlsentativen Peaks integriert wird. Das so gemessene zeitliche Peakintegral ist der 
jeweils entstandenen Menge des betreffenden Verbrennungsproduktes proportional und 
der gesuchte Prozentgehalt kann-bei Kenntnis der eingesetzten Probenmenge-aus die- 
sem Peakintegral berechnet werden, wenn das gewlhlte Verbrennungsprodukt als einziges 
aus dem zu bestimmenden Element entsteht. 

Diese dynamische Methode mit Peakintegration ist, wie such van Leuwen3y4 gezeigt 
hat, nur dann zur simultanen Mehrelementanalyse (bspw. C, H, N) einzusetzen, wenn ein 
Massenspektrometer mit mehreren Ftingern und eine entsprechende Anzahl von Integra- 
toren eingesetzt werden. Damit bleibt einerseits hinsichtlich der einsetzbaren Massenspek- 
trometertypen kaum noch eine Auswahl und andererseits ist mit der Mehrfachintegration 
ein ziemlicher Aufwand verbunden. Die Vorteile eines Massenspektrometers, alle Kom- 
ponenten eines Gemischs durch Aufnahme eines Gesamtspektrums bestimmen zu kBnnen, 
werden bei dieser Methode nicht genutzt. 

Wie bereits angedeutet, erscheint eine Anordnung mijglich, welche die prinzipiellen Vor- 
teile dynamischer Methoden’ mit den spezfischen Mijglichkeiten eines Massen- 
spektrometers dadurch optimal verbindet, da13 zwar die Verbrennung dynamisch (flow- 
wise) gestaltet wird, da13 aber die Messung selbst statisch (batch-wise) erfolgt. Hierzu 
werden die Verbrennungsabgase fortlaufend einem Reservoir zugeleitet und dort gesam- 
melt. Nach dem beobachteten Ende der Verbrennung wird der Trggergasstrom abgeschal- 
tet und normierte Werte fiir Druck und Temperatur eingestellt. Nachdem die Homo- 
genittit des Gemisches gewghrleistet ist, wird der interessierende Massenbereich durch- 
fahren, und man erhllt in der Peakhiihe der gefundenen Massenpeaks ein Ma13 fir die 
Konzentration der entstandenen Produkte. Die gesuchten Prozentgehalte kiinnen aus 

* Teil IV: Talanta, 1975, 22, 345. 
t Diese Arbelt wurde als Projekt des Sonderforschungsbereichs Analytlk durchgefiihrt. Wir danken der 

Deutsthen Forschungsgemeinschaft filr die Bereitstellung der Mittel. 
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diesen Peakintensit;iten und der eingesetzten Probenmenge (Einwaage) mittels Eichfak- 
toren berechnet werden. Die Eichfaktoren werden unter gleichen Bedingungen von 
Druck, Temperatur und Volumen des Reservoirs durch Verbrennung von Testverbin- 
dungen bestimmt. 

Die hier skizzierte Methode hat vom Konzept her einige Gemeinsamkeiten mit der C- 
H-N-Apparatur von Simon et ~1.~ und deren spateren kommerziellen Versionen. Auch 
dort werden die Verbrennungsprodukte mit einem Tragergas in ein Reservoir getrieben, 
und mit der Messung wird erst nach Beendigung der Verbrennung begonnen (bei Simon 
mit Wbmeleitfahigkeitsdetektoren). Wie Foissac’ gezeigt hat, kiinnen einige Nachteile 
statischer Verfahren (Blindwerte, Memoryeffekte, Notwendigkeit einer genauen Normie- 
rung von Druck, Volumen und Temperatur, keine prazise Beobachtung des Verbrennungs- 
prozesses) auf diese Weise nicht vijllig beseitigt werden. Andererseits ist-bei massenspek- 
trometrischer Detektion-ine Simultanbestimmung vieler Elemente miiglich. und man 
kann sogar den Gehalt an verschiedenen Isotopen des gleichen Elementes in einem 
Arbeitsgang mitbestimmen. 

Die Vor- und Nachteile der statischen Arbeitstechnik halten sich also bei massenspek- 
trometrischer Bestimmung der Verbrennungsprodukte einigermal3en die Waage. Wenn es 
gelange, die Stijrungen durch Blindwerte und adsorptionsbedingte Memoryeffekte ge- 
niigend klein zu halten, kiinnten die Vorteile iiberwiegen, die darin bestehen, dal3 eine Viel- 
fachelementaranalyse auf diese Weise mit einem kleinen Einfanger-Massenspektrometer 
durchgeftihrt werden kann. Ziel dieser Arbeit ist es, nach Wegen und Moglichkeiten zu 
suchen, welche die Vorteile der statischen Methode voll zum Tragen bringen, ohne daD 
die Nachteile allzusehr in Erscheinung treten. 

MESSANORDNUNG 

In Abb. 1 ist die letzte Version der entwickelten MeSanordnung schematisch wiedergegeben. Zur Verbrennung 
wlhlten wir die bewahrten Bauelemente unseres CHN-Automaten,7s fur den inzwischen9,“’ Verbrennungstech- 
niken fur alle wichtigen Stotlklassen existieren, und der such bei extrem kleinen Probenmengen noch gute Resul- 
tate liefert.” Wie in Teil II’ dieser Reihe ausfiihrhch dargelegt, wird das in der Druckflasche DF befindliche 
Tragergas-97% Helium und 3% Sauerstoff-uber die Kapillare DK und das zur Gasreinigung erforderliche 
Absorptionsrohr AR dem Einfullteil des Verbrennungsrohres VR zugefuhrt. Hier strijmt ein Teil an der 
Einftlll%nmg EF vorbei tlber den Dreiwegehahn HE durch die Wassersaule DR ms Freie. Damit herrscht im 
geschlossenen Verbrennungsrohr immer der konstante Uberdruck h, und atmospharische Verunreinigungen, die 
durch Undichtigkeiten in diesen Teil des Verbrennungsrohres emdringen, werden iiber die Wasserslule ins Freie 
gesptilt. 

An das Verbrennungsrohr, das mit Platmwolle, Kupferoxid und Stlberwolle gefiillt ist, schliel3t sich ein mit 
Kupferstabchen (reduziertes Kupferoxid) gefiilltes Reduktionsrohr RR an. Dieses Reduktionsrohr ist ktlrzer 
(200 mm Lange) und diinner (12 mm Innendurchmesser) als die fruher’ beschriebene Version. Dadurch wird die 
sonst9*12 gewtinschte Bandenverbreiterung erheblich vermindert. Der Reflektor*-Verbrennungsofen VO hat die 
tlbliche Temperatur von 1150 K; im Reduktionsofen RO ist eme Temperatur von 750 K eingestellt. Das Reduk- 
tionsrohr endet in einem Dreiwegehahn HR. der das Reduktionsrohr entweder uber die Spiilkapillare SK mit 
der Atmosphare verbindet oder iiber die Regelkapillare RK in das Reservoir RS ftlhrt. Dieses Reservoir wud 
durch den Ofen RSO auf 750 K geheizt und besitzt ein Volumen von 100 ml. Das Reservoir ist iiber die EinlaBka- 
pillare EK mit dem Masscnspektrometer MS sowte durch das Absaugrohr AR und den Hahn HP mit emer zwei 

r-l RE 

P P 

Abb. 1. Schema der MeBanordnung 
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stufigen Drehschieberpumpe DSP verbunden. Die Regelkapillare RK 1st so dimensiomert, daB das vorher eva- 
kuierte Reservoir. wenn es tiber den Dreiwegehahn HR mit dem Verbrennungsteil der Apparatur verbunden wird, 
mit einer Halbwertszeit von 68 s gefullt wird und eine ausreichende Annaherung an den Enddruck nach 8 
Minuten (7 Halbwertszeiten = 99,2?,;) erreicht 1st. 

Vor Beginn einer Verbrennung werden die beiden Dreiwegehahne HE und HR in Sptilstellung (Verbindung 
zur Atmosphare) gebracht, das Platinschiffchen PS mit der Probe in das Einschieberohr ER gestellt und die 
Einfiilloffnung EF mittels eines Stopfens wieder verschlossen. Nach einer Sptilzeit von 10 s wird HE in Arbeits- 
stellung gebracht, und das Aufsteigen von Blasen in.der Wasserslule zeigt an, wenn der Uberdruck h (etwa 
1200 mm Wassersiiule) eingestellt ist und ein diesem Uberdruck proportionaler Trlgergasstrom von 10 ml/min 
tiber Verbrennungs- und Reduktionsrohr durch die Spiilkapillare SK ins Freie tritt. 

Wlhrend des E&fullvorgangs, der msgesamt eine Minute erfordert, ist der Hahn HP geoflnet und das Reser- 
voir wird auf emen Enddruck von etwa 05 mbar evakuiert. Nach Einstellen des Uberdrucks h wird Hahn HR 
in Arbeitsstellung gedreht und das Reservoir bei einem Druck von 2 mbar mit reinem Helium gespiilt. Nach etwa 
einer Minute wird das Untergrundspektrum abgefragt. und die vom Elektrometerverstarker EV angezeigte Inten- 
sitlt der relevanten Peaks (44, 28, 18, 14) wird von der Registriereinrichtung RE festgehalten. Als Registrierein- 
richtung wird entweder ein schneller Kompensationsschreiber oder ein digitales Voltmeter mit Drucker 
emgesetzt. Nach Registrierung diescr Werte wird die Probe mittels der Magnetstabe Fe m den heiBen Teil des 
Verbrennungsrohres eingeschoben. Kurz bevor die ersten Verbrennungsprodukte das Reduktionsrohr verlassen 
(nach 20 s) wird der Hahn HP aeschlossen, und alle Verbrennungsprodukte werden im Reservoir gesammelt. Der 
Tragergasstrom nimmt hierbei exponentiell ab (Anfangswert cu. 0,3 ml/s) und kommt nach 8 Mmuten praktisch 
zur Ruhe. In dieser Zeit bleibt das Massenspektrometer auf der Masse 44 eingestellt. und das Fortschreiten der 
Verbrennung kann am Ansteigen des Kohlendioxidpeaks beobachtet werden. 

Wie eingehende Voruntersuchungen gezeigt haben. ist bei fast allen Stotfklassen die Verbrennung nach 
wenigen Minuten beendet. und alle Verbrennungsprodukte befinden sich nach 8 Minuten im Reservoir. Wegen 
der hohen Temperatur (750 K) und des groI3en Durchmessers (20 mm) dieses Reservoirs erfordert die Einstel- 
lung der Homogenimt durch Diffusion kaum zusltzhche Zeit, und die beobachtbare Konstanz des Kohlendi- 
oxidpeaks garantiert sowohl die Vollstandigkeit der Verbrennung als such den vollstandigen Transport in das 
Reservoir sowie die Gleichverteilung in diesem. Eme VergriiBerung des Volumens des Reservoirs wtirde die 
Sicherheit erhohen, dag wirklich alle Verbrennungsprodukte im Reservoir gesammelt sind. Andererseits wiirde 
hierdurch die Endkonzentration dieser Produkte entsprechend vermindert und der EinfluB der unvermeidbaren 
Bhndwerte entsprechend erhiiht. Die gefundene Losung stellt emen KompromiB dar. der hohe Endkonzentra- 
tionen und damit hiihere Genauigkeit fur die meisten Stoffklassen garantiert. Fehlmessungen bei langsamer ver- 
brennenden Verbindungen smd als solche erkennbar. da in diesen Fallen die vorausgesetzte Konstanz des Koh- 
lendioxidpeaks nick erreicht wird. Ein Reservoir von nur 50 ml ist dagegen in fast allen Fallen zu klein, was 
sich darin dokumentiert, da13 such leicht verbrennbare Verbindungen wie Benzoeslure nicht mehr vollstlndig 
erfaBt werden. 

Acht Mmuten nach Einschieben der Probe wud die Intensitlt des Kohlendioxidpeaks U4“ abgelesen und der 
Massenscan wird eingeschaltet. Bei Durchlaufen der Massen 28, 18 und 14 werden die entsprechenden Inten- 
sitlten U’s, U’* und U14 entweder vom Registrierpotentiometer RE registriert oder vom Drucker des digitalen 
Voltmeters ausgedruckt. 

Vorversuche haben gezeigt, daB das Untergrundspektrum m allen relevanten Peaks niedriger 1st. als das Spek- 
trum das man erhalt, wenn man eine “Leerverbrennung” durchfuhrt. Zur Ermittlung dieser Leerwerte wird der 
game Vorgang, wie eben beschrieben, durchgefiihrt, ohne dal3 eine Probe eingesetzt wird. Die hierbei erhaltenen 
Spannungen UA4, UAa, Ui8 und Uz4 bilden die echten Blindwerte, die von den bei Verbrennungen gefundenen 
Intensitlten subtrahiert werden miissen, urn die gesuchten Werte zu erhalten. Aus der so bestimmten Differenz 
B/44 = U44 - U$‘wird der C-Gehah der eingesetzten Verbmdung durch Division mit der Einwaage 9 und Multi- 
p&ation mit der Apparatekonstanten ,fc berechnet. Analog hierzu ergibt sich der Gehalt an Wasserstoff aus 
U18, fH und 9. Die Apparatekonstanten fc und ,fn werden durch Verbrennung von Testsubstanzen bestimmt. 

Nimmt man zur Stickstoffbestimmung den Wert U14. so kann m gleicher Weise verfahren werden. Dieser Peak 
ist Jedoch nicht sehr intensiv, und wir untersuchten deshalb such die Moghchkeit, den Molekiilpeak bei der 
Masse 28, der aber zusltzlich durch das Kohlenmonoxidion belegt 1st. zu verwenden. Die Intensit;it dieses 
Bruchstiickions des Kohlendioxids ist unter konstanten Bedingungen der Intensitlt U44 proportional. Der Frag- 
mentierungsgrad z2s 44 kann durch Verbrennung einer stickstofffreien Verbindung bestimmt werden. Damit ergibt 
sich der Stickstoffgehalt zu: S:“. (U’a - ~2:. U4’ - Ui*)/g. 

KONTROLLERGEBNISSE 

Die optimalen Versuchsbedingungen wurden in zahlreichen Voruntersuchungen erar- 
beitet. Besonderes Augenmerk galt dabei dem zeitlichen Einstellungsverhalten des mas- 
senspektrometrischen Detektors bei sprunghaften Anderungen der Konzentration eines 
moglichen Verbrennungsproduktes. Zur Beobachtung dieser Phanomene wurde ein Ver- 
suchsaulbau konzipiert, der es gestattet, Rechteckimpulse der fraglichen Verbrennungs- 
produkte-Kohlendioxid, Stickstoff und Wasser-im Tragergas Helium an der viskosen 
EinlaDsonde vorbei zu leiten. 

Hierzu wird auf den EinlaBschliff ES (Abb. 2) des Massenspektrometers MS (Type CH 
5 der Firma Varian-MAT) ein EinlaDrohr ER gesetzt, in dem sich die nadelfijrmige &la& 

kapillare EK befindet. deren Spitze fast bis zum Ende des Schliflkerns (NS 5) reicht, der 
das EinlaBrohr abschliebt. Von diesem Schliff fl.ihrt ein kleines mit Kupferoxid geftilltes 
Oxidationsrohr OR (Lange 80 mm, Innendurchmesser 8 mm), das durch eine Heizwick- 
lung auf 750 K gehalten wird, zu einem Doppelhahn DH, der es gestattet, die EinlaBsonde 
entweder mit dem reinen Tragergas oder mit einem simulierten Probengas zu umsptilen. 
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Abb. 2. Vorrichtung ZUT Messung von Einstellzeiten. 

Die beiden Drosselkapillaren DK sind so gewzhlt, da0 der Gasstrom aus beiden Druck- 
flaschen DF je etwa OJ ml/s betrggt. 

Nach dem Umschalten von Helium auf Gemisch (95% He, 2% COz, 2% N, und 1% 
H,) beginnt der eingestellte Peak nach einer Totzeit von 4,0 s anzusteigen. 1st das Massen- 
spektrometer auf die Masse 14 eingestellt, so steigt die vom Elektrometerverstirker EV 
abgegebene Spannung U I4 sehr steil an, iiberschreitet nach 5,O s den 90’?-Wert und wird 
nach einer weiteren Sekunde stabil. Die Einstellzeit (&99’d) ist mit zwei Sekunden sehr 
gering. Beim erneuten Umschalten des Gasstromes auf Helium erfolgt, beginnend nach 
4,0 s, ein ebenso steiler Abfall des U’ 4-Wertes. 

1st beim gleichen Versuch das Massenspektrometer auf den Kohlendioxid-Molekiilpeak 
eingestellt, so bleibt die beobachtete Totzeit gleich, die Einstellzeit steigt dagegen erheblich 
an. Wlhrend der 60”/,-Wert von U 44 in einem steilen Anstieg noch nach wenigen Se- 
kundenerreicht wird, beginnt von da an ein sehr langsames Ansteigen des Signals. Erst nach 
zehn Minuten wird der Endwert erreicht. Der gleicfie Vorgang wiederholt sich beim 
“Ausschalten” des Probengasstromes und Wiedereinschalten des Trggergases; nach sehr 
grol3er Anfangssteilheit wird der Abfall des Signals sehr stark verlangsamt, und die 
urspriingliche Null-linie wird erst wieder zehn Minuten nach dem “Umschalten” erreicht. 
Stoppt man den Zustrom von Kohlendioxid zum Massenspektrometer durch SchlieBen 
des Hochvakuumventils HV, so dauert das Erreichen der Nullinie gleich lange. Die 
Ursache ftir diesen langen “Nachlauf” ist also im Massenspektrometer selbst zu suchen. 

Die beobachteten Symptome lassen sich mit einer Kondensation des einstramenden 
Kohlendioxids an der Kiihlfalle, die vor die Diffusionspumpe des Massenspektrometers 
geschaltet ist, erkllren. In der Tat verschwindet der lange Nachlauf sofort, wenn die 
Kiihlfalle nicht mit fliissigem Stickstoff gefiillt wird; der Kohlendioxidpeak wird. wie der 
Stickstoffpeak, mit einer Einstellzeit von wenigen Sekunden aufgebaut und-bei Ab 
schalten des Probengasesauch wieder abgebaut. Bei allen zukiinftigen Messungen wird 
die Kiihlfalle deshalb nicht geftillt. 

Der Massenpeak bei der Masse 28, dessen Plateau bei der eingestellten Aufliisung von 
250 sowohl vom Molekiilion des Stickstoffs, als such vom Bruchstiickion Kohlenmonoxid 
gebildet wird, zeigt bei “eingeschaltet$’ Kiihlfalle ebenfalls den langen Nachlauf; aller- 
dings ist dieses Phlnomen durch das Uberwiegen der Stickstoffintensitit stark gemildert. 
Bei ungefiillter Kiihlfalle zeigen U14, Uz8 und U44 den gleichen zeitlichen Verlauf, und 
das Massenspektrometer ist durchaus in der Lage, die gesuchten Konzentrationen in 
kiirzester Zeit anzuzeigen. 

Der Wasserpeak U , l8 der als Folge der Reaktion des im Gem&h enthaltenen Wasser- 
stoffs mit Kupferoxid ebenfalls als Rechteckbande auftreten sollte, benijtigt such bei un- 
geftillter Kiihlfalle mehrere Minuten, bis der Endwert eingestellt ist. Aus dem zeitlichen 
Kurvenverlauf kann geschlossen werden, da13 such hier eine Kondensation an “kalten” 
Oberflgchen den Nachlauf verursacht. Allerdings beginnen diese Kondensationsflgchen 
offensichtlich bereits im Normaldruckbereich unmittelbar hinter dem Oxidationsrohr OR 
und erstrecken sich iiber die ganze Zuleitung zum Massenspektrometer vom Einfiillschliff 
beginnend iiber das Hochvakuumventil HV bis in die Ionenquelle. Erst wenn die gesamte 
Zuleitung zum Massenspektrometer und die Ionenquelle selbst auf 500 K geheizt werden, 
entsteht und verschwindet der Wasserpeak mit der noch ertrgglichen Einstellzeit von 20 s. 
Dementsprechend wird bei allen splteren Versuchen die Verbindung zwischen Reservoir 
und Massenspektrometer (Abb. 1) geheizt und die Ionenquellentemperatur auf den 
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Tabelle 1. Verbrennung VonBenzoetiure 

0 19 56 
272,l 5250 5231 709 653 19.22 240 69,l 4,97 

0 20 - 57 - 
255,8 4940 4920 666 609 19.23 2,38 6992 q93 

0 20 54 
355,6 6810 6790 937 883 19,09 2,48 68,7 5.14 

0 22 59 
169.6 3269 3247 433 374 19,15 2,21 68,9 4.58 

0 19 48 
318.5 6080 6061 831 783 19,03 2,46 68,5 5,lO 

genannten Wert eingestellt. Auch dann bleiben noch geringe Memoryeffekte im Wasser- 
wert, und es empfiehlt sich, die erste Analyse einer Mel3reihe zu verwerfen, da durch das 
vorherige lange Abpumpen andere Bedingungen entstanden sind, als sie im periodischen 
Betrieb (alle 12 Minuten eine Analyse) bestehen. 

Unter den geschilderten Bedingungen erhalt man mit Einwaagen zwischen 150 und 
500 pg sehr brauchbare Kohlenstoff- und WasserstotXverte. In Tabelle 1 ist das Ergebnis 
einer solchen Testreihe wiedergegeben. Die bei zwischengeschobenen Leerverbrennungen 
gemessenen Blindwerte sind in die Tabelle mit aufgenommen. Sie zeigen eine erstaunliche 
Konstanz und werden deshalb zukiinftig nur noch in grol3eren Abstinden registriert. 

Die in Tabelle 1 aufgefiihrten Werte lassen keinen systematischen Fehler erkennen. Un- 
abhangig von der GrBl3e der Einwaage schwanken die gefundenen C-Werte mit + 0,3% urn 
den theoretischen Wert (68,8x), und such die H-Werte sind fii ein statisches Verfahren 
erstaunlich gut. 

Die Stickstoffbestimmung gelang dagegen mit dem eingesetzten Massenspektrometer 
nur unzulanglich. Einerseits war die Intensitat des Bruchstiickions U14 wider Erwarten 
gering. Wahrend iiblicherweise der Stickstotfpeak bei der Masse 14 mindestens 10% der 
Intensitat des Molektilpeaks aufweist, konnten wir mit dem Massenspektrometer CH-5 
allenfalls ein Intensitatsverhaltnis von 4% realisieren, und der Blindwert Uh” war fast 
so grol3 wie das Signal U’“. Andererseits zeigten such die bei der Masse 28 gefundenen 
Stickstoffgehalte grol3e Schwankungen. Offenbar ftihrt die doppelte Korrektur urn den 
Kohlenmonoxidanteil c& U44 und den Blindwert Ui" in Verbindung mit hohen und 
wenig stabilen Blindwerten zu diesen grol3en Streuungen. 

Wlhrend der Verbrennung wurde, wie eingangs beschrieben, die Intensitat der Masse 
44 registriert. Nach Durchlaufen eines Maximums nach 10 Minuten nahm diese 1ntensit;it 
wieder langsam ab. Diese leichte Abnahme ist auf den Gasverbrauch des Massen- 
spektrometers zurtickzufuhren, der sich-in Sptilstellung des Hahns HR-in einer entspre- 
chenden Druckabnahme dokumentiert. Wtirden, ausgehend von der Masse 44, die 
anderen Massen mittels des stetigen Massenscans angesteuert, so kiinnte dies nur sehr 
langsam geschehen, denn der Elektrometerverstarker EV hat eine Einstellzeit (O-99%) von 
nahezu einer Sekunde, und die Aufliisung kann nicht kleiner als 250 eingestellt werden. 
Wenn der Endwert jeweils erreicht werden ~011, wiirde das Durchfahren des Massenber- 
eichs von 44 bis 14 mindestens 3 Minuten in Anspruch nehmen. Wir zogen es deshalb vor, 
die gewiinschten Massen jeweils von Hand einzustellen. Dieses Verfahren ist zeitsparend 
aber mtihsam. Ein Massenprogrammwlhler wtirde eine erhebliche Erleichterung 
bedeuten. 

Zur Vermeidung der beiden im Massenspektrometertyp begrtindeten Mangel-zu ge- 
ringe Stickstoffempfindlichkeit bei Masse 14 und zu groBe Scanzeit bzw. mtihsame Mas- 
seneinstellung von Hand-setzten wir in einer letzten Version der Meganordnung das 
Massenspektrometer M 3 der Firma Varian-MAT ein. Dieses fti die Atemanalyse konzi- 
pierte GerPt besitzt ein 180”~Sektorfeld, das durch einen Permanentmagneten erzeugt wird 
und hat uier Ionenauffanger, die auf verschiedene Massen eingestellt werden konnen. Die 
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dazugehiirenden vier Elektrometerversttirker k&-men durch Einsatz entsprechender 
Arbeitswiderstgnde R der jeweiligen Mel3aufgabe optimal angepaI3t werden. Sie wurden 
von uns mit folgenden Werten bestiickt: RI4 = lO”Q. R’* = R28 = 3.1O”Q. R44 = 
10’“R. Damit erhglt man fiir N14 die gewiinschte hohe hmpfindlichkeit. GleicGeitig ist 
bei diesem Massenspektrometertyp der Stickstoff-Ionenstrom der Masse 14 nur lo-ma1 
kleiner als bei der Masse 28 und Uk4/Ui8 liegt demnach bei 30% (4% im Falle des CH-5). 
Da zudem der Stickstoffblindwert bei der Masse 14 klein und stabil ist. sind alle Vorausset- 
zungen fiir eine Stickstollbestimmung besser. 

Auch zur Bestimmung von Kohlenstoff und Wasserstoff ist das kleine Massen- 
spektrometer* besser geeignet. Alle Ionenstr6me sind bei gleichen Partialdrucken im Mas- 
senspektrometer etwa urn den Faktor 7 gr6Der. so dal3 bei den intensiven Peaks die ange- 
gebenen kleineren ArbeitswiderstBnde, die kiirzere Einstellzeiten, bessere Nullkonstanz 
und kleineres Rauschen bedingen, eingesetzt werden kiinnen. 

Tabelle 2. Verbrennungsergebmsse bei Testverbindungen 

Nr. :i 
tJ”4, 
ml/ 

u I”, 
mV 

rJ’4, 
m 1’ 

gefundene Werte 
7;c %H %N 

Fehler in abs. % 
AC AH AN 

I 
II 

III 

IV 
V 
I 
VI 

VII 
VIII 
IX 
I 

0 7 164 
448.7 3698 3101 
347,2 2901 2532 
322/l 2694 2393 
250.1 2091 1803 
321,0 2670 2255 
260,3 2166 1911 
361,7 1924 4570 
320,6 1718 4080 
219,6 1740 202 I 
213,9 2903 2509 

0 5 185 
260,7 2293 2291 
325.9 2856 2841 
219.9 913 1071 
459.6 4380 3609 
198.3 298 1169 

0 7 184 

68.2 4.86 
69.1 5.06 
69.1 5.13 
69,1 4.85 
68,s 4.83 
68,8 4.97 
44,0 9.06 
44,3 9.08 
65.4 6.21 
87.7 6,35 

41 
289 72.7 6.02 
352 12.5 6.07 
320 36.4 3.00 
351 78,9 5.55 
517 12.2 3.70 

38 

-0,6 
+0,3 
-to.3 
+0,3 
-0,l 
-0,l 
-0,l 
+0,2 
+0,4 

0 

21.1 0 
21,2 -0.2 
28.2 0 
15,o -0.2 
53.2 +0.7 

-0,09 
+0,11 
f0,18 
-0.10 
-0,12 
+ 0,02 
f0,18 
+ 0,20 
+ 0,20 

0 

- 908 
- 0,03 
-0,05 
+ 0,02 
-0.17 

0 
0 

-0,l 
-0,4 
-0,6 

I = Leerwertmessung; II = BenzoesLure C68.84’; C: 4.95:; H]; III = Pentaerythrit [44,11; 8,883; IV = Tro- 
pasHure [65,05; 6,071; V = Triphenylcarbinol [87,66; 6,191; VI = Methylbenzimidazol [72,70; 6.10: 21,19x N]; 
VII = 2,4-Dinitrophenylhydrazin [36,37; 3.05; 28,281; VIII = Azobenzol [79,09; 5.53; 15,381; IX = Nitroguani- 
din C11.54; 3.87; 53,841. 

Die Verbrennung wird unvergndert wie friiher ausgeftihrt. Am Verstgrker der Masse 44 
ist als Registriereinheit RE ein digitales Voltmeter mit Drucker angeschlossen. Wenn U44 
nach 8 Minuten stabil geworden ist, wird der anliegende Wert ausgedruckt. ober einen 
Tastenschalter werden dann nacheinander die Spannungen Uz *, U’ 8 und U l 4 an das Volt- 
meter gelegt und die anstehenden Werte ausgedruckt. Dieser MeSvorgang dauert nur 
wenige Sekunden. Anschlieljend wird wie oben beschrieben gespiilt, die neue Probe 
eingesetzt und d$ ntichste Verbrennung gestartet. Bis zu sechs CHN-Analysen kiinnen so 
in einer Stunde durchgefiihrt werden. 

Die in Tabelle 2 angefiihrten Ergebnisse zeigen die Brauchbarkeit dieser Anordnung. 
Die Blindwerte bei Leerverbrennungen sind ausreichend reproduzierbar und-verglichen 
mit den bei Proben gefundenen Ionenstriimen-so niedrig, da13 die unvermeidbaren 
Schwankungen das Endresultat nur wenig beeinflussen kijnnen. Im Falle des Kohlenstoff- 
wertes kbnnen diese Blindwerte nicht die Ursache fiir die gefundenen Abweichungen vom 
theoretischen Wert sein. Die beobachtete MeBunsicherheit von etwa f 0,3% im Kohlen- 
stoffwert ist such bei anderen Verfahren gleich grol3, obwohl dort in der Regel erheblich 
gr6Dere Substanzmengen eingesetzt werden, wodurch Wlgefehler weitgehend ausgeschal- 
tet sind und obwohl bei anderen Verfahren der Zeitaufwand meistens erheblich gr6Der ist. 

* Das GerLt M 3 wurde uns von der Abteilung fiir Pneumologie, Universitltsklimken Homburg, dankenswer- 
terweise zur Verfiigung gestellt. 
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Dal3 die erste Vollanalyse mit AC = -0,6x einen griil3eren Fehler zeigt, ist nicht a&r- 
gewijhnlich und such bei anderen Methoden im Bereich des Mijglichen, wenn, wie hier, 
eine Reihe von Leerverbrennungen vorausgegangen sind. Unerkllrlich bleibt vorerst der 
Fehler bei Nitroguanidin. Hier miiljte in entsprechenden Untersuchungen erst festgestellt 
werden, ob es sich urn eine systematische Abweichung handelt. 

Die Genauigkeit der WasserstotXverte ist fiir ein statisches Verfahren frappierend. Die 
hohe Temperatur des massenspektrometrischen Detektors und die Beseitigung aller 
kalten Stellen in der iibrigen MeDeinrichtung haben sich auDerordentlich gut bewghrt. 
Diese Erfahrung gibt uns die Hoffnung, daI3 der heimtiickische Stoff “Was&’ such im 
Zusammenhang mit anderen Analyseverfahren mittels eines massenspektrometrischen 
Detektors geniigend genau bestimmt werden kann, und dal3 insbesondere eine Isoto- 
penanalyse von “0 auf diese Weise mBglich ist. 

Die aus U14 berechneten Stickstoffwerte sind akzeptabel, wenn man von dem leichten 
Ausrutscher bei Nitroguanidin absieht. Da hier such der C-Wert etwas daneben lag, sollen 
vorerst daraus keine SchluDfolgerungen gezogen werden. Die Stickstoffgehalte wurden 
auDerdem mittels des Peaks bei der Masse 28 bestimmt. Auch diese Werte waren durchaus 
brauchbar, und die MeDunsicherheit ist kaum grijfier als bei der Masse 14. 

Die Proportionalit5tsfaktorenfC44 und f$’ wurden aus den Verbrennungsresultaten der 
Benzoe&iure berechnet. Der Stickstoff-aktor wurde mittels der Verbindung Nr. VI be- 
stimmt. Die gute absolute Genauigkeit der CHN-Werte bei den anderen Verbindungen 
beweist, daB alle gemachten Pr;imissen erfiillt sind und zeigt erneut, da13 unser viskoses 
EinlaI3system’ einwandfrei arbeitet. 

Die Grenzen der Leistungsftihigkeit der beschriebenen Apparatur werden aber sehr 
schnell iiberschritten, wenn schwer verbrennbare StolTklassen eingesetzt werden und die 
Verbrennung der Probe sich iiber mehrere Minuten erstreckt. Dann werden ngmlich die 
Verbrennungsprodukte nicht mehr vollsttindig in das kleine Reservoir iiberfiihrt. Dieses 
miil3te vielmehr ein erheblich griil3eres Volumen erhalten, und damit wtire eine entspre- 
chende Verminderung der Endkonzentration verbunden. Bei gleichbleibenden Blind- 
werten hgtte das aber einen Verlust an Genauigkeit zur Folge. Die Verwendung hBherer 
Einwaagen kBnnte einen Teil der Konzentrationsminderung wettmachen; andererseits ist 
bekannt, da13 schwer verbrennbare Stoflklassen noch am ehesten im Ultramikrobereich 
erfolgreich analysiert werden kijnnen. 

Insgesamt gesehen stellt die beschriebene statische Methode eine brauchbare Erggnzung 
des dynamischen Verfahrens’ dar. Sie gestattet bei Verwendung kleiner Massen- 
spektrometer mit hoher Partialdruckempfindlichkeit, kleinem Eigenvolumen, geringer 
Auflijsung und groDem Proportionalititsbereich insbesondere dann eine gleichzeitige Be- 
stimmung vieler Elemente such mit einem Ionenaufftinger, wenn das Massenspektrometer 
Hochspannungsscan besitzt, damit die relevanten Peaks mittels eines schnellen Massen- 
programmwBhlers abgefragt werden ktinnen. 

Eine besonders interessante und schwierige Vielfachelementaranalyse ist die Bestim- 
mung des Gehalts an Isotopen bei angereicherten organischen Verbindungen. Fi_ir derar- 
tige Bestimmungen kommen insbesondere 13C, ‘H, 1 5N und ’ 8O infrage, fir die es derzeit 
kaum brauchbare elementaranalytische Verfahren gibt. Die beschriebene Apparatur ist 
durchaus in der Lage, solche Aufgaben zu lijsen. Eine diesbeziigliche Arbeit ist in Vorberei- 
tung und wird demngchst innerhalb dieser Reihe erscheinen. 
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Summary-The following factors contribute to the total error in redox titrations with visual indi- 
cators: the end-point error (AV,), which arises from the difference between the potential of the 
equivalence point and that of the actual end-point determined by a given indicator; the indicator 
consumption error (AV,), which arises from the amount of indicator oxidized (or reduced) by the 
titrant; the irreversibility error, which is m fact a part of the indicator consumption error, arising 
from the generally uncontrolled processes connected with the irreversibility of the redox processes, 
decomposition of the reaction products, em. The first two factors can be evaluated on the basis 
of the physicochemical characteristics of all the systems involved. They contribute to the total sys- 
tematic error. The third, being not strictly controlled, in general increases the positive indicator 
consumption error, depending on such parameters as rate of titrant addition, stirring, effect of 
decomposition products on the potential, etc. 

The end-point error has been treated in the literatureip2 to some extent. In this paper 
a single equation is given which is a common expression for both oxidimetric and reducti- 
metric titrations. It is presented for symmetrical reactions of the titrant and of the titrand, 
i.e., the stoichiometric coefficients for the reduced and oxidized species of each half-reac- 
tion should be the same. Therefore the treatment is not strictly valid for such couples as 
Cr,O:-/Cr3 + or 12/II. 

The indicator consumption error has not previously been treated in detail, but only the 
sum of the two contributions to it; it is extremely difficult, if indeed possible, to caIculate 
an indicator correction in redox titrations even for reversible systems. 

SYMBOLS USED 

vm VT 
c,. CT. 
[0x1. [Red1 

E;. EOT 
EP”d 
E 
c I”d 
A 

A’ 

M. N 

volumes of the titrand and titrant, respectrvely. 
molar concentrations of titrand and titranf respectively. 
actual concentrations of oxidized and reduced forms respectively, of the species indicated by sub- 
scripts. 
formal redox potentials of titrand and titrant. respectively. 
formal redox potential of the indicator. 
potential of the titration end-point, equal to the transrtion potential of the indicator. 
molar concentration of the indicator at the end-point. 
for a one-colour Indicator, the mmimal absorbance of the solution, at which a colour is just visible 
in a layer of thickness 1 (end-point absorbance at which titration is ceased, when the initial indicator 
form is colourless). 
for a one-colour indicator, the maximum absorbance at which no colour is visible in a solution 
of layer thickness I (end-point absorbance at which titration is ceased, when the initial indicator 
form is coloured). 
for a two-colour indicator, the ratio of absorbance of the post-end-point form to the absorbance 
of the prc-end-point form of the indicator for oxidimetric and reductimetric titrations, respectively. 
This ratio 1s often assumed to be equal to 10. 
molar absorptivities of the reduced and oxidized forms of the indicator, respectively. 
absolute and reiative end-point errors, respectively. 
absolute indicator consumption error. 
total absolute titration error. 

END-POINT ERROR 

Using a treatment similar to that given by Brinkmann the end-point error may be cal- 
culated as follows. For oxidimetric titrations the following reactions may be written: 

Red, - n,e + Ox, (titrand) 
Ox, + n+ + Red, (titrant) 

rtTRedx + n,Ox, Z$ +0x, + n,Red= 

363 

(1) 
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In reductimetric titrations the following reactions occur: 

Ox, + n,e + Red, (titrand) 
Redr - +e + Ox, (titrant) 

nTOx, + fz,Redr G lrTRedx + 11,0xr (2) 

For the first case [reaction (I)] the absolute systematic end-point error in gram-equiva- 
lents of titrant is equal to the difference between the amount of the titrand and the amount 
of titrant added, in the total volume (Vr + V,). Because from the stoichiometry 

[Redr]ri, = [OxJn, (3) 

then 

C,nrAVr = ([Ox,@, - [Red,] n,) (V, + V,) 

Thus the relative error is given by 

(4) 

(TT = F = (: ,T 7’ ( [OX,]U~ - [Red,+, ) 
T TTT 

In this equation the actual concentrations of Ox, and Red, may be expressed as a function 
of the potentials which characterize the system. From the mass-balance equation for the 
titrand 

([Ox,] + [Red,]@‘, + v,) = C,l’, 

and the exponential form of the Nernst equation (for 25”) 

(6) 

W&l 
----= 

[Red,1 

*@l,iE-E’:)~0059 

the concentration of the reduced form of the titrand is given by 

[Red,] = l,,c;“V ( 1 + l(y,rL‘-E':,~ooW- 1 

T i 

From the Nernst equation for the titrant 

[Ox,] -= 

[Red,, 
~o,z,,E - E;,,OOSY 

(7) 

(9) 

and equations (3) and (7) we obtain an expression for the concentration of the oxidized 
form of the titrant: 

[Ox,] = 4cxvx J(y,'E -LylOM9. 1(yd-"!:'""59(~ + ]O,I,IE-E"low- 1 

flT(vT + vx) 

(10) 

Whentheexpressions(8)and(lO)areinsertedinequation(5),assuming that n,C,I/, = nTCTI/T 
we obtain finally: 

0T = [l(y~W%O059 _ ~O-".'"~t'l'OosY]~~ + 10-tI.w.l:IOoSY]]- 1 
(11) 

In a similar way an equation can be derived for a relative systematic end-point error 
in a reductimetric titration [reaction (2)] : 

(TT = [lo- ,,,(EGE:l.'O059 _ j0,1,(E-t:'j,'ll059 ] [I + 1(y,~E~t:'l.(I(ISY]- 1 
(13 

When in equations (11) and (12) the numbers of electrons ?rT and 11, are taken with the 
sign given in the corresponding half-reactions written in the direction in which they 
proceed, then a common expression is obtained: 

IT = [~O,IdEM;)/Oll5') _ 10,i,(E-E3WO59][~ + 10,l&E:'l,O059]- 1 
(13) 

which is equivalent to the two equations given by Brinkman. 
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Fig. 1. The relationship between the transition potential ofone-colour (I, II) and two-colour (III, IV) 
indicators and the indicator concentration m the final solution. Curves I and III correspond to 
symmetrical oxidimetric titrations, curves II and IV to symmetrical reductimetric titrations. The 
A4 and N values. as well as the A and A’ values, are indicated and were chosen as close to real 
values observed in titrations. E” is the formal potential of the reversible indicator undergoing 
a two-electron reaction. The molar absorptivities were assumed to be cO. = lo4 1. mole- ’ cm- I for 
the one-colour indicator and E,, = 104; cited = 5 x lo3 for the two-colour indicator. The depth of 

the coloured solution was taken as 5 cm. 

The potential E in equation (13) corresponds to the transition potential of an indicator 
which reacts according to the equation: 

U IndoX + nrnd e = b IndRed (14) 

The transition potential can be connected with the physical characteristics of the indicator, 
namely with the molar absorptivities, ratio of absorbances (A4 or N) at this particular point 
of the colour change, the thickness of the solution layer and stoichiometric coefficients.3 
The detailed form of such expressions depends on the type of indicator, the form of it used 
in the titration, and the type of titration. In Tables 1 and 2 the corresponding expressions 
are given for oxidimetric and reductimetric titrations respectively. When a = b = 1, they 
are significantly simplified, and for a two-colour indicator the transition potential does not 
depend on the indicator concentration. The graphical presentation of these relationships 
is given in Fig. 1 for a two-colour indicator, assuming several values of M (8, 10, 12) and 
for a one-colour indicator, assuming several values of the minimal observable absorbance 
A. Because most practical indicators may be considered as of the one-colour type, the tran- 
sition potential, and therefore the end-point potential in redox titrations depends on the 
indicator concentration in the titrated solution. This is especially significant when small 
concentrations of indicators are used. However this effect does not contribute significantly 
to the end-point error when the differences between transition potential (i.e., end-point 
potential) and the formal potentials of titrant and titrand are large. Obviously this corres- 
ponds to the case where the potential change in the titration is large and the transition 
potential is significantly different from both formal potentials in the system. The magni- 
tude of the error may be simply found from a diagram (Fig. 2).4 On this diagram the error 
is indicated as a function of n,(E - EYj/O*059 and n,(E - E$)/O*059. When both values are 
more negative than -3 the systematic end-point error always falls in the range *0.1x. 

The same diagram may also be used for simple calculation of the transition potential 
necessary to keep the error low in a given titration. For example when E; = l.OOV 
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Fig. 2. The dependence of the systematic error of the end-point in redox titrations on the potentials 
of the systems. 

(VO: +e* V02+) and E; = 0*46V (Fe2+ s Fe3+ + e, in H,PO,), the error will be 
below 0.1% when for the titrant 

n,(E - E”,)/O*059 < - 3, i.e., E < 0*82V 

and for the titrand 

n,(E - Ei)/O*059 < -3, i.e., E > 0.64 I/ 

This corresponds to the transition-potential condition 

0.64 < E < 082 

Thus diphenylaminesulphonic acid may be used in this titration, because its transition 
potential is 0.81 V. 

INDICATOR CONSUMPTION ERROR 

This error results from the fact that if the indicator is added in the same redox form 
as the titrand, it consumes an amount of titrant equivalent to the quantity of indicator 
that must react to reach the end-point of the titration. When the indicator is added in the 
same form as the titrant it reacts with the titrand in amount equivalent to its total quantity, 
but only a fraction of it is converted back into its original form at the end-point. Consider- 
ing all possibilities, six cases each for oxidimetric and reductimetric titrations may be dis- 
tinguished. The final equations are given in Tables 3 and 4, and the basis for their deriva- 
tion is shown in the Appendix. The value of the indicator consumption error may be posi- 
tive or negative. When it depends on the indicator concentration, the relationship is linear. 

TOTAL SYSTEMATIC TITRATION ERROR 

The total systematic error, being the sum of both contributions, is given by 

AI’ = AV, + A2/, (15) 
and in all instances depends on the indicator concentration. Only for two-colour indi- 
cators for which a = b is the dependence of the total systematic error on the concentration 
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Table 3. The reagent consumption error for oxidimetrlc titrations 

Indicator 
Form of added 

indicator General equation 

Av, 

Simphfied equation for a = b = 1 

one-colour 
(In&, coloured) 

one-colour 
(Im& coloured) 

one-colour 
(IndRed coloured) 

Red 

one-colour 

(IndRed coloured) 

two-colour Red 

ox 

B 
bored Chd 

a+ + hMeed 

Bl 
hM+edC,nd _ c 

I”d 
a (1~0~ + hMcRcd 

two-colour 

of the indicator linear. In the other cases the correlation is more complex. The total error 
may be decreased even to zero when the proper type and concentration of indicator are 
used, and the indicator E” value is correctly matched to the titrand-titrant system. Some 
examples of graphical presentation of AV,, AI’, and Al/ as functions of the indicator con- 
centration are shown in Fig. 3. All this is strictly valid only when a reversible indicator 
is considered, however. In the case of pseudo-reversible and irreversible indicators the 
error is as a rule greater than the calculated error. This follows from the fact that a certain 
quantity of the titrant reacts-with the indicator to give products that do not contribute 
to the end-point detection. This quantity depends on the kinetics of the indicator oxidation 
compared with that of the main redox titration reaction, the mixing of the solutions, the 
temperature, the rate of decomposition of the oxidized form of the indicator, etc. 

Table 4. The reagent consumption error for reductimetric titrations 

Indicator 
Form of added 

indicator General equation 

Ah 

Simplified equation for a = h = 1 

one-colour 
(Ind,, coloured) 

Red 
-B& 

OX 

ox B+,n, - &) B(c,n~ - &) one-colour 
(In&.. coloured) 

one-colour 
(IndR_, coloured) 

one-colour 
(IndR,, coloured) 

two-colour Red B! ._____ 

i 

uN~oI;Cl.d 

h kRcd + aNcox 

two-colour ox 

C Ind 
i 

B = (VT + V&h3 
CTflT 
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Fig. 3. The calculated relationship between the error contributions rn oxidimetric titrations and 

the concentration of the Indicator in the final solution. Ef,,, = 0.50 V, E:: = 0.3OV, E; = 0.75 V, 

nT = n, = 1, nlnd = 2,~,, = 1041. mole-’ cm- ‘, I = 5 cm. The sets of curves correspond to various 
absorbances (as indicated) of a one-colour indicator. AV = AV, + Al+ 

APPENDIX 

The basis of derivation of the equation for the indicator consumption error is given below for oxidimetric 
trtrations. For reductimetric titrations the procedure 1s similar. being based on the same prmciple. 

n. One-colour indicator, coloured form Ox,,,, added in the reduced form. When the minimal observed absor- 
bance is A. the oxidized form concentration IS [Ox,,,] = A/k,,. Thus the error is 

b. One-colour indtcator, coloured form Oxrnd, added in the oxidized form. Of the initially reduced indicator, 
only a part is reoxidtzed, the concentration of the oxidized form being the same as in case a. Therefore the error 
is negative, being the difference between the amount of oxidized form and the initial total amount of indicator. 

Av 
I 

= (VT + VA n c,.,T(6 - q 
c. Onecolour indicator, coloured form Redlnd, added in the reduced form. At the end-point the solution 

apparently becomes colourless, the absorbance being in lact A’; the concentration of unoxidrzed indicator 1s 
[Red& = .4’/Iespd. whereas that of the oxidized form is [Oxr,,] = a/b(C,,, - A’/k&. This gives the 
magnitude of the error as 

A1, 
’ ,nr& -i&l = (VT + VJ n 

d. One-colour Indicator, coloured form Red rnd, added in the oxidized form. The concentration of the reoxidized 
indicator is equal to that in case c. Because the indicator is first reduced the error is the difference between this 
and the total concentration of the indicator. Thus the error is 

Av 

I 
= _ (VT + V,) n A’ 

CT~, b kc,, 

e. Two-colour indicator, added in the reduced form. For the end-point the absorbance of the oxidized indicator 
is M times that of the reduced form 

Since the total concentration of {he indicator is the sum of both forms, the error is 
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jI Two-colour indicator, added in the oxidized form. With a similar assumption as in case e, the oxidized 
form concentration is given by 

Since the whole amount of indicator reacted initially wit) the titrand, 
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Summary-An example is outlined of the application of factorial experiment-design td the develop- 
ment of a titrimetric method, and the usefulness of such designs to analytical chemistry is discussed. 

Principles of statistical mathematics are commonly used.in investigations of the effects of 
experimental variables on the behaviour of chemical systems, and numerous textbooks are 
available, those by Davies’ and by Duckworth’ being well-known examples. Statistically- 
designed investigations are valued because they yield a relatively large amount of informa- 
tion for a given amount of effort. They give more estimates of the effects of individual vari- 
ables than do conventional (change-one-variable-at-a-time) procedures, for the same 
amount of work, and additionally give estimates of the effects of interactions between vari- 
ables (which conventional methods do not). Statistical designs are therefore commonly 
used in attempts to optimize yield and/or purity in synthetic operations at all levels of 
scale. 

This being so, it seems surprising that apparently little attention has been paid to such 
designs in optimizing experimental procedures for analytical determinations. After all, 
chemical analyses involve essentially quantitative synthesis, of whatever complexity, and 
the results of physical analyses are also susceptible to the influence of variables. Statistical 
techniques which have proved valuable outside the analytical laboratory should therefore 
at least be worthy of investigation within it. 

The standard deviation of a set of results is a measure of variation observed when a 
given procedure is replicated. In common practice, its origin is left virtually undefined as 
“experimental error.” That is to say, there is always some variation the source(s) of which 
cannot in practice be identified. It arises from unrecognized variations in sampling, in 
sample preparation or determination technique, in impurities present in samples and rea- 
gents, in speed of working, and so on. The standard deviation is a function of any, some 
or all of these. 

It may be, however, that a relatively small variation in e.g., sample acidity will make 
a greater difference to the results than some other variables taken together. The analyst’s 
real difficulty arises when, nonetheless, the variation due to acidity is small compared with 
the magnitude of the experimental results. It may be a long time before the influence of 
the acidity becomes apparent. In general, unless experimental variables likely to be of im- 
portance are carefully listed and the sensitivity of the proposed procedure to variations 
in them is carefully assessed, the results obtained may be “wrong” to a measurable degree. 

Since a statistically-designed “factorial experiment” affords such an opportunity of list- 
ing variables and examining their influence, in a systematic and revealing way, such a pro- 
cedure has been applied to an investigation of a titration system of moderate complexity, 
to obtain an indication of the usefulness of such experiments in the selection of titrimetric 
conditions. The intermediate degree of complexity arises because, while the mechanism of 
reduction of ferric iron is relatively simple, rapid, and pH-independent under the condi- 
tions used, that of oxidation of ascorbic acid involves more than one step, is relatively slow, 
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and is pH-dependent. The determination chosen may therefore be expected to be more 
sensitive to variables (and to more variables) than, say, the iron(III)/vanadium(II) reaction 
but less sensitive (and easier to interpret) than reactions in which both reactants have com- 
plicated mechanistic pathways. Doubtless, however, statistical design would be of extra 
value in unravelling the latter type of system. The design used in this investigation was 
essentially simple, involving three variables each at two values (levels). Standard texts indi- 
cate ways in which the number of variables and/or levels may usefully be increased: notes 
on these are appended to this paper. 

THE FERRIC IRON-ASCORBIC ACID SYSTEM 

A number of authors have examined the determination of ferric iron by titration with 
standard ascorbic acid solution,3-‘0 and a number of applications have been sug- 
gested. ii-l4 The reverse titration, that is the determination of ascorbic acid with standard 
ferric solution has also been investigated,15 but apparently to a much less extent. The latter 
might be of more interest than the former, for two reasons. The first is that ferric iron 
would be a cheap substitute for the iodine which is commonly used for the titrimetric 
determination of ascorbic acid. The second is that ascorbic acid solution must either be 
frequently restandardized or stored in absence of air,4 and air-stable mercurous solu- 
tions16 may be preferred for the reductimetric determination of ferric iron. 

Erdey and Bodor4 investigated the titration of ferric iron with @05M ascorbic acid, with 
potassium thiocyanate as indicator, comparing the results with those of three other titri- 
metric methods and one gravimetric method, and assessing the precision of the procedure. 
They concluded (for the titration of O*lM ferric chloride with 0.0544 ascorbic acid) that 
the results were the same at 60” and “in the cold,” and were independent of whether ferric 
solution or ascorbic acid solution was in the burette. To prevent measurable reaction of 
dehydroascorbic acid (which is produced by the ferric-ascorbic reaction) with further ferric 
ions, the authors recommended that the temperature be not above 60”, that the acidity 
be at least O.lM H+, and that the titration time be not greater than 5 minutes. However, 
they did not indicate the degree of error introduced by divergence from these conditions. 
The recommended procedure as stated by Erdey and Bodor4 provides for initial heating 
to 60” and a titration time-of less than 5 minutes, but is not sufficiently specific to guaran- 
tee an acidity of at least O.lM H+. The effect of acid concentrations above O5M H+ 
was apparently not assessed; it was only stated that no change in end-point was noted 
when the concentration of acid was less than this value. 

EXPERIMENTAL 

In order to assess the importance of temperature, Initial mineral acidity and Initial reagent concentration in 
the determination of ascorbic acid by titration with ferric solution, and to extend the investigation of Erdey and 
Bodor into the effect of these variables on the opposite procedure, 2’ factorial experiments with triplication’“.” 
have been carried out with the conditions shown m Table 1. Individual titrations were done in random orderIt’ 
in each of the triphcate runs, and the work was divided randomly between two operators (who did not com- 
municate results to one another during the work) in order to minimtze systematic errors of operators and mater- 
ials, and also any tendency to subjectivity on the part of the operators. 

Table 1. Experimental conditions Investigated for the ferric non-ascorbic acid system 

Variables investigated 

Low level 
High level 

A 

initial 
temp. 

“C 

40 
80 

B 
initial mineral 

acidity in 
flask. 

[HCl]. M 

0.1 
0.8 

C 

nominal imtial reagent 
concentration in flask, M 

0.05 
0.075 

The titrant was either 0.05M ascorbic acid or O.lM ferric alum. and 0.1 ml of O5M potassium thiocyanate 
was used as indicator; 25-ml portions were titrated. The rate of reaction was observed qualitatively, in addition 
to the recordmg of titration volumes. The titration was carried out three times for each combmation of variables, 
and the results summed for each combmation. The sums were then analysed by Yates’s table technlque.‘c.‘b The 
results and analysis of variance are presented m Tables 2-5. The ascorbic acid solution was made up freshly 
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Table 2. Experimental results and Yates analysis: titration of ascorbic acid with Fe(II1) 

Experimental Sum of 
conditions, 3 
A/B/C levels titrations, ml (1) 

10w/10wp0w 
high/low/low 
low/high/low 
high/high/low 
low/low/high 
high/low/high 
low/high/high 
high/high/high 

74.27 
74.52 
73.97 
74.07 
74.45 
74.45 
74.14 
74.21 
code: 

deduct 
74.00 

0.79 
0.04 
0.90 
0.35 
0.25 
0.10 
0.00 
0.07 

(2) (3) 

0.83 2.08 
1.25 0.42 
0.35 - 1.30 
0.07 -0.08 

-0.75 0.42 
-0.55 -0.28 
-0.15 0.20 

0.07 0.22 

(3)/4 x 3 
= effect 

0.035 
-0.108 
- OGO67 

0.035 
- 0.0233 

0.0167 
0.0183 

(3)2/4 x 3 x 2 Mean square 
= mean residual 
square (approx.) 

- 

o+-lO735 
0.074 1 
OQOO266 
0.00735 
OW327 
OGOl67 
OGO202 

1.1 
10.6 

1.1 
0.04 
0.5 
0.25 
0.28 

Titrations converted to ml of O.lM Fe(II1) us. 25 ml of 0.05M ascorbic acid. 

Table 3. Ascorbic acid in flask, calculation of residual variance and of mean square/residual ratios 

Sum of Degrees of Mean 
squares freedom (4) square 

SQ Mean 
residual 

(approx.) 

main effect 
mam effect 

main effect 
two-factor 

Interaction 
two-factor 

interaction 
two-factor 

interaction 
three-factor 

interactlon 

A 0.00735 1 
B 0.074 1 1 

C oQO735 1 

1.1 
10.6 

significant 
at 1% level 

1.1 

AB 0000266 1 

AC 0.00327 I 

as 
sums 

of 
squares 

0.04 

0.5 

BC 0.00167 0.25 

ABC 000202 1 0.28 

Remainder = 
“error” 

Sum 0.09603 7 
0.1112 16 OGO695 

( = “residual variance” uo2) 

Total 0.2072 23 

Table 4. Experimental results and Yates analysis: tltratlon of Fe(III) with ascorbic acid 

Experimental Sum of 
conditions 3 
A/B/C levels titrations, ml 

low/low/low 
high/low/low 
low/high/low 
high/high/low 
low/low/high 
high/low/high 
low/high/high 
hlghlhlghihigh 

75.22 
74.13 
75.52 
74.73 
15.29 
74.79 
75.62 
74.99 
code : 

deduct 
74.00 

(1) (2) (3) 

1.35 3.60 8.29 
2.25 4.69 -3.01 
2.08 - 1.88 I.43 
2.61 -1.13 0.17 

- I.09 0.90 1.09 
-0.79 0.53 0.75 
-0.50 0.30 -0.37 
-0.63 -0.13 -0.43 

(3M4 x 3 
= effect 

0.2508 
0.1191 
0.0141 
0x908 
0.0625 
@0308 
00358 

(3)214 X 3 x 2 Mean square 
= mean residual 
square (approx.) 

- 

0.3775 
0.0852 
oQO12 
0.0466 
0.0234 
0.0057 
00077 

11.0 
2.48 
1.35 
0.03 
0.67 
0.17 
0.22 

Titrations converted to ml of 0.05M ascorbic acid vs. 25 ml of O.lM Fe(III) 

IAL ??‘+-I1 
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Table 5. Fe(III) in flask: calculation of residual variance and of mean square/residual ratios 

Sum of 
squares 

(4 = 1) 

Mean 
square 

Mean square 
residual 

(approx.) 

main effect 

main effect 
main effect 
two-factor 

interaction 
two-factor 

interaction 
two-factor 

interaction 
three-factor 

interaction 

A 

B 
C 

0.3775 0.3775 

0.0852 0.0852 
oGO12 0.0012 

11.0 
Sigmficant 
at 1% level 

2.48 
1.35 

AB 0.0466 0.0466 0.03 

AC 0.0234 0.0234 0.67 

BC 

ABC 

Sum 
Remainder 

Total 

0.0057 0.0057 0.17 

0.0077 0.0077 0.22 

0.5473 (fjl = 7) 
0.5511 (4 = 16) 0.0344 (= residual variance u,‘) 
1.0984 (4 = 23) 

for each of the triplicate runs, and standardized with potassium ferricyanide. i’ The ferric alum solution was stan- 
dardized gravimetrically. 

The mean square/residual variance ratios shown in the right-hand columns of Tables 2-5 were tested for sig- 
nificance of the experimental variables examined, by Fisher’s variance ratio (F) test.‘c 

DISCUSSION OF RESULTS 

The investigation indicates, with better than 99% confidence, that 
(a) in the titration of ascorbic acid with ferric chloride, the effect of increase of acidity 

from 0.1 to O%MH+ (in the flask at the commencement of titration) is significant; 
it decreases the volume of Fe(II1) required; 

(b) in the titration of ferric chloride with ascorbic acid, the effect of increase of temperature 
from 40” to 80” is significant; it decreases the volume of ascorbic acid required. 

Some additional observations may also be made: 
(c) no other variable or interaction of variables gave a significant variation in results: 
(d) the titration values show that in these experiments 25 ml of 0.034 ascorbic acid were 

on average equivalent to 
(i) 24.76ml of O*lM Fe(II1) when ascorbic acid was in the flask; 

(ii) 24.99 ml of O.lM Fe(II1) when the latter was in the titration flask; 
(e) by observation, the increase of acidity in (a) reduced the reaction rate, while the in- 

crease of temperature in (b) increased it. 
These results can be discussed in terms of an outline mechanism of reaction as follows. 

Let A = ascorbic acid, B = Fe(III), C = dehydroascorbic acid, D = some further oxi- 
dation product(s) from dehydroascorbic acid, and consider the two cases I: titration of 
Fe(II1) with ascorbic acid, II: titration of ascorbic acid with Fe(II1). 

In I, during the titration, small amounts of A are added to (except near the end-point) 
relatively much B, so: 

a little A + much B + a little C (plus much B remaining) 
C may react further with B + D. 

That is to say, in the titration of Fe(III), the further oxidation of dehydroascorbic acid may 
readily be envisaged. 

In II, the situation is essentially different: 
a little B + much A --+ a little C 

but there is now negligible B present; C remains. Hence in the titration of ascorbic acid, 
further oxidation of its dehydro-derivative is unlikely. 

This model agrees with the average results in (d) (i) and (ii) above, since these show that 
a given amount of ascorbic acid reduced more Fe(II1) when further oxidation was more 
likely (scheme I) than when it was less likely (scheme II). The same results indicate that 
(on average over the experimental conditions investigated) the thiocyanate end-point gives 
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good stoichiometric equivalence when ferric iron is titrated with ascorbic acid. But this 
may be somewhat fortuitous, being compounded of incomplete oxidation of ascorbic acid 
to the dehydro-derivative together with some further oxidation of the latter [compare the 
results in (d) (i) and (ii)]. 

The same model agrees with the significance of temperature variation in the titration 
of Fe(II1). Increase of temperature would speed up the further oxidation step, and thus 
at the higher temperature a fixed amount of Fe(II1) would be reduced by less ascorbic acid, 
(as observed). In the other titration, the further oxidation step would be much less likely, 
and temperature increase would not, on the basis of the model, vary the quantitative 
amount of reduction (as observed). Additionally, in the titration of ascorbic acid, increase 
of acidity decreased the volume of Fe(II1) required, and slowed the reaction down. These 
observations may be interpreted in terms of competing equilibria and reaction rates as fol- 
lows. The slowing of reaction indicates that the ascorbic acid species involved in the rate- 
determining step is reduced in concentration at higher acidities. Although the mechanism 
of oxidation of ascorbic acid species has not been fully worked out,” if the concentration 
of the oxidizable species has been reduced, then the point at which there is a tendency 
for ferric ions to remain unreduced for sufficiently long for the titration to appear com- 
plete, will be reached earlier. Hence the end-point will be earlier (as observed). 

The lack of dependence on acidity in the titration of Fe(II1) is presumably because the 
ascorbic acid concentration will always be low anyway (up to the end-point), so the point 
at which the ferric iron apparently remains unreduced will be independent of acidity. 

Overall, the investigation bears out the recommendations of Erdey and Bodor4 for the 
titration of ferric iron, in that an initial temperature of 60” and an initial mineral acid 
concentration of about 05M in the flask (mean 0.45M in this investigation) gives good 
stoichiometry. However, it does not confirm their report of consistent titration values from 
one form of the titration to the other ; the same temperature and acidity conditions appear 
to lead to only about 99% titration of ascorbic acid at the visual end-point. The statistical 
analysis reveals a clear change of significant variable from one titration form to the other, 
not reported by Erdey and Bodor. The behaviour can be interpreted by a simple reaction 
scheme. 

ADVANTAGES OF STATISTICALLY-DESIGNED INVESTIGATIONS OF 

TITRIMETRIC SYSTEMS 

The economy of statistically-designed experiments may be demonstrated by reference 
to Table 6, which represents the eight different experiments (“treatment combinations”) 
of a 2j design, with the corresponding results (“response”) x1-x8. 

Estimates of the effect on the response due to varying A from low to high level are given 
by (x,-x,), (x4-x3), (x6-x5), (x8--x7). Therefore, a 23 design triplicated (24 titrations) gives 
twelve estimates of the effect of varying A from one level to the other (eff,). 

Now, in a conventional investigation 24 titrations would be needed to give 12 estimates 
of the effect of variable A, and (since the other variables would be kept constant over all 
twenty-four titrations) this is all the information which could be gathered. But in the statis- 
tically-designed work the same 24 titrations also give 12 estimates of eff,: (x,-x,), (x,-x,), 
(x,-x& (x,-x,), each triplicated, and 12 estimates of effc: (x5-x1), (x6-x2), (x,-x,), (x,--x,), 
also each triplicated. 

These latter effect-estimates therefore represent additional information from a given 
amount of work, compared with conventional operations. It may additionally be 
shown1d,2d that still further information is obtainable, about the effect that the level of one 
variable has on the effect of another (interactions). It therefore follows that research by 

Table 6. 

Treatment 
combination 111 hll lhl hhl llh hlh lhh hhh 

Response x1 X2 X3 X4 

1 = low level, h = high level; quoted in the order of variables A, B. C. 
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the statistical design approach is far more productive of information than is work done 
in the conventional way. 

Since the technique summarized in this paper has been applied so extensively to systems 
in which yields will inevitably be only partial (as in organic synthesis), the particular 
advantage of statistical design and analysis for the analytical chemist has apparently gone 
unrecognized. This arises because the analyst is concerned with even very small failure to 
give quantitative response, and is therefore looking for variables which will be important 
even though their proportional influence on the result is only small. In moving from one 
experiment to another, he is looking for small differences between large magnitudes. 

The construction of the Yates analysis table’c,2b is such that the value -0108 in the 
‘effect” column of Table 2 represents the average reduction in titration volume (ml) on 
raising the initial acidity. This change is relatively small (0*43%), but as it is the mean of 
twelve estimates, considerable confidence can be reposed in it. The F-test shows that this 
systematic effect of acidity is significantly bigger than the “residual error”, which is the 
“experimental error” referred to earlier, and is in fact a measure of the influence of any 
uncontrolled variables, including variability due to the operator. Variations in results 
which are comparatively small (but not insignificant to the analyst) may therefore be 
assessed with confidence, provided the variables chosen for study include all those.which 
are significant, and the operator variance is relatively insignificant. A relatively large resi- 
dual variance will indicate an unidentified significant variable and/or an imprecise opera- 
tor. 

It is suggested that factorial experiments may advantageously be used in designing ana- 
lytical procedures. 

Notes 

The design used in the present study used the minimum number of levels, on the 
assumption that any variation of response would be monotonic between the levels. A more 
generally desirable procedure is to examine at three levels (3” design”), to give the possibi- 
lity of detecting any maxima or minima in the effects of factors within the range of levels 
examined. In the present case of three examined variables (n = 3) there would be a set 
of twenty-seven treatment combinations. Triplication of the design would have led to a 
total of 81 titrations. 

In addition, it’may often be decided that there are more than three possibly significant 
variables to be investigated. With increase of variables, the number of treatment combina- 
tions rises exponentially. In general, factorial designs with replications lead to rapidly-in- 
creasing numbers of determinations as the numbers of factors and levels increase. Difficul- 
ties of this kind may be reduced in two ways, (i) by carrying out only a known fraction 
of the total design (fractional factorials), and/or (ii) by omission of replication. 

The statistical function of replication is to provide a residual (“experimental”) error 
against which the magnitudes of the systematic effects of variables may be measured. If 
this method of comparison is not available. owing to lack of replication, the effects of the 
individual factors (and of lower-order interactions in some designs) may be assessed as fol- 
lows. 

The order of an interaction may be viewed as the number of factors which must change 
together in order that a particular significant variation in response occurs. It appears that 
chemically-significant variations rarely involve the simultaneous change of several vari- 
ables (i.e., are rarely truly due to high-order interactions). It thus becomes acceptable to 
assume that effects ascribed to such interactions are in fact due to experimental error. 
Hence, in the absence of replication, the mean effect of the higher (or highest) interactions 
is used as the residual variance of the F-test.“,‘” Conversely, this technique is used to avoid 
the need for replication. 

Fractional-factorial designslgT2‘ similarly can markedly reduce the number of deter- 
minations required, at the expense only of loss of ability to measure high-order interac- 
tions. Inevitably, if only a fraction of a complete experiment is carried out, some know- 
ledge must be lost, but optimal choice of design will minimize the chance of loss of signifi- 
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cant information. The subject is too large to outline here, but the references given above 
provide a detailed account of the procedure. 
Acknowledgement-The author thanks Mr. D. Bailey for help with the experimental work and computation. 
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FOR 

Summary-The analytical capability of a d.c. capillary arc plasma, operating on argon, is de- 
scribed. Solutions containing Cd, Pb, Hg, I, As and Zn are introduced into the plasma from a tanta- 
lum-filament atomizer. Signals are observed from both the arc and the tail-flame. The problem of 
sample rejection by the hot plasma is illustrated and discussed. 

Many workers have used d.c. transferred plasmas for spectrochemical analysis of solutions, 
notably Margoshes and Scribner ’ and Korelov and Vainshtein.2 These workers used con- 
ventional pneumatic nebulizers to introduce the samples into the plasmas, which operated 
at between 15 and 20 A. However, these plasmas were rather unstable and Owen3 modified 
the design by stabilization with a tungsten electrode maintained at the same potential as 
the cathode ring. Later, Margoshes and Scribner modified the Owen design.4 The “Spectra 
Jet” described by Elliot’ had the cathode positioned to the side of the central column axis, 
so that the tail-flame, where greater line-to-background ratios should be obtainable, could 
be viewed separately. Yamamoto6 introduced another version of the plasma jet, in which 
he used a copper anode and a thoriated tungsten cathode. One disadvantage of this plasma 
was that it operated at currents in the range 2W500 A with a 23-V voltage drop. Kranz’, ’ 
described a transferred plasma in which the plasma was ejected perpendicular to the arc 
axis. The plasma operated on nitrogen at flow-rates between 5 and 12 l./min and at arc 
currents from 20 to 60 A. A stable laminar plasma about 15 cm long was obtained. Valente 
and Schrenkg have described a similar plasma that gave excellent detection limits and was 
also economical because the total flow-rate of argon was only 2.5 l./min. The capillary arc 
to be described in this paper is a further development of the transferred plasma. 

EXPERIMENTAL 

The d.c. capillary arc plasma 

The plasma unit (Applied Research Laboratories Ltd., Luton, U.K.) consists of four main parts: (i) a cathode 
block, (ii) a tantalum electrode and boron nitride insulator, (rli) a boron nitride plasma channel, and (io) an anode 
block. Both the anode and cathode blocks are made of copper and water-cooled (1 l./min). The arc operates at 
between 5 and 15 A, but instability is often encountered at below 8 A. When the arc is operating at 10 A a 50-V 
drop occurs across the arc. The anode is operated at ground potential. The arc is initiated by a short 25kV 
spark from a Tesla high-frequency coil built into the power supply. The cathode consists of a piece of tantalum 
wire (2.5 mm thick) sharpened to a point with an angle of ca. 30”. This electrode is held in place in the cathode 
block inside a screw-in boron nitride electrode holder. The electrode is held at right angles to the main plasma 
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Fig. 1. The capillary arc plasma. 
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column and the electrode chamber is flushed with argon to prevent excessive electrode wear. The anode contact 
is made with the copper body of the anode block through a 2-mm hole in the boron mtride plasma channel. 

The plasma can be viewed through the core via a quartz wmdow. When the tail-flame 1s viewed at right angles 
to the plasma core a special brass cut-away cathode block is used. The plasma unit is shown m Frg. 1, 

Flow-rates 

The arc was designed to operate on a total argon flow-rate of ca. 2.5 1. min. There are three gas flows mvolved: 
(i) the cathode flush whichoperatesat ca. 0.12 l./min, (ii) the mam plasma flow, cu. 1.1 l./min. and (iill the tangential 
sample introduction, ca. 1.4 l./min. The plasma can be operated with or without the sample flow. The effect of 
varying the flow-rates on the stability of the plasma IS discussed later. 

RESULTS AND DISCUSSION 

Sample introduction 

Commercial pneumatic nebulizers were found to be unsuitable for sample introduction 
because they operate at relatively high flow-rates (about 3 l./min of argon). In order to in- 
vestigate the use of the plasma for analytical emission spectrometry, it was decided to use 
a one-shot method for sample introduction. This method has been used previously in this 
department for a microwave plasma.” The borosilicate glass cell that was used is shown 
in Fig. 2. A serum cap was used to seal the sample introduction port, and the heating/ato- 
mizer coil was made from tantalum (li turns of 0.25mm diameter Ta wire). The tantalum 
was spot-welded onto two l-mm diameter tungsten electrodes, held in a PTFE plug. 

Platinum and tungsten were also used for heating/atomizer coils, but platinum could 
only be heated to about 1500” before it became deformed, and it melts at 1769”. Tungsten 
has a high melting point but it is easily oxidized and becomes brittle. Tantalum was chosen 
because of its high melting point (2996”) and its resistance to oxidation. The tantalum coil 
employed in these studies lasted for thousands of samples. 

The sample cell was connected to the tangential sample-introduction port with a short 
piece of nylon tubing. To operate this system the serum cap was removed from the sample 
cell and a 5-~1 aqueous sample was placed onto the tantalum coil from an Eppendorf 
pipette. A small current from a “Variac” transformer was passed through the tantalum coil 
to remove the water, followed by a larger current to atomize the sample into the argon 
stream of the plasma. 

Signal measurement 

The plasma was viewed by focusing an image of the tail-flame, or the arc-core, onto the 
slit of a modified Unicam SP900 spectrophotometer, as described elsewhere.‘O~” Tran- 
sient signals were measured on a storage oscilloscope (Telequipment Type DM53A) 
damped with a 0447-PF capacitor. Photon-counting measurements were made as before’ 1 
and integration of the transient signals was performed with a stable d.c. analogue integra- 
tor. 

Plasma stability 

In order to assess the stability of the plasma, its core was viewed through the quartz 
window. The wavelength of viewing was chosen at the 253.6-nm mercury line, with a 

t To the plasma 

I mm tungsten rod 

t 
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Fig. 2. Sample cell. 
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Table 1. Effect of argon flow-rate on precision of measurement 

Sample flow-rate, I./mln 1.42 1.65 1.85 2.1 2.4 2.7 2.8 
Rel. std. devn., Y0 0.32 0.23 0.51 0.54 1.4 1.3 1.0 

spectrometer slit-width of 0.05 mm; (i.e., a band-width of cu. 022 nm). Ten-second photon 
counts were measured over a period of several hours. The results of 79 photon counts 
showed that the maximum drift over 30 min was only 2.3%. From one photon count to 
the next the maximum drift was 1.5%. The relative standard deviation on the 79 counts 
taken was found to be 0.8%. From one photon count to the next the average “noise” on 
the signal was 055%. Longer operating times of up to 5 hr showed that the plasma emis- 
sion did not drift more than about 2%. 

EJffect of argonjlow-rates on plasma stability 

The cathode flush flow-rate did not seem to affect the arc stability, and the arc operated 
stably as long as the flush was operated at about 0.1 l./min. It was observed that high 
sample-introduction flow-rateswere responsible for plasma instability. To study the effect 
of varying the sample flow, the main plasma flow-rate was fixed at 1.06 l./min and the cath- 
ode flush at 0.125 l./min. The arc was viewed through the quartz window and sixteen IO-set 
photon counts were taken for several different sample flow-rates. The relative standard 
deviations for each set of photon counts are shown in Table 1. 

From the table, it can be seen that the arc was more stable when the sample flow-rate 
was kept below 1.7 l./min. At above 2 l./min the plasma could be heard to become more 
unstable, and was pushed over to one side of the boron nitride insulator. 

Electrode wear 

Cathode wear was found to be about 1/16in. after a whole day’s operation, and the 
plasma was easily ignited when the cathode was sharpened before ignition. Most of the 
cathode wear seemed to occur during the ignition and stabilization of the plasma, which 
normally took about 3 min. 

Optimal operating conditions 

Cadmium was chosen to optimize the plasma operating conditions, because it was easily 
volatilized off the tantalum coil, and also because it has strong emission lines in the low- 
background region of the plasma (resonance line at 228.8 nm). Initially, the arc was viewed 
by focusing an unmagnified image onto the spectrometer slit which, set to 0.1 mm, gave 
a spectral bandpass of 0.3 nm. 

Sample pow-rate 

The effect of sample flow-rate on the transient signal from 5 ~1 of 1-ppm cadmium sul- 
phate solution was investigated by varying the argon flow-rate from 1.38 to 04 l./min. All 
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Fig. 3. Graph of signal/background us. arc current for 1 ppm cadmium solution. 
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other operating parameters were held constant. The peak height of the signal on the os- 
cilloscope was not greatly affected except at low flow-rates below 0.6 l./min, when multiple 
emission peaks were obtained. 

Main plasma flow 

Variation of the main plasma flow between 0.4 and 1.5 l./min did not significantly affect 
the signal from 1 ppm of cadmium. 

The arc current was optimized by using the gas flow-rates previously determined; 5-~1 
samples of 1-ppm cadmium solutions were introduced at various arc currents between 5 
and 12 A. The signal to arc-background ratio for the 228*8-nm line was measured and plot- 
ted against arc current (Fig. 3). The graph suggested that better signals were obtained at 
lower arc currents, but the noise and instability of the arc became a problem at currents 
below 8 A. The best signal-to-noise ratios were obtained at arc currents of 10 A or more. 
It was observed that the signal from the cadmium did not vary much over the whole range 
of currents used, the increase in background emission at high currents being responsible 
for the shape of the graph. 

Heating rate of the tantalum sampling coil 

The height of the transient signal from cadmium was found to increase when faster heat- 
ing rates were used. The time for full-scale response of the damped oscilloscope was about 
0.1 sec. A heating rate to give the maximum of the peak signal after about 0.3 set was there- 
fore chosen. For the I-ppm cadmium sample, the total signal duration was about 1 sec. 

Calibration gl’aph 

A calibration graph for G25 ppm of cadmium (at 228.8 nm) was plotted from the peak 
heights of the signals on the oscilloscope. The curve was slightly convex up to about 
20ppm and much more so at higher concentrations, probably owing to the combined 
effects of self-absorption and the increase in the duration of the signal. Signals from 20- 
ppm Cd solutions were found to have a total duration of 2 set whereas those from 2-ppm 
solutions had a duration of only 1 sec. 

Precision and detection limit 

The detection limit for Cd at 228.8 nm was found to be 0.01 ppm for a 5-p sample (5 x 
lo- l1 g absolute). The detection limit calculated from signal-to-noise measurements was 

O-008 ppm (S/N = 2). Precision measurements were made on I-ppm and O.l-ppm solu- 
tions. The relative standard deviations on 40 samples were 6.5% and 11.1% respectively. 

Observation at other wavelengths 

The 361.0- and 326.1-nm lines were viewed, but no signal could be seen for loo0 ppm 
of cadmium. The signal was lost in the high background of the plasma. 

Observation of the tail-jame 

To observe the tail-flame at 90” to the plasma flow, the brass cut-away cathode was used. 
An unmagnified inverted image of the tail-flame was focused onto the spectrometer slit; 
the visible part of the tail-flame was about 05 cm long and 035 cm in diameter at its base. 
Cadmium samples were introduced into the plasma and the centre of the tail-flame was 
viewed. No emission at 228.8 nm was seen. It was soon realized that signals could only 
be observed near the edge or higher up in the tail-flame. The signal was also very depen- 
dent upon the sample flow-rate. Figure 4 shows the changing signal/background ratio 
(from lo-ppm cadmium solution) obtained by scanning across the plasma with a narrow 
vertical slit. It can be seen that the sample entered only one side of the plasma. Figure 
5 shows a plot of the signal/background ratio against height. It can be seen that large sig- 
nal/background ratios were observed at heights of 11 mm above the base of the tail-flame. 
However, at this height in the plasma the flicker noise becomes quite large. The signal/ 
noise ratio from IO-ppm cadmium solution, high in the tail-flame, was less than the signal/ 
noise ratio when the edge was viewed with the vertical slit. 
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Fig. 4. Graph of signal/background for Cd vs. position of viewing. 

Flow-rate optimization 

Figures 6 and 7 show the variation in the signal/background ratio for lo-ppm cadmium 
solution when the flow-rates were varied. The tail-flame was viewed 15 mm from its centre 
with a spectrometer slit of 0.15 mm. At low and high sample flow-rates no signal could 
be observed. It was mentioned previously that at high sample flow-rates the plasma was 
pushed over to one side of the channel. To show that the loss in signal at high flow-rates 
was not due to this effect, the tail-flame was viewed at several positions across the plasma, 
but still a signal could not be observed. 

The best viewing position for cadmium emission at 228.8 nm, using a O*l-mm 
spectrometer slit, was 15 mm from the centre of the plasma and 4 mm above the base of 
the tail-flame. Here the best signal/background ratios were observed and a detection limit 
of 0.01 ppm was obtained. 

Arc current 

The arc current was varied from 8 to 125 A and Cd was introduced. At higher currents 
better signal/background ratios were observed, and also the signal/noise ratio was im- 
proved. 

Distance above base of tall flame, mm 

Fig. 5. Graph of signal/background vs. height of observation in the plasma. 
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Flow meter reodmg 

Fig. 6. Graph of signal/background (10 ppm Cd) vs. sample flow-rate. 

Operation of the arc on the sample-jaw 

Figure 4 indicates that the sample is rejected by the hot expanding plasma gas. In an 
attempt to overcome this problem, the plasma was operated on the sample and cathode- 
flush flows only; lo-ppm cadmium solution was introduced into the plasma, but only small 
signals were recorded. 

Analysis at 326-1 and 361.0 nm 

The signal from 1-ppm cadmium solution could easily be seen at 326.1 and 361sOnm. 
The detection limits for 5~1 samples were 0.1 and 0.05 ppm respectively. Observation of 
the analytical signal in the tail-flame was considered preferable to observation through the 
arc core, because of the considerably lower continuum emission in the spectral region at 
wavelengths greater than 300 nm. 

Calibration graph for tail-flame observation 

A calibration graph for cadmium at 228.8 nm was plotted from @ 1 to 30 ppm. The graph 
was similar in shape to the arc-core calibration curve, but the convexity became very pro- 
nounced at about 10 ppm of cadmium. Another graph was constructed for results obtained 
with the transient signal integrator, which was capable of integrating the signal without 
effect from the plasma’s background emission. The output from the integrator was fed into 
a potentiometric recorder. An analytically useful curve was obtained for the range from 
0 to 500 ppm Cd, with markedly less curvature, the small amount of curvature probably 

Fig. 7. Graph of signal/background (10 ppm Cd) us. plasma flow-rate. 
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Table 2. Effect of lOO-ppm concentrations of various ions on the signal for cadmmm (1 ppm) at 228.8 nm 

Interferent 

Oscilloscope measurement 

Interference, % Comment 

Integration measurement 

Interference, y0 Comment 

Fe as FeCl, 600 
NOa as HNO, 0 
BOp as HjBOB 0 
As as NaAsO, 2000 
Sb as SbC13 400 
Si04 as Na,SiO, -30 

PO4 as HaPO, 
V as NH,VO, 

Cl as HCl 
SO4 as H,S04 
Na as NaCl 
Al as Alz(SO& 

0 
0 

-25 
-25 

0 
-30 

Broader peaks 

Narrow peaks 

Broader peaks 
Broader peaks 

300 
0 

0 
1400 
200 

-20 

0 
-40 

0 
0 

60 
0 

- 

- 

Variable 
signal 

Variable 
signal 

being due to self-absorption. The precision of this method signal measurement was estab- 
lished by using a 1-ppm cadmium solution, and the relative standard deviation for 20 sam- 
ples was 5.3%. 

Interferences 

Signals from 1-ppm cadmium solution in the presence of lOO-fold amounts of various 
interferents were measured by using the peak-height shown on the oscilloscope. Table 2 
shows the interference effects along with any comments on peak shape. The positive devia- 
tions caused by arsenic and antimony were due to spectral line overlap. The negative 
deviations caused by sodium silicate, aluminium sulphate and chloride were probably due 
to changes in the rate of volatilization from the tantalum coil. This is indicated by broader 
signals. The interference from iron cannot be explained in terms of spectral interference. 

It was thought that any interference effects due to different rates of volatilization from 
the tantalum coil would be eliminated by use of the integrator. In the case of the interfer- 
ences due to aluminium sulphate this was found to be so (see Table 2). The effect of sodium. 
silicate was somewhat reduced, but the behaviour of sodium chloride and hydrochloric 
and sulphuric acids is not yet understood. 

Determination of other elements 

The other elements investigated were arsenic, zinc, lead, mercury and iodine. The pos- 
ition of viewing the tail-flame for eaeh of these elements was optimized, and detection 
limits were measured. Theoretical detection limits were calculated from signal/noise ratios. 
Table 3 shows the detection limits, position of viewing the tail-flame and theoretical detec- 
tion limits. 

Other methods of sample injection 

To try to overcome the sample-rejection problem a high-velocity sample input was 
created by inserting a 20-gauge stainless-steel tube (06 mm bore) into the tangential 
sample-introduction port. The stainless-steel tube was connected to the sample cell and 
samples were introduced in the normal way. However, it was found that the sample did 
not enter the central regions of the plasma. 

Table 3. Analytical data for various elements in the plasma 

Element Wavelength, nm 

As 228.8 
Zn 213.8 
Pb 261.41 

Hg 253.7 
I 206.1 

Detection limit, Theoretical Position of viewing, 

PP~ (5 ~1 =wW det. lim., ppm mm 

0.25 0.25 1.5 and above 
0.25 0.2 1.5 and above 
1.5 0.7 4 and above 
1 0.7 1.5 and above 

50 14 1 and above 
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An alternative method for high-velocity sample-introduction involved injecting the 
sample along the axis of the plasma. This was performed by removing the quartz window 
and inserting a “Tufnol” plastic plate fitted with a copper sleeve, to allow introduction 
of the stainless-steel injection tube. The tube was then raised to within 3 mm of the plasma 
anode. Unfortunately the tube melted at the tip. The melting problem was overcome by 
using alumina tubing cemented to the end of a piece of 17-gauge stainless-steel tubing. It 
was possible to move this alumina tubing to within 1 mm of the plasma anode, without 
any damage being done to the injection orifice. Various tube sizes from 0.2 to @86 mm 
bore were tried and the 0.38-mm tube was found to be the best for sample injection, at 
a flow-rate of 0*4l./min. The detection limit for cadmium with this tube was about 
0905 ppm. The results, however, tended to be erratic from day to day. This was thought 
to be due to movement of the injection tube. In order to overcome this problem, a preci- 
sion racking device which allowed the capillary tube to be moved up and down inside the 
plasma channel and also across the base of the plasma, was constructed. This did not, how- 
ever, increase the reliability of the sample injection and the best position for viewing the 
cadmium emission was still at one edge of the plasma. The shape of the plasma may have 
been responsible for this difficulty. The sample was shown to enter only the side of the 
plasma opposite the anode. It was usually observed that sample injection was reproducible 
during a given run, even though not efficient. However, on restarting the arc following 
switch-off, realignment of the sample introduction tube was necessary on every occasion. 

Conclusions 

The plasma was found to be very stable and it operated for several hours with only slight 
cathode wear and negligible anode wear. Sample introduction with commercial nebulizers 
was unsuccessful because they opErated at flow-rates too high for the plasma. The plasma 
tail-flame was found to be superior to the arc-core for analysis because the background 
emission was much lower. Integration of the transient emission signals produced more 
linear calibration graphs, and also solved some of the interference problems that were due 
to the varying rates of volatilization of the sample from the tantalum filament. Saniple 
rejection by the plasma was thought to be responsible for the poor sensitivity. Several 
attempts to inject the sample into the centre of the plasma met with limited success. 

Future work 

A nebulizer/desolvation system has been constructed to permit continuous sample in- 
troduction. A detailed study of the arc has shown that continuous sample introduction 
does not, however, overcome the sample-rejection problem. Work is now in hand to 
modify the arc so that the exhaust gases may be subjected to microwave excitation to 
obtain a stable microwave plasma. Preliminary studies have been made on volatile ele- 
ments such as Zn, Hg, As and Cd. Initial results show that the detection limits are compar- 
able to those for the flame atomic-absorption technique. It is intended to extend the range 
of elements studied, to include those that are known to form thermally stable compounds 
when vaporized from aqueous solution. This work will be reported in a subsequent publi- 
cation. 
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Summary-Existing procedures for the determination of tin in organotin compounds are reviewed. 
and a new procedure is described which can be used for the rapid microanalysis of most organotin 
compounds. Wet oxidation with sulphuric acid and 30% hydrogen peroxide is followed by spectro- 
photometric determination of the extracted ternary tin(IV)+zhlorideoxine complex in chloroform. 
Time for a single determination is 20 min. and the relative standard deviation is 0.7% for l-5 mg 
of tin. On account of their volatility, methyltin compounds must be. subjected to a sealed-tube wet 
oxidation in sulphuric-nitric acid mixture. Addition of sulphamic acid after boiling to remove most 
of the nitric acid makes this compatible with the solvent extraction step. Tin present as organotm 
stabilizer in PVC samples can also be determined by this method, after destruction of the organic 
matter with sulphuric acid and 50% hydrogen peroxide. 

The interests of a group of workers in this department, all concerned with various aspects 
of tin chemistry, both inorganic and organometallic, led to the need for a rapid micro 
method for the determination of tin in a wide variety of compounds. None of the existing 
methods described in the literature seemed to meet these requirements. 

Tin in inorganic compounds is probably best determined titrimetrically with iodate after 
reduction to tin(I1) with aluminium metal under a protective atmosphere.’ This oxidi- 
metric method takes time but gives very good results on reasonably large samples. The 
obvious interferences are all those ions which undergo similar redox reactions. This 
method was not tried on the micro scale. 

Gravimetric methods for tin generally yield SnO, as the final product,’ but the precipi- 
tate used may be a chelate with a suitable organic reagent such as cupferron3 Limited ex- 
perience of such methods even on a lOO-mg scale showed them to be slow and difficult. 
For milligram amounts a gravimetric finish is not particularly convenient, and only an 
experienced operator can get good results. 

The complexometric titration is subject to several difficulties.4 Tin(I1) forms more than 
one complex, and tin(IV) hydrolyses more rapidly than it forms complexes, even around 
pH 2. Back-titrations must be used, with the EDTA in excess being added to the acid solu- 
tion of tin(IV) before adjustment of the pH, but even then care must be taken over the 
neutralization stage. 

Spectrophotometry on the other hand seemed to be a more attractive solution to the 
problem. A number of reagents form coloured complexes with tin and can be used for its 
estimation over a wide range of concentrations. The “Metallic Impurities in Organic Mat- 
ter” sub-committee of the SAC, reporting in 1967, recommended Catechol Violet for the 
determination of up to 30 pg of tin, and toluene-3,4-dithiol for the range 30-150 pg.’ A 
recent critical investigation by Engberg6 compared the spectrophotometric determination 
using quercitin, suitable for the range 30-300 pg of tin, with the atomic-absorption (AAS) 
method using the hydrogen-air flame, which was slightly less sensitive. He concluded that 
for smaller amounts of tin the quercitin method was to be preferred, but for larger amounts 
the two methods were equally good. 

The use of reagents such as those mentioned has been criticized because they are not 
specific for tin, and a preliminary separation step is therefore needed.’ The separation step 
is also desirable before the AAS determination as this is also susceptible to a number of 
interferences.6 As most of the interest has centred on the determination of trace amounts 
of tin, usually in foodstuffs, the separation step, often involving extraction of SnI, into 
toluene from a strongly acidic iodide solution, offers an additional preconcentration of the 
tin, and is no disadvantage. 

387 
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Oxine has also been criticized because of its reactivity with so many metallic ions, but 
it has a number of features which make it worthy of consideration: it is readily available 
in a high state of purity, its aqueous solutions are reasonably stable, the chelates are 
formed rapidly and are stable for long periods of time, and are usually.readily extracted. In 
some cases pHcontro1 and the use of suitable masking reagents can improve the selecti- 
vity markedly. Finally, the chelates absorb light at different wavelengths from the reagent 
itself in non-ionizing solvents, and make possible a photometric determination of the 
extracted metal ion. Eberle and Lerner took advantage of these features to determine small 
amounts of molybdenum and tin in a wide variety of steels and alloys,* by first extracting 
the molybdenum (at pH @7 where scarcely anything else is extracted) and then adding 
chloride to facilitate the extraction of tin as a ternary complex, probably SnCl,Ox,, at the 
same pH. Amounts of tin up to 50 pg were handledby the standard procedure, with 20 
ml of chloroform and measurement of the absorbance at 385 nm in a 4-cm cell. 

This method offers satisfactory precision and more than adequate sensitivity for the 
determination of tin in milligram amounts of tin compounds, and is therefore adopted for 
the determination step. The second part of the present problem involves the choice of a 
method of decomposition for the organotin compounds. 

Oxygen-flask combustion has been used for the analysis of organotin compounds,’ but 
a lengthy and involved treatment was necessary to get the tin, 80% of which was thought 
to be present as rather inert SnO,, into solution for subsequent titration. Morsches and 
Tolg” observed that recoveries of tin in an ultramicro procedure for combustion in 
oxygen were distinctly low, and experience in this laboratory showed that very little tin 
was to be found in the absorption solution, even an acidic one, after combustion in the 
oxygen flask. 

Wet oxidation by various combinations of sulphuric acid with nitric acid,“-I4 perch- 
loric acid,‘*” hydrogen peroxide (30°A16 or 50%“,i8) or potassium sulphate” have been 
advocated by many authors for the destruction of organic matter before the determination 
of tin. Goss” in 1917 used sulphuric-nitric acid mixtures for the destruction of such large 
quantities of fruit solid matter as to make possible a gravimetric finish for ppm levels of 
tin. Kirk and Pocklington mentioned difficulties encountered when larger amounts of tin 
were present,’ 4 suggesting some loss of tin by precipitation of SnO,, which occurs more 
readily when nitric acid is present. Losses of tin by adsorption onto incompletely oxidized 
organic matter were investigated by Manicke and Lauth” who found both sulphuric- 
nitric acid and potassium chlorate-hydrochloric acid mixtures to be less than satisfactory. 
They recommended the use of sulphuric acid with hydrogen peroxide, with which com- 
plete oxidation to yield a clear solution was possible, and the tin was recovered quantitati- 
vely. They showed that the addition of nitric acid to the sulphuric acid-hydrogen peroxide 
mixture did not have any deleterious effect. This is in agreement with Gorsuch’s conclu- 
sion” that the presence of nitric acid does not necessarily mean that tin will be precipi- 
tated as metastannic acid. 

Down and Gorsuch” investigated the recovery of trace elements after wet oxidation 
with sulphuric acid and 50% hydrogen peroxide. Their results showed that tin was quanti- 
tatively recovered from mixtures of cocoa and sodium chloride, i.e., that there was no loss 
by volatilization of SnCl, from the sulphuric acid solution, a possibility that had often 
been previously suggested. 21 It was pointed out that the ’ 13Sn had been added as tin(II), 
and that the chloride could possibly have been lost before the tin was oxidized. The sugges- 
tion that the oxidation of compounds containing covalently bound chlorine be studied in 
this connection has been followed up in the present work, as has that concerning the use 
of perchloric acid. 

Macdonald and Sirichanya2’ recommended the wet-oxidation of organometallic com- 
pounds with sulphuric acid and hydrogen peroxide (30%) for cases where the metal is likely 
to form insoluble oxides in the oxygen-flask combustion, but did not mention organotin 
compounds. 

A recent chapter “Analysis of Organotin Compounds”23 dismissed wet analysis in a few 
lines, saying that tin is usually determined as tin(IV) oxide after heating to dryness with 
concentrated sulphuric acid, and that the redox titrimetric method can also be used. The 
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gravimetric method described by Gilman and King in 1929,24 in which a preliminary oxi- 
dation with bromine in carbon tetrachloride was carried out to avoid losses of volatile 
organotin decomposition products, seems to have remained the method of choice, though 
many years later25 Gilman described a simplification in which gentle heating in concen- 
trated sulphuric acid without the bromine pretreatment gave satisfactory results even for 
volatile compounds. The disadvantage is of course that the method requires large sam- 
ples-200 mg is suggested. 

A fairly recent paper by Heimes and Braun’ ’ mentions some of the difficulties encoun- 
tered with the old method of Farnsworth and Pekola, and describes their solution to the 
problem-wet oxidation in a mixture of sulphuric, nitric and perchloric acids, followed 
by a complexometric titration. Their procedure (mainly the decomposition) takes quite a 
long time, and a number of factors, such as sulphate concentration and pH, have to be 
carefully controlled if accurate results are to be obtained. They point out that chloride no 
longer prevents hydrolysis of tin(IV) at pH 2, and precipitation can occur as soon as this 
pH is reached. 

It thus seemed that the sulphuric acid-hydrogen peroxide wet oxidation in a micro Kjel- 
dahl tube would be convenient and efficient for milligram samples, and that simple dilu- 
tion with addition of chloride would then enable the ternary complex to be extracted: this 
proved to be the case. 

EXPERIMENTAL 

Reagents 

Sulphuric qcid. concentrated. 
Hydrogen peroxide, 30% (lOO-volume). 
Ammonium chloride, 209/, solution, aqueous. 
S-Hydroxyquinoline solution, 1% aqueous with sufficient hydrochloric acid present to maintain solution, 
Chloroform. 
Tin metal. granulated. 

Apparatus 

Micro Kjeldahl tubes, bulb capacity 7-8 ml, and glass beads. Spectrophotometer (SP 600, Unicam) and glass 
cells (l-cm). 

Procedure 

Weigh out 58 mg of sample (to kO.01 mg) and transfer to a micro Kjeldahl tube. Add 1 ml of concentrated 
sulphuric acid, 1 ml of 30y0 hydrogen peroxide, two small glass beads, and shake gently to mix. Heat gently till 
boiling, then boil for about 5 min. I.e.. till all the hydrogen peroxide and water has been lost. The acid should 
be colourless. Let cool, then add about 1 ml ofwater and rinse with a few ml of 20% ammonium chloride solution 
into a 50-ml standard flask already containing 5 ml of ammonium chloride solution. Make up to the mark. 

Transfer an aliquot containing not more than 500 pg of tm to a lOO-ml separating funnel containing 5 ml 
of ammonium chloride solution and 25 ml of 1% oxme solution. Add 20 ml of chloroform and shake vigorously 
for 1 mm. Separate the chloroform layer and filter into a 25ml standard flask (to remove droplets of water). 
Make up to the mark. mix. and measure the absorbance at 385 nm in a l-cm cell against chloroform as a blank. 

Calibration 

Pieces of tin metal weighing 2-5 mg are taken through the whole procedure and a calibration curve plotted. 
It is linear with an Intercept of between 0.01 and 0.02 absorbance units, though the reagent blank does not give 
the same value. For routine use it is preferable to calculate the best straight line by regression analysis26 and 
then to calculate all tin values directly from the absorbance readings. 

RESULTS AND DISCUSSION 

Standards and calibration 

Stock solutions of tin can be prepared from larger amounts of tin metal but must be 
kept in 25% sulphuric acid to prevent hydrolysis and precipitation.6 As the reagent and 
the extracted species are stable and the reproducibility of the procedure are good, it is not 
necessary to repeat standards regularly once a working calibration has been established. 
The liberal use of ammonium chloride solution is to ensure that the tin is kept in solution 
when the acidity is lowered. If too much sulphuric acid has been lost during the wet oxi- 
dation, the acidity may not be sufficient to keep the tin in solution in spite of the 
ammonium chloride, and within 30 min of dilution a cloudiness will be observed. 
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The oxine concentration used is lower than that recommended by Eberle and Lerner, 
mainly so as to minimize the reagent blank. However, because the volume of aqueous 
phase taken for the extraction is smaller in this method than in the original one, the extrac- 
tion is still quantitative in one stage, and a double extraction would only increase the 
blank. 

For the calibration based on thirteen tin samples weighing between 2 and 5 mg, regres- 
sion analysis gave a relative standard deviation of the slope of 0.71%. For samples weighed 
on a semimicro balance, and a spectrophotometric finish, this value would seem accept- 
able, and it is improved by working only at the upper end of the calibration range. 

A range of organotin compounds, some also containing halogens or sulphur, was ana- 
lysed by this procedure. All were decomposed quickly and cleanly and gave acceptable 
results. Compounds containing bromine or iodine were of interest as the former could 
have suffered some losses through volatilization of SnBr, and the latter could have given 
slightly high absorbances if the corresponding iodide ternary complex were preferentially 
extracted.8 The iodine was not always lost in the wet oxidation, but the large excess of 
chloride present clearly swamped any possible interference. Amounts of iodide added im- 
mediately before the extraction step, corresponding to I: Sn mole ratios of 1: l-3: 1 caused 
no significant variation from the value obtained in the absence of iodide. 

The effect of pH, and the blank 

Eberle and Lerner chose pH 0.7 for the extraction of molybdenum and of tin, but stated 
that higher values could be used, though iron(II1) would then also be extracted. The pro- 
cedure described here gives a final pH of 0.85-1.1 in the aqueous phase, which is quite suit- 
able, and eliminates the need for any further pH control. Though in this study the pH was 
always measured, this is not necessary for routine analysis. 

A small amount of oxine is extracted even at pH 1, depending on the pH and hence 
on the original volume of sulphuric acid or the size of the aliquot extracted. The effect 
of varying the volume of acid is shown in Table 1. Over the pH range used, the variation 
in the blank is not significant. 

Application of regression analysis to results for tin metal standards, and simple extrapo- 
lation of an apparently linear graphical plot, both yielded intercepts (i.e., blanks) of around 
0.015, for several sets of results collected at different times and at different laboratory tem- 
peratures. In all analyses the calculated intercept was used and the variation with pH was 
assumed to be that shown in Table 1. 

As a final check, lo-ml aliquots of three tin solutions were taken and the recoveries were 
99.7, 100.2, and 100.0%. The variation in pH produced by the procedure seems to have 
no significant effect on the accuracy of the results. 

Interferences 

The results in Table 2 indicate that most of the commoner hetero-elements present in 
organometallic compounds are without effect on the procedure. Fluoride is said to inter- 
fere in the extraction step,* but samples of tin metal (5 mg) with solid sodium fluoride 
(about 15 mg) taken through the full procedure gave satisfactory results provided the acid 
was boiled for a few minutes longer than normal, to dispel all the hydrogen fluoride. The 
Kjeldahl tubes were of course badly attacked. 

Table 1. The absorbance blank in the absence of tin 

Sulphuric 
acid, ml 

pH of aqueous 
phase after 
extraction 

Absorbance at 385 nm 
4-cm cell 1 -cm cell 

1 I.05 0.03 1 0.008 
2 0.89 0.027 OGO7 
3 0.81 0.024 OQO6 
4 0.76 0.022 oG055 

S-ml aliquots were taken from 50 ml after dilution. 
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Table 2. Tin determinations with wet oxidation by sulphuric acid-hydrogen peroxide (30%) mixture 

Found, % 

Std. devn. No. of 
Theory, % Mean Range Rel. Abs. detns. 

Tin metal 100.0 0.9 0.6, 0.6, 13 
Triphenylvinyltin 31.5 31.5 0.25 01, 0.6 6 
Tetraphenyltin 27.8 275 0.3 0.1, 0.6 5 
Triphenylstannyl iodomethane 24.2 244 0.4 032 1.3 6 
“Hexaphenylditin”* 33.9 31.4 0.2 0.1, 0.5 4 
Triphenyltin chloride 30.8 30.6 0.4 0.42 1.5 6 

Ph,SnS 0 0 But 23.0 22.7 0.3 0.2, 1.0 6 

Tin(I1) acetate, sublimed 50.1 49.9 0.7 0.5 1.0 5 

* Also found, C = 63.3%, H = 4.9%. total = 99.6%. 

Phosphate cannot be removed by heating with concentrated sulphuric acid, and does 
interfere in the extraction step. Addition of 15 mg of disodium hydrogen phosphate to a 
5-mg sample of tin caused 50% hold-back at pH 1.0. 

Germanium does not interfere. 

Organotin compounds 

A range of solid organotin compounds yielded the results shown in Table 2. The higher 
standard deviations for some compounds would suggest some degree of inhomogeneity 
in these samples. The sample of triphenyltin chloride answers Gorsuch’s query about cova- 
lently bound chlorine-there is no loss of tin. 

Methyltin compounds 

As methyltin compounds are in general rather volatile, it was to be expected that serious 
losses might arise during the wet oxidation. This \?ras found to be so, but the variation 

in behaviour between compounds is considerable. Thus Me,Sn 
0 
0 OMe gave 44.3 and 

43.5% tin (talc. 43.8%) as well as some very low results, when the sample was put through 

the standard procedure, whereas Me$n 
0 
0 Me gave values ranging from 9.5 to 21.5% 

(talc. 46.6%). This latter compound was chosen for a number of trials involving various 
oxidation procedures. It is a viscous liquid of low volatility, and was weighed onto pieces 
of filter paper from a glass capillary. Prior oxidation with bromine in carbon tetrachlor- 
icez4 was not successful, and recourse had to be made to heating with mixed sulphuric 
and nitric acids in a sealed tube at 150” for a few hours, which was entirely satisfactory. 
The results are presented in Table 3. 

Table 3. Determination of tin in trimethyltin compounds 

Found, % 

Compound Theory, % H,SOJH,O, 
H,SOJHN03, sealed tube 

without sulphamic acid with sulphamic acid 

Me,Sn 0 Me* 
0 

46.6 14.5 9.5 46.3 47.6 45.7 

0 

21.4 10.4 47.8 46.0 
Me,Sn 0 OMet 43.8 44.3 11.2 49.9 43.9 

17.2 43.5 50.4 44.1 

* Also found, C = 47.7%. H = 6.9%. with Sn = 45.8”/, total = 100.4%. 
t Also found, C = 446x, H = 6.5x, Sn = 44.0%. Calculated C = 443x, H = 5.9%. Sn = 43.8%. 

A dimethyl compound-in fact an impure sample of Me,Sn(S 0 0 Br),-gave only 

slightly low results by the standard procedure compared with those obtained by the sealed- 
tube method and by open-tube oxidation with sulphuric-nitric acid mixture. 
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Table 4. Oxidation with sulphurrc-nitric acid mixture 

Sn. “,, 

Theory 
H,S0,‘H202 H,SO,IHNO, 

(Table :I open-tube 
H,SO,‘HNO, 

sealed-tube 
H,SO,;HNO,‘NH,SO,H 

open-tube 

Trlphenylvmyltm 

Tetraohenvltm 
Tr,phknyl&nnyl 

mdomethane 
Tnphenyltm chlonde 

Ph,SnSoBut 

Tm(l1) acetate 

Methyltm compounds 

Me,Sn(S~Brl>* 

Me,Sn(S 0 Meli 

Me,Sn(So Brli 

Me,Sn(So But)it 

315 31 5 28 4 31 5 141 
27 8 27 5 28 I 277 

24 2 244 243 23x 24 2 (41 
30 8 306 29 I 305 

23 0 22 7 225 229 

50 I 49 9 493 495 

19x XI 3 204 

300 300 

226 5 0 22 2 22 6 

24 7 247 223 253 260 24 0 

* Also found, C = 29.1%, H = 3.5”/,, S = 12.7%, Br = 30.47”; with Sn = 20.4% total = 96.1”,;. Calc. C = 
32.1%. H = 2.4x, S = 12.2%, Br = 30.5%; with Sn = 22.70;. 

t Also found, C = 5589/,. H = 7.27;. S = 13.67;; with Sn = 34.00/,,. total = 1006”, 

Oxidation with mixed sulphuric-nitric acids 

This combination effectively and rapidly oxidized all the organotin compounds investi- 
gated, but boiling for up to 30 or even 45 min was required to remove the excess of nitric 
acid and get a colourless sulphuric acid solution of the tin. A calibration based on indivi- 
dual pieces of tin metal showed a relative standard deviation of the slope of 1.7%. As these 
samples had been digested on one day and finished on the following, a second set was run 
without the delay-to minimize the possibility of any hydrolysis or precipitation of the 
tin. The relative standard deviation, for 8 samples, was then 1.5?;, and the slope was less 
than for the standard sulphuric acid-hydrogen peroxide procedure. The same compounds 
which had been used for the earlier work were also tried with this mixed acid, the appro- 
priate calibration data being used. The spread was worse, and the results were not accept- 
able (Table 4). 

It then seemed likely that residual oxides of nitrogen were responsible for the errors, 
which was confirmed by adding substantial amounts of nitrate to some solutions just 
before the extraction step, and finding no interference at all. The addition of sulphamic 
acid to the partly diluted sulphuric acid after the boil-up was found to solve the problem. 
The calibration slope under those conditions was the same as that for the sulphuric acid- 
hydrogen peroxide oxidation, and good reproducibility was obtained on the better 
organotin standards. A method was thus available for the wet oxidation with sulphuric- 
nitric acid mixture, which was compatible with the solvent-extraction step, and could be 
used for the sealed-tube oxidation of the methyltin compounds. 

Procedure for methyltin compounds 

Weigh the sample (2-5 mg), onto a piece of filter paper if it is a hqurd. and transfer to a thick-walled test-tube, 
25 cm x 18 mm diameter. Add 1 ml of concentrated sulphuric acid and I ml of concentrated nitric acid, coolmg 
briefly as the acids mix, and then two small glass beads. Draw the top of the tube down to a caprllary as descrrbed 
by Steyermark” and seal off. Place m an oven at 150” for a few hours and then allow to cool. This is con- 
veniently done batchwise overnight. switching otfat midmght. Release the pressure by heatmg the side of the 
sealed capillary with a fine-tipped flame, ” then cut off the top and boll the contents trll the yellow oxides of 
nitrogen are no longer visible in the tube. Cool, add a little water. a few ml of ammonium chlorrde solutron, and 
rinse the contents into a 50-ml standard flask containing 5 ml of the latter solutron and 5 ml of lo”, sulphamic 
acid solution. Make up to the mark. mrx, and take a suitable aliquot for extractron as before 

Other oxidants 

Sulphuric acid with perchloric acid as an additional oxidant was also tried for the wet 
oxidation. Perchloric acid alone precipitates the tin. Calibrations based on the mixed acid 
gave a slope about 5% lower than for the standard procedure. The two good organotin 
standards gave reasonable results when heated in sealed tubes with sulphuric and perch- 
loric acids, but only after boiling up with a drop or two of peroxide to decolorize the solu- 
tion. One may conclude that this combination is not ideal. 
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Table 5. Determination of tin in PVC samples-additives at 1% level (samples w 100 mg) 
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Tin found, % 

Additive 
Tin added. other method* this method Rel. std. devn., 

“1 
,O (mean). % No. of detns. 

Dioctylthlotin 0152 0.15 @16 0.130 0.009 9 
Dibutylthiotm 0.152 0.16 0.16 0.130 0.014 6 
Butyltm maleate 0,159 0.14 0.15 0.145 0.008 I 

* Decomposition in HZSOJHN03, determination by plasma-torch method. 

Organotin additives in PVC plastics 

Taubinger and Wilson2* described the sucessful destruction of various plastics by heat- 
ing with concentrated sulphuric acid to its boiling point, and then adding 50% hydrogen 
peroxide dropwise, and the procedure has received subsequent recommendation.‘7,‘8 
Such a procedure would appear entirely compatible with the extraction-determination 
steps used in this work. Moreover, for reasons of their low aqueous solubility and toxicity, 
organotin compounds with long alkyl chains rather than short ones (typically butyl or 
octyl) are frequently added as stabilizers to PVC, and these compounds may be dealt with 
by the simple open-tube sulphuric acid-hydrogen peroxide decomposition without risk of 
loss of tin by volatilization. Only the rather high chlorine content relative to the tin content 
might give some cause for concern. By courtesy of Messrs. Albright & Wilson, three sam- 
ples of PVC, each containing a different additive at around the 1% level, were made avail- 
able. Because of the low tin levels, somewhat larger samples had to be taken, but up to 
100 mg of plastic chips could be completely decomposed by this method in 1 ml of concen- 
trated sulphuric acid (with dropwise addition of 50% hydrogen peroxide) in about 10 min. 
The results are shown in Table 5. As phosphate would interfere, its absence was first con- 
firmed by a molybdenum-blue determination. Unfortunately, .since phosphate esters are 
sometimes used as plasticizers for PVC, this method for determining tin cannot be recom- 
mended as generally applicable for such samples. 

Acknowledgements-The author wishes to thank Mrs. Sandra Currie for much careful practical assistance, Dr. 
J. Wardell for always bemg willing to discuss the chemistry of organotin compounds and for providmg so many 
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Summary-The distribution ratio of MO(W) and Tc(VII) m dtfferent acid media on D-2-EHPA- 
kieselguhr was studied in batch experiments. From these data a separation procedure for Mo-Tc 
is proposed, which consists in the selective elution of Tc(VI1) and Mo(V1) by reverse-phase parti- 
tion chromatography. The D-2-EHPA-kieselguhr column can also be used as a solid phase for 
a 99mT~ generator. 

Element 43 (technetium) was discovered by Perrier and Segre in 1937 (isotopes 95T~ and 
97T~) by deuteron irradiation of molybdenum.’ At present nearly all technetium is 
obtained by separation of the element from irradiated nuclear fuel solutions as the isotope 
99Tc (fli2 = 2.12 x 10’ y) or by neutron irradiation of molybdenum in a high-flux reac- 
tor, as the isotope 99mT~ (tiiz = 6.0 hr). 

The analytical work on this element has been largely based on procedures for the extrac- 
tion of 99Tc from high-level radioactive waste. The main procedures for the separation 
of 99Tc are based on a series of sulphide precipitations and the distillation of technetium 
heptoxide,2 or on the precipitation of Tc as tetraphenylarsonium pertechnetate.’ Solvent 
extraction with trilaurylamine4 or with trioctylphosphine in cyclohexane’ and anion- 
exchange on Amberlite IRA 4006 have also been used for the recovery of fission techne- 
tium. 

The isotope 99mTc is produced mainly for application in medical diagnosis and as a con- 
venient tracer for research. 99mT~ generators have been described, based on the sorption 
of 99Mo as molybdate on ferric oxide,’ manganese dioxide,* alumina’ and pertitanic 
acid” columns from which the technetium can readily be separated. As the half-life of this 
isotope is rather short (~i,~ = 6 hr) separation techniques for the 99M099mT~ system must 
be rapid. 

EXPERIMENTAL 

Reagents 

All reagents used in this work were of commercially available analytical grade. Stock solutions of acids were 
prepared by dilution of the commercial product, and the concentration of the acid was determined by potentio- 
metric titration with standard alkali. The di-2-ethylhexylphosphoric acid was purified by Peppard’s method,” 
and its purity (>995%) checked by potentiometric titration with alkali. 99Mo (cl12 = 67 hr) was obtained as 
sodium molybdate from the nuclear centre at Mol (S.C.K.C.E.N.). Its radiochemical purity was checked by y- 
spectrometry with an NaI(T1) scintillator and a Nuclear Data multichannel analyser. 99mTc was obtained by 
eluting it from a 99mTc generator (Philips-Duphar) with a 0.5% sodium chloride solution. 

Preparution ojD-2-EHPA-kieselguhr 

Kieselguhr (12G130 mesh) was washed several times with 4M hydrochloric acid. After being rmsed thoroughly 
with doubly distilled water and dried at 100” (24 hr) the kieselguhr was treated with dimethyldichlorosilane 
in a desiccator (4 days). Subsequently di-2-ethylhexylphosphoric acid (D-2-EHPA) (30% w/w with respect to the 
kieselguhr) dissolved m chloroform was added to the kieselguhr. The chloroform was evaporated under con- 
tinuous stirring so as to yield a homogeneous distribution. The powder thus obtained was dried for 48 hr at 80 
to eliminate any traces of chloroform. 

Batch experiments 

The distribution ratios (D) of MO(W) between aqueous solutions and D-2-EHPA-kieselguhr were obtained 
by equilibrating 300 mg of the solid phase with 20 ml of the appropriate MO(W) solution, with 99Mo as tracer. 
After equilibrium was reached the solid phase was separated by centrifugation and a known amount (e.g., 2 ml) 
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Table 1. Influence of the equilibration time on the distribution ratio D of Mo(V1) in different acid media on 
D-2-EHPA-kieselguhr 

Equilibration Log D 

time, hr H,O O,lM HClO, O.lM HNOs O.lM HCl O,lM HZSO, 

0.25 
0.5 

2 
4 
6 
8 

16 
24 
48 

2.298 
2.228 
2.407 
2.494 
2,738 
2,860 
2.895 
2.975 
2.992 

2.609 
2.701 

2.45 I 2,468 2.739 2.464 
2 546 2.511 2.773 2,503 
2,742 2935 2,813 2.726 

2.8 I 1 
2.783 2.904 2,944 2.782 
2.812 2.893 2,928 2x15 
2.813 2.887 2,950 2.872 

2.908 2.962 

of the liquid phase taken for y-countmg. A similar volume of the Initial Mo(VI) solution was used for determinmg 
the total molybdenum content. 

Column runs 

Chromatographic columns (diameter 0.4 cm, height 14 cm) were prepared by evenly packing a known amount 
of D-2-EHPA-kieselguhr, and equilibrated before use by means of the appropriate solutions (e.g., 5”, sodium 
chloride, hydrochloric acid or nitric acid). The sample to be separated (MO-Tc) was adsorbed in a small volume 
on top of the column and eluted with the appropriate solution; fractions (5 drops) were collected m counting 
cups for y-counting. 

y-Countmg 

99mTc was determined by counting its 141-keV y-ray photopeak on a 3 x 3 m. NaI(T1) scintillator coupled 
to a linear amplifier, a single-channel analyser and a timer scaler 99Mo was counted in the same way after radio- 
chemical equilibrium of 99Mc+99mT~ had been reached (48 hr). 

RESULTS AND DISCUSSION 

Batch experiments 

The distribution of Mo(V1) between acid solutions and D-ZEHPA-kieselguhr was stud- 
ied in different acid media: perchloric, nitric, hydrochloric and sulphuric acids. Table 1 
shows the variation of the distribution ratio as a function of the equilibration time for the 
four acids as well as for an Mo(V1) solution in doubly distilled water. It may be concluded 
that equilibrium is reached after 8 hr in perchloric and nitric acid media and after 16 hr 
in water and hydrochloric acid media. In sulphuric acid even after 2 days equilibration 
time there is still a small increase in the distribution ratio. As Mo(V1) is known to form 
polymolybdate ions the slow adsorption of Mo(V1) on D-2-EHPA-kieselguhr may be 
explained by the slow depolymerization of polymolybdates. 

The influence of the acid concentration on the distribution ratio of Mo(V1) (24-hr equi- 
libration) depends on the nature of the acid, as shown in Table 2. At relatively low acid 
concentrations ([H’] < 2M) the distribution ratio decreases very rapidly with increasing 
acid concentration. At acid concentrations above 2M the distribution ratio continues to 

Table 2. Influence of concentration and nature of the acid on the distribution ratio (D) of Mo(V1) on 
D-2-EHPA-kieselguhr 

Acid concentration, D 

M HClO, HN03 HCl H,SO, 

649 769 
375 546 
290 258 
278 187 
364 
606 307 

2950 
384 

849 660 
374 902 
245 413 
171 226 
141 136 
58 83 

7 61 

4 
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Fig. 1. Separation of M+Tc mixture on a D-2-EHPA-kieselguhr column (diameter 0.4 cm, height 
14cm): elutlon with 5% NaCl [Tc(VII)] and with 9M HCI [MO(W)]. y-counting: (--) immedi- 

ately after collecting the sample (5 drops); (-.-.-) after 2.5 hr; (-p--) after 19 hr. 

fall for hydrochloric and sulphuric acid media, while in nitric acid solutions there is a 
moderate and in perchloric acid a marked increase in these values. 

The increase of the D values at high nitric and perchloric acid concentrations is caused 
by the influence of these acids on the protonation and depolymerization equilibria of poly- 
meric oxy-cations, e.g., Mo,O:+, MoaOi+, while the steady decrease in D for hydro- 
chloric and sulphuric acid media can be explained by the formation of non-extractable 
anionic complexes of the molybdenyl ion (Moo:+) with Cl- or HSO,.’ l-r5 

Batch experiments on the adsorption of pertechnetate on D-ZEHPA-kieselguhr 
showed that there was no adsorption of technetium under the same experimental condi- 
tions. 

Column separation of MO and Tc 

From the data obtained in batch experiments it may be concluded that it should be 
possible to separate a mixture of MO and Tc on D-2-EHPA-kieselguhr columns by selec- 
tive elution of both ions. The experimental procedure is as follows. A small sample (05 ml) 
of a 99M099”‘T~ tagged solution of Mo(V1) in @lM hydrochloric acid is adsorbed on 
top of a D-ZEHPA-kieselguhr column. The column is eluted successively with 3 ml of 
5% sodium chloride solution and with 8M hydrochloric acid. 

Fractions (5 drops) are counted immediately after collection. The results given in Fig. 
1 show two peaks corresponding to the selective elution of Tc and MO. As the y-activity 
of the first peak (elution with 5% sodium chloride solution) decreases on recounting the 
samples 2.5 and 19 hr after elution, this peak can be identified with the elution of Tc(VII). 
The increase of the y-activity of the second peak (elution with 8M hydrochloric acid) cor- 
responds to the growth of 99”Tc by the /? decay of 99Mo in these fractions. This agrees 
with the distribution data obtained in the batch experiments. 

The radiochemical purity of the pertechnetate fractions was checked by following the 
radioactive decay curve of the 99mT~ isotope. The half-life of 99mT~ obtained by least- 
squares analysis was 6.07 hr, which agrees very well with the literature value. 
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Fig. 2. Sorption of M+Tc on a D-2-EHPA-kieselguhr column (diameter 0.4 cm, height 14 cm) and 
elutlon with O.lM citric acid. y-counting: (--) immediately after elution; (----) after 2 days. 

The separation of Mo-Tc mixtures, adsorbed on D-ZEHPA-kieselguhr columns with 
other eluting agents such as nitric, perchlorid;’ sulphuric and hydrochloric acids at con- 
centrations up to 3M, was studied. In these cases Tc(VI1) is eluted in a very small volume 
(- I ml) while Mo(V1) stays on the column. The same result is obtained in eluting with 
03M phosphoric acid. 

The adsorption of MoTc from O.lM hydrochloric acid on D-ZEHPA-kieselguhr and 
elution with citric acid (O.l-1M~ results in incomplete separation. The data in Fig. 2, 
obtained by counting immediately after separation (solid curve), show that Tc(VI1) is easily 
eluted although the curve has a long tail. This corresponds to fractions containing some 
Mo(VI), the elution of which overlaps that of Tc(VI1). This break-through of Mo(V1) was 
proved by recounting the sample 2 days after the elution: the peak corresponding to pure 
99mTc disappeared, and a new peak corresponding to the 99Mo appeared. 

Adsorption of Mo-Tc on the column and elution with 0.5M ammonium hydrogen phos- 
phate results in a single peak, containing both MO(W) and Tc(VII). 

D-2-EHPA-kie~lgu~ should be a suitable column material for a “Tc generator. 

CONCLUSION 

The batch experiments on the adsorption of 99Mo-tagged Mo(V1) on D-2-EHPA-kie- 
selguhr have shown the distribution ratio to be dependent on the nature and the con- 
centration of the acid solution. The increase in the D values in fairly concentrated perch- 
loric and nitric acid media ([H’] 2M) is explained by the influenee of the proton in the 
depolymerization of polymolybdic acid. In concentrated hydrochloric and sulphuric 
acid media the formation of molybdenyl chloride and molybdenyl bisulphate or sul- 
phate complexes results in a steady decrease of the distribution ratio. 

The experiments with Tc(VII) have shown that this element is not absorbed on D-2- 
EHPA-kieselguhr under the same experimental conditions as Mo(V1). 

The column runs have shown that D-2-EHPA-kieselguhr can be used for an easy and 
rapid separation of MO and Tc. It may be concluded that D-2-EHPA-kieselguhr can be 
considered as an appropriate column material for a 99”Tc generator. 
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Summary-A simple visual tltrimetric procedure 1s proposed for the catalytic determination of 
osmium, based on the arsenic(IIIhbromate reactlon. A detailed kinetic study of the catalytic reac- 
tion allows a mechanism to be proposed and optimum conditions for analysis to be selected:The 
analytical method has a detection limit of lo-“ ppm osmium and possesses a higher degree of free- 
dom from Interference by ruthenium than other similar systems. 

Although the analytical determination of osmium is not a common problem, it is 
required iri a number of industries for the analysis of ores, concentrates and metal alloys, 
etc. Since osmium is usually present in such materials at low concentrations, methods with 
reasonable or high sensitivity are required. In addition, osmium is usually p’resent in as- 
sociation with other platinum metals and in this case, methods are also required to have 
high selectivity. The poor selectivity of many existing techniques has necessitated the de- 
velopment of adequate separation procedures. Osmium and ruthenium are quite easily 
separated from other metals, since both form volatile tetroxides which can be distilled into 
suitable collecting solutions from solutions containing one of a number of oxidizing 
agents. It is also possible to separate osmium from ruthenium by selective oxidation/distil- 
lation procedures.’ Separation of osmium from other noble metals, particularly ruth- 
enium, is an essential pre-requisite of all spectrophotometric methods.’ The available spec- 
trophotometric methods are also not very sensitive; few published methods have detection 
limits lower than about 05 ppm. Determination of osmium at even the I-10 ppm level in 
solid materials will, therefore, usually require preconcentration as well as separation of the 
osmium. Newer techniques such as atomic-absorption spectrometry also lack sensitivity 
for osmium and are by no means free from interference. 

The disadvantages of other techniques have led to the development of a number of cata- 
lytic procedures for the determination of osmium, and the available methods have recently 
been reviewed.’ Catalytic methods are very sensitive,3,4 methods for osmium often attain- 
ing detection limits of the order of 10-4-10-5 ppm.2 The most commonly described 
method for the catalytic determination of osmium is based on its catalysis of the cerium 
(IVtarsenic(II1) reaction. 5-7 The only other catalysts for this reaction are iodide and 
ruthenium, and the effect of iodide can be easily masked with mercury(II).’ Ruthenium, 
however, remains a serious source of interference, since on a molar basis it is five times 
more active as a catalyst than osmium. 8,9 In devkloping a method for the determination 
of ruthenium, based on this reaction, Surasiti and Sandell* described methods for separat- 
ing ruthenium from osmium, based on distillation of the tetroxides. 

In attempting the determination of osmium and ruthenium in mixtures by use of cata- 
lytic methods without prior separation of the elements, two approaches are possible. The 
kinetic rate equations of the ruthenium and osmium-catalysed arsenic(III~erium(~) 
reactions exhibit different dependencies on reagent concentrations.s*9 It was pointed out 
by Habig et cd9 that the catalytic activities of osmium and ruthenium would vary in a 
different way with variation in reaction conditions. It is therefore possible to determine 
osmium and ruthenium in mixtures by carrying out measurements under two sets of condi- 
tions and computing the analytical results from a knowledge of the kinetic parameters. 
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Such a procedure was subsequently described by Worthington and Pardue.” The second 
approach involves the use of one reaction exhibiting greater selectivity towards osmium 
and a different reaction with greater selectivity for ruthenium. In Part I of this series’ ’ 
it was reported that osmium tetroxide was a highly effective catalyst for the reaction of 
arsenic(II1) with potassium bromate and that a number of other species, including ruth- 
enium, showed no catalytic effect during a titration of arsenic(II1) with potassium bromate. 
In the arsenic(IIIkbromate reaction, no reactant or product species can be conveniently 
monitored spectrophotometrically and a polarographic procedure was developedI to fol- 
low the reaction for the catalytic determination of osmium. Polarography is not a particu- 
larly convenient or simple method for carrying out such an analysis and we have now 
established a simple kinetic technique, based on visual titration, for carrying out a highly 
selective determination of osmium by using the arsenic(IIIkbromate reaction. The pro- 
posed technique is described in this paper, together with a kinetic investigation of the 
reaction, which allowed the selection of the most suitable analytical conditions and 
also provided some useful data for comparison with the analogous osmium-catalysed cer- 
ium(IVkarsenic(II1) reaction. 

Reuyents 
EXPERIMENTAL 

All reagents were of analytical-reagent grade and were used without further purification. The following stock 
solutions were prepared. 

Osmic acid, 7.8 x lo- 3M in 2.OA4 perchlorlc acid. 
Arsenious oxide, O.OlM. 
Potassium bromate, 0.W. 
Potassium hydrogen carbonate, 1M. 
Iodine, approx. O.OOlM, in aqueous potassium iodide solution. 
Sulphuric acid, 2.0M. 
Perchloric acid, 2,OM. 
Sodium perchlorate, 1,OM. 
BDH iodine indicator. 

Osmic acid, arsenic(II1) and potassium bromate solutions were prepared and standardized as described pre- 
viously.11.13 Acid solutions were standardized by titration with sodium carbonate, and sodium perchlorate solu- 
tion was standardized by drying an aliquot to constant weight. Iodine solutions were standardized with the 
arsenic solution in a blank experiment, as will be described. 

Procedures 

Kinetic investigations. The osmium-catalysed arsenic(IIIbbromate reaction was followed by adaptation of a 
method used previously,13 which consisted of quenching an aliquot of the reaction mixture in bicarbonate buffer 
and titrating with iodine the arsenic(III) remaining. 

Glass tubes of about 200 ml capacity were used as reaction vessels. In one tube were placed 100 ml of solution 
containing the required amounts of arsemc(III), osmium(VIII), perchloric acid and sodium perchlorate. In a 
second tube was placed 25 ml of solution containing the required amount of potassmm bromate. The tubes 
were maintained at 2500 k 0.05” in a water-bath for 10 min. and then the reaction was started by rapid mixing 
of the contents of the tubes. Transfer from one tube to the other three times ensured thorough mixing. Zero 
time was taken to be the time of first transfer. Aliquots (10 ml) of the reaction mixture were removed at 0.5 or 
l.O-min intervals as required, by using a fixed-delivery plunger-driven dispenser of grade-A precision. The ah- 
quots were dispensed into separate tubes containing 10 ml of bicarbonate quenching solution. Each ahquot was 
then titrated with iodine solution (BDH iodine indicator), to determine the residual arsenic(W), Zero-time condi- 
tions were simulated by using a blank reaction mixture containing no osmium, and a corresponding Iodine 
titration value obtained. 

Determmation ofosmium. The kinetic mvestlgations to be described indicated the most sultable conditions for 
the routine determination of osmium. Provided that the initial concentration of bromate ion is greater than or 
equal to the concentration of arsenic(III) and a working pH of between 2 and 3 is chosen, then a simple fixed-time 
quenching and titration procedure can be used to give a linear calibration for osmium at the lo- *M level. Under 
these conditions the rate of reaction is independent of bromate ion concentration and, for practical purposes, 
is insensitive to small changes m hydrogen ion concentration. The only reagent which has to be added in precisely 
controlled amounts 1s therefore arsenic(II1). For the analytical method, sulphuric acid was substituted for perch- 
lorlc acid for pH control. The procedure adopted was as follows. 

Dilute, where necessary, the stock reagent solutions to the followmg concentrations: potassium bromate. O.lM; 
sulphuric acid, 0.3M; osmic acid, 1.25 x lo-‘MM; arsenic(III), 2.0 x 10e3M; iodine -5 x 10e4M: potassium 
bicarbonate, 1M. 

Transfer 2 ml of potassium bromate solution, 2 ml of sulphurlc acid and an appropriate ahquot of osmlc acid 
solution to a 50-ml standard flask, dilute to the mark with distilled water and mix. Pipette 10 ml of this solution 
into a clean dry boiling-tube, and into a similar tube pipette 10 ml of arsenic(II1) solution. Maintain both tubes 
m a temperature-controlled water-bath at 25.00 f 005” for 10 min. MIX the reactants by carefully pouring the 
contents of one tube into the other and back again twice to ensure thorough mixing. Replace both tubes in the 
water-bath. Exactly 3 min (or longer if required) after mixing, dispense 5 ml of bicarbonate quenching solution 
into each tube. Rinse the contents of both tubes mto a 250-ml conical flask, add iodine indicator. and t&ate 
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with iodine. Carry out a blank determination with osmium absent and obtain the iodine volume, Vs. for the unca- 
talysed reaction mixture. Let the volume of iodine needed in the presence of osmium be Vc; plot a calibration 
curve of log(V,/Vc) us. osmium concentration, IX., the usual calibration curve for the fixed-time method using 
pseudo first-order reactions. r4 The blank titration allows the use of iodine solution concentrations of any value 
near the recommended value without standardization. 

Kinetic studies 
RESULTS AND DISCUSSION 

The stoichiometry of the reaction between bromate and arsenic(II1) can be represented 

by 
BrO,- + 3As(III) + 6H+ -+ Br- + 3As(V) + 3Hz0 (1) 

It was pointed out in Part I” that, in the absence of catalysts, this reaction is extremely 
slow. However, provided that the pH is below 35, very small amounts of osmic acid bring 
about a considerable increase in the rate of reaction. It is well known13 that chloride and 
bromide also act as catalysts for reaction (1) by the intermediate generation of bromine 
or chlorine : 

BrO; + 6H’ + 5Br- + 3Br, + 3H20 (2) 

As(II1) + Br, + As(V) + 2Br- (3) 

The rate of this two stage oxidation of arsenic(II1) is controlled by the rate of generation 
of bromine by reaction (2), and the rate law is then of the form13 

-d[As(III)] d[Br,] 

dt 
= ~ = k, [BrO;] [H’]” [Br-] 

dt 
(4) 

The rate of this reaction above pH 1 is too slow for titration purposes and appears to 
be insignificant above pH 2 owing to the dependence on the square of the hydrogen-ion 
concentration. 

In the osmium-catalysed arsenic(IIIbbromate reaction, bromide ions will be produced 
according to the stoichiometry of reaction (1) and will also catalyse the reaction at a rate 
given by equation (4). This, however, will only be significant below pH 2. In studying 
the osmium-catalysed reaction we have therefore identified two separate conditions under 
which different overall rate equations apply, one for which bromide makes a significant 
and increasing contribution to the rate of reaction (pH < 2), and the other for which bro- 
mide makes no effective contribution (pH > 2). 

Rate equation at pH < 2. In all the kinetic studies, bromate was taken in large excess 
over the arsenic(III), and at pH < 2 the concentrations of both bromate and hydrogen ion 
remain effectively constant during the reaction. The stoichiometry of reaction (1) indicates 
that for every three moles of arsenic(II1) oxidized, one mole of bromide is produced. If 
[As(III)], is the initial concentration of arsenic(II1) at t = 0 and [As(III)], is the con- 
centration at any time t, then the bromide concentration at time twill be given by 

[&-I 

t 

= CA@Ulo - CWWI, 
3 (5) 

Even though extra bromide is subsequently produced from reduction of bromate by reac- 
tions (2) and (3), the stoichiometry is such that equation (5) is still obeyed. The rate of 
the bromide-catalysed reaction will, therefore, be given by equation (4), in which [Br-] 
is substituted according to equation (5). If it is assumed that the osmium-catalysed reaction 
is first order in arsenic(II1) and first order in osmium then the overall rate of reaction at 
any time t, at pH < 2, will be given by 

- d[As(III)] 
= kr [As(III)], [OS] + k2 [BrO;] [H’]’ CAs(Wl, - CWIWI, 

dt 3 > 

t61 

The form of the second term in this rate equation is well established13 and a value for 
k2 of 2.72 13. molee3. set- ’ was obtained under the conditions used in this study at 25”. 
The form of the first term is, however, assumed and can be tested by investigation of equa- 
tion (6) under a wide variation of conditions of arsenic(III), bromate, hydrogen ion and 
osmium concentrations. 
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Table 1. Values of k, at 25 k 0.05”C. calculated from equation (7) (kz = 2.72 13. mole-’ set- ’ at 25°C) 

Bromate 
x IO2 

Initial concentrations of reagents. M k 
Arsenic(W) Perchloric Osmium(VII1) 1.mo1e-:‘.s& 

x 10’ acid, x 10 x lo* x lomx 

*2.0 *1.2x *0.64 *1.63 I ,88 
1.6 1.28 0.64 1.63 1.80 
1.0 1.28 0.64 1.63 1 74 
0.8 1.28 0.64 1.63 1.92 
2.0 2.56 0.64 1.63 I.98 
20 1.92 0.64 1.63 1 90 
2.0 0.96 0.64 1 63 I.85 
2.0 0.64 0.64 1.63 1.81 
2.0 1.28 1.92 1.63 1.97 
2.0 I.28 1.28 1.63 1.79 
2.0 1.28 0.96 1.63 1.88 
2.0 1.28 0.32 1.63 1.75 
2.0 1.28 0.64 3.26 2.00 
20 1.28 0.64 2.44 1.86 
2.0 I.28 0.64 1 22 199 
2.0 1.28 0.64 0.82 1.81 

Typlcal results under conditions marked * above: 
t, WC 60 90 120 150 180 210 240 300 360 420 
k, x 10m5, I.molr-‘.sec-’ I;80 1.79 1.84 1.82 1.81 1.99 1.90 1.98 1.92 1.96 

If a single rate-determining step in the osmium-catalysed reaction is assumed. then the 
available concentration of osmium will be constant and equal to the total concentration 
of osmium present. The concentrations of bromate and hydrogen ion are also constant, 
as is [As(III)], during any specific experiment. [As(III)], is, therefore, the only variable. 
and equation (6) can be integrated to yield 

2.303 

t = 1/3k, [BrO;] [H+12 - k, [OS] 
log MBrOil WI’ (CWII)Io - LWIUIJ 

3k, COsl CAs(III)l, 

CMW, 
+ [As(III)], (7) 

Values of [As(III)], were measured at various times t during the reaction, by use of the 
simple titration procedure described in the experimental section. Since the values of all 
other terms are known, values of kl can be calculated by computer. Values of k, obtained 
for a wide range of reaction conditions are given in Table 1, as also are a set of values 
from a single experiment to give some idea of the precision of the measurement. Values 
of k, under the different conditions are an average of ten titration results for samples taken 
at different times during the reaction. Values of k, were consistent under all reaction condi- 
tions, confirming the rate equation for the osmium reaction assumed in equation (6). An 
average value for k, of 1.87 x lo5 1. mole- I. set - ’ is obtained from the results in Table 1. 

Rate equation at pH b 2. At pH > 2, the effect of bromide is insignificant and the rate 
equation simplifies to 

- d[As(III)] 

dt 
= k,[As(III)] [OS] (8) 

Integration of this equation between t = 0 where [As(III)] = [As(III)]~ and t = t( #O) 

where [As(III)] = [As(III)], yields 

(9) 

If [As(III)], is determined from a titration of a blank solution containing no osmium 
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(blank titration V,), and [As(III)], from a titration of a quenched reaction solution (reac- 
tion titration Vc), then equation (9) can be transformed into equation (10): 

and there is no necessity for the iodine solution to be accurately standardized. By use of 
this equation, the values of k, in Table 2 were obtained and these are consistent for all 
the conditions investigated, and also in good agreement with the values in Table 1, 
obtained by using equation (7). An average value for k, of 1.88 x lo5 1. mole- ’ . set- ’ 
is obtained from the results in Table 2. 

A working pH range of 2-3 was used in this investigation, as below pH 2 equation (7) 
applies and above pH 35 the catalyst becomes ineffective, owing to hydrolysis of one of 
the active osmium species. At higher concentrations of osmium a black precipitate can be 
observed at pH > 3.5. Variations in ionic strength, brought about by adding sodium 
perchlorate or by changes in the reagent concentration, had no apparent effect on the value 
of k,. Values of kl measured over the temperature range 20-W gave a linear Arrhenius 
plot and a value for the activation energy of 7.89 kcal/mole. 

Table 2. Values of k, at 25 + 0.05”C. calculated from equation (10) 

Quench k,. 
Bromate Arsenr(lIl) Perchlonc Orm~um(VIIII tune, 1 mole-‘s~c-’ 
x IO” x IO’ acid. x 10' x 108 xc I 2 Average x10-5 

20 loo 60 20 180 00993 a0976 
240 01245 01255 

00983 2.03 
01250 194 
01595 198 
0.1942 200 
01086 I78 

300 01590 01599 
360 0.1953 01931 

20 100 60 07R IX0 01086 01086 
240 01480 01471 
300 01847 01856 
360 02156 02167 
180 01910 01929 
240 02534 02545 
300 03060 03060 
360 03757 03744 
I80 02174 02164 

01475 182 
01852 182 
02162 I77 

20 I 00 60 125 0.1919 196 
02540 195 
03060 I88 
03751 I.92 
02169 I78 20 100 60 156 

240 03059 03059 
300 03895 03910 

03059 I88 
03902 I92 
04394 I.80 
01947 200 
02908 I99 

360 @4400 04383 
I20 01952 01942 
I80 02897 02920 
240 03722 03722 

20 l+il 60 I87 

03722 I91 
04723 194 
01x49 I82 
02711 I78 

3M) 04741 04705 
I20 01844 01855 20 IO0 60 195 
I80 02711 02711 
240 03860 03860 
300 04551 04533 
I20 02335 02313 
I80 03856 03872 
240 04752 04771 
I20 03104 03104 
I80 04859 04859 
I20 01858 01870 
I80 02903 02885 
240 03890 03890 
I20 01937 01937 
I80 02799 02788 
240 03640 03640 
120 01752 01755 
I80 02622 02613 
240 03701 03701 
120 01801 0 1801 
180 02749 02749 
240 03434 03412 
120 01956 01942 
I80 02869 02869 
240 03905 0.3905 
I20 01861 01838 
180 02878 02878 
240 03562 03552 

03860 190 
04547 I79 

20 

20 

20 

20 

20 

40 

60 

80 

200 

200 

IO0 

loo 

050 

150 

2.00 

IW 

loo 

100 

100 

100 

60 2 50 

60 3 I2 

6.0 I87 

60 I87 

60 I87 

60 I87 

60 I 87 

60 I.87 

120 

900 

187 

1 a7 

02324 i 78 
03864 I98 
04761 I83 
@3104 I91 
04859 I99 
01864 191 
Q2894 I98 
03890 200 
01937 199 
02794 I91 
03640 I87 
01754 180 
02618 I79 
03701 190 
01801 I85 
02149 I88 
03473 176 
01949 200 
02869 196 
03905 200 
01850 190 
02878 197 
03558 I83 
01732 178 
02733 187 
03519 I81 
01732 178 
02648 181 
03583 I84 

120 01729 01735 
180 02737 02728 
240 03519 03519 
120 01738 01723 
180 0.2648 02648 
240 03583 03583 
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Reaction mechanism 

The rate equation for the osmium-catalysed bromate oxidation of arsenic(II1) shows a 
rate-determining step which is first order in osmium and first order in arsenic(II1). Since 
bromate does not appear in the rate equation, the most plausible mechanism is that the 
reduction of osmium(VII1) by arsenic(II1) is slow and is followed by rapid reoxidation of 
the reduced osmium by the excess of bromate present. By analogy with the osmium-cata- 
lysed arsenic(III)+erium(IV) reaction9 the following mechanism could be assumed. 

As(II1) + Os(VIII)A As(V) + Os(V1) (11) 

Os(V1) + BrO; (+ 2H+) -% Os(VII1) + BrO; (+ HzO) (12) 

with BrO; rapidly reduced to Br- in the following steps: 

As(II1) + BrO; (+ 2H+) fast As(V) + BrO- (+ H, 0) (13) 

As(II1) + BrO- (+ 2H+) % As(V) + Br- (+H,O) (14) 

At pH < 2, the bromide generated would then further react with bromate according to 
equations (2) and (3). Reactions (12H14) are only one possible sequence for the conversion 
of bromate into bromide and are in no way confirmed by the results above. Reduction 
products of bromate (except bromide) are known to be highly reactive, however, and either 
this sequence or some other equivalent set of reactions must occur. The catalytic sequence 
in reactions (11) and (12) might be replaced by reactions involving osmium in oxidation 
states (VI) and (IV) rather than (VIII) and (VI) but this seems unlikely in the presence of 
a large excess of bromate. In the osmium-catalysed arsenic(IIIbcerium(IV) reaction, a 
computed value of k, of 8.0 x lo4 1. mole- ‘. XC ’ was obtained’ for 2M sulphuric acid 
medium, and is reasonably close to the value of 1.87 x lo5 1. mole- 1 . set- 1 obtained in 
the present work. 

Catalytic determination of osmium 

The kinetic studies above are concerned with the catalysed reaction and conditions were 
chosen such that the uncatalysed reaction proceeded to a negligible extent during the 
measurements. In the analytical application of this reaction we attempted to measure the 
detection limit, and it became clear that with lower osmium concentrations and longer 
reaction times the uncatalysed reaction was no longer insignificant. Analytical calibration 
curves were still constructed from a plot of log( V,/V,) us. the concentration of osmium but 
it was no longer true to assume that [As(III)], a I$,, as was assumed in the derivation of 
equation (10). It can be shown as follows that equation (10) remains valid, however, under 
these conditions. If the uncatalysed reaction, which may be formulated 

As(II1) + BrO, -+ Products (15) 

is assumed to be first order in arsenic(III), with all other possible reactants, bromate, hy- 
drogen ion present at much higher and therefore constant concentrations, the rate equa- 
tion can be written 

- d’;s(lll)l = kB [As(III)] (16) 

where kB is the rate constant for the uncatalysed reaction and includes terms for bromate, 
etc. Integration of this equation from t = 0 when [As(III)] = [As(III)], and t = t when 
[As(III)] = [As(III)],,t gives 

log[As(III)], - log[As(III)],+, = &. (17) 

In the presence of the catalyst, osmium, the rate of reaction will now be the sum of the 
rates of the uncatalysed and catalysed reactions, i.e., 

- d[As(III)] 

dt 
= kB [As(III)] + k, [As(III)] [OS] (18) 
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Integration of this rate equation within the same limits gives 

log [As(III)], - log [As(III)]~,~ = (k, + ki Cosl)t 
2.303 (19) 

where subscript C refers to the total reaction. Subtraction of equation (17) from 
equation (19) gives 

k, IDIt 
log CAs(1Wl~,t - log CAsUWI,,t = x 

which is equivalent to 

(20) 

(21) 

which is the same as equation (10). This equation was used in the contruction of all 
calibration graphs, typical examples of which are shown in Fig. 1. As expected from equa- 
tion (21) the sensitivity of the method increases with increase in the fixed time for which 
the reaction is allowed to proceed. Linear calibration curves were obtained in the range 
8 x lo- lo-lo-‘M osmium, although IO-‘M may not represent the upper limit of linear- 
ity, as this was not determined. The slopes of all the calibration curves in this region give 
values for the rate constant, kI, in precise agreement with the values obtained in the kinetic 
studies. As can be seen in Fig. 1, the curves at all reaction times exhibit non-linearity below 
about 8 x lo- “M osmium and the occurrence of curvature was confirmed by a series 
of experiments at the lo-min reaction time at low concentrations of osmium. Extrapola- 
tion of the linear portions to log(VB/Vc) equal to zero shows that all curves cross the 
osmium concentration axis at 3-4 x lo- ‘OM. No explanation can at present be offered 
for this phenomenon but it does appear that some of the osmium added to each reaction 
mixture is ineffective as a catalyst and that the amount is consistent in all experiments. 
Two possible explanations were investigated, i.e., complexation of catalyst by trace organic 
complexing agents from the reagents or demineralized water used, or adsorption onto the 
glass walls of the reaction tubes. With 3 x lo- "M osmium and under the same condi- 
tions as those used for the results in Fig. 1, an iodine titration of 32.20 f 0.10 ml was 
obtained after a lO-min reaction. Zinc sulphate was used at 2 x 10T4M concentration 
in an attempt to remove possible complexing agents and titrations of 32.10 ml and 32.20 
ml were obtained. When all the solutions were prepared in doubly distilled water, two 

Osmum concentration. lO+bl 

Fig. 1. Calibration graphs for the determination of osmium concentrations up to 6 x lo-‘M after 
reaction times of (A) 3 min. (B) 10 min, (C) 20 min. Reaction conditions; bromate, 2 x 10m3M; 

arsenic(III), 1.1 x 10m3M; perchloric acid, 1.84 x lo-‘M; temperature 25°C. 
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Table 3. Detection limits of the method at different reaction times 

COSI, h4 
Reaction No. of 
time, nun detns. 

Average Std. 
titn., devn.. 
ml ml 

Detection 
limit. [OS], M 

xOIO-i0 
3 10 36.85 0.04 2 x lo-r0 

7.8 3 10 36.40 0.04 

x0,0- i” 
10 10 36.10 0.2 1 1 x 10~‘” 

7.8 10 10 34.00 0.07 

xOIO-lo 
20 6 34.05 0.10 0.5 x IO_ ‘(I 

7.8 20 6 30.65 0.09 

titrations of 32.30 ml were obtained. To test the adsorption hypothesis, a quantity of glass 
beads was added to the reaction mixture but a titration of 32.20 ml was still obtained. No 
positive evidence in favour of either explanation can therefore be advanced. 

The detection limit of the method is reduced at longer reaction times. The detection limit 
was determined as the concentration of osmium equivalent to the blank reading plus two 

Table 4. Interferences in the determmation of 1.51 x 10-sM osmium. Values of l4&, where Vc is the titration 
value without test interferent and V,, is the value with test mterferent present. (Reaction conditions: [BrO,], 

2 x 10-31Ll; [As(III)], 1 x 10-3~; [H2S0,], 6.0 x 10-3M) 

Test interferent to- ’ 10-l 
Concentration, M 

lO-3 lo-4 10-5 10-b lo-’ 

EDTA 
Potassium hydrogen tartrate 
potassium chloride 
potassium sulphate 
magnesium sulphate 
zmc sulphate 
manganese sulphate 
cobalt sulphate 
nickel sulphate 
copper sulphate 
potassium nitrate 
ferric nitrate 
chromic mtrate 
ammonium sulphate 
sodium sulphate 
cadmium sulphate 
mercuric nitrate 
ruthenium(II1) chloride 
silver nitrate 
sodium perchlorate 
potassium bromide 
lead nitrate 
potassium iodate 
potassium iodide 
palladium(H) 
gold(II1) 
platinum(I1) 
iridmm(II1) 
sodmm tungstate 
potassium fluoride 
potassium cyanide 
ammonium thiocyanate 
uranyl nitrate 
ammonium molybdate 
sodium metavanadate 
rhodium(II1) chloride 
phosphoric acid 
barium chloride 
calcium chloride 
strontium chloride 
aluminium sulphate 
lithium chloride 
thallous nitrate 
caesium sulphate 
cerium sulphate 

0.83 

0.65 

0.97 

0.97 
0.95 
0.92 
1.06 
0.97 
0.95 
0.95 
1.00 
0.98 
1.5 

0.86 
0.94 

1.00 
1.00 
0.97 

x, 

1.3 
0.73 

l+Xl 
1.02 

0.79 0.94 
0.65 0.80 
1.00 1.00 
1.00 1.00 
1 .oo I.00 
1.00 I.00 
1 .oo 1 .oo 
1 .oo 1 .oo 
1 GO 1.00 
lG0 I .oo 
1.00 1 .oo 
1.07 0.99 
1.00 IGO 
0.98 098 
I ,oo I.00 
0.99 1.00 
0.5 0.9 I 
- 

0.78 
lG0 
0.99 
I a0 

1:3 
- 

0.79 
1 .oo 
1GO 
1.00 
1.20 
I.16 
I.10 
I.16 

- 

0.90 
0.99 

1 .oo 
<0,7 

0.98 
1 .oo 
1 .oo 
1.08 
1 .oo 
100 
0.99 
1.00 
0.8 
0.63 
0.80 

1.13 
I ,oo 
I ,oo 

<0.5 
10.5 

1.00 
0.86 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1.00 
1.00 
094 
1.00 
@99 

0.97 1.00 1.00 
0.93 0.95 I GO 
1 .oo 1 .oo 1.00 
1.00 IGCI lG0 
1 .oo I.00 lG0 
1.00 1.00 1QO 
1.00 1 .oo I.00 
1 .oo 1 .oo 1.00 
1 .oo I GO lG0 
1 .oo 1 a0 1.00 
1 .oo loo 1.00 
1 ,oo 1 .oo lG0 
1 .OO I.00 lQ0 
1 .oo 1.00 I @I 
1 .oo 1.00 IQ0 
1 .oo I.00 1GO 
0.96 1.00 IQ0 
I ,09 1.03 1 Qo 
0.81 0.99 1 GO 
1 .oo 1 .oo IGCI 
1 .oo lG0 103 
1 .oo 1 GO 100 
I.16 1.00 100 
I.19 1.15 1.14 
I ,03 1.00 I.10 
1 +o 1 00 l+Xl 
I ,08 101 I .oo 
1.02 1.00 100 
l%lO 1 .oo 100 
I .oo 1.00 1.00 
0.52 0.90 0.98 
0.74 0.98 1.00 
1.00 1 .oo 1xKl 
1.00 1.00 1W 
1.00 1+X) 103 
I.00 1 .oo IGO 
1.00 l+il 1.00 
1 .oo 1.00 1.00 
1.00 1.00 l%lO 
1 .oo I.00 I.00 
1 .oo 1 .oo 1.00 
1 .oo I 00 IGO 
I .oo 1.00 1.00 
1 .oo 1 .oo 1.00 
I .oo 1.00 I Gil 
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standard deviations of either the blank reading or the reading at 0.78 x 10P9M osmium. 
The results are shown in Table 3. 

The detection limit of 0.5 x lo- “M at 20-min reaction time is equivalent to 10-4ppm 
osmium. As there is little to gain from increased reaction time, a reaction time of 3 or per- 
haps 5 min would probably be adequate for determinations of osmium with calibration 
in the range 05100 x 10m9M osmium. 

A detailed study of possible interferences was carried out and the results are shown in 
Table 4. If a substance is considered to interfere with the method when the value of I&/V,, 
falls outside the range 0.951.05, then the only serious interferences in the 10d6M con- 
centration range are from iodide and cyanide. Chloride and bromide, which might be 
expected to catalyse the reaction, give no interference up to lo-‘M. Cyanide and thio- 
cyanate apparently cause interference with the titration rather than with the osmium cata- 
lysis of the reaction. Iodide gave no interference at the lo- *M level and its effect could 
no doubt be masked at levels up to 10P6M by addition of mercury(I1). Ruthenium only 
begins to interfere at between 10e6 and 10w5M and the interference at the lo- 5M level 
could probably be tolerated. Other noble metals do not interfere with the determination 
at similar levels. This reaction thus possesses considerable selectivity for osmium over 
other noble metals which could be very useful when the non-selectivity of other methods 
of analysis, both catalytic methods and other techniques, is taken into account. 

The method described thus offers several advantages for the determination of osmium. 
It is simple to use, and no solutions, including the iodine solution, need to be standardized 
or purified. The apparatus required is simple and cheap. The reaction itself is highly sensi- 
tive and selective towards osmium. Owing to the method of calibration, results on different 
days fit the same calibration graph although the reagent concentrations must then be simi- 
lar. Since all the reagent solutions are highly stable, e.g., the bromate and arsenic(III), large 
quantities of stock solutions can be prepared to facilitate the use of the same calibration 
graphs over an extended period. 

We have recently discovered a paper describing the use of the arsenic(III)-bromate reac- 
tion for the determination of osmium in complex materials.’ ’ The method and kinetic con- 
ditions are quite different from those proposed in the present paper but the results given 
confirm the selectivity of this reaction for osmium in the presence of ruthenium and other 
metals. Using either procedure, this reaction should, therefore, be more suitable than the 
cerium(IVtarsenic(II1) reaction for the determination of osmium. 

Acknowledqemenz-We would like to thank the Director and the Head of the Chemistry Department of Glasgow 
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Summary-A method is described for the determination of ruthenium and iridium coated on an 
electrode surface. The coatmg is chemically removed from the electrode by fusion with alkali, and 
the resulting solution prepared for analysis. Interelement interferences are eliminated by using a 
titanium-potassium matrix solution as a releasing agent. Recovery and precision data are given 
for ruthenium and iridium. The AAS determination of ruthenium compares favourably with a 
standard calorimetric method. 

Dimensionally stable anodes, used in chlorine-caustic cells, are prepared by consecutively 
baking layers of a coating solution on to a titanium substrate. The coating solutions con- 
tain one or more of the following elements as major constituents: ruthenium iridium and 
titanium. 

Analysis of the anode coating requires removal of the coating from the titanium sub- 
strate and preparation of the resulting solution for atomic-absorption analysis. Removal 
is accomplished by dissolving the coating and a small portion of the titanium substrate 
in a molten mixture of potassium hydroxide and potassium nitrate. The resulting solution 
is acidified and digested. Aliquots of this solution can be used to determine ruthenium 
iridium, and titanium by atomic-absorption spectroscopy. Previously, these elements were 
determined by time-consuming calorimetric or gravimetric procedures. 

Atomic-absorption spectroscopy (AAS) methods using an air-acetylene flame were de- 
scribed for ruthenium by Allan,’ and iridium by Mulford.’ Amos and Willis reported the 
sensitivity for titanium was improved by using a nitrous oxide-acetylene flame.3 For sam- 
ples containing high salt concentrations, an extraction procedure has been reported which 
uses ammonium pyrrolidinedithiocarbamate (APCD) as a complexing agent and methyl 
isobutyl ketone (MIBK) as the extracting medium. 435 In our work, the.APDC and MIBK 
system was used successfully for ruthenium chloride hydrate; however, the chlororuth- 
enate species from the anode solutions was extracted non-reproducibly. It was necessary, 
therefore, to determine ruthenium, iridium, and titanium directly in the salt solution. 

Other investigators have devised methods for the direct determination of precious 
metals in solutions with high salt concentrations. The use of uranium to mask interferences 
has been investigated by Scarborough.‘j The enhancement effect of lanthanum was sug- 
gested by others.‘.’ The complexity of possible interferences in the determination of pre- 
cious metals by AAS was summarized by Mallett and co-workers.’ These procedures 
required the addition of salts to the solution to eliminate interferences. Previous work con- 
ducted in this laboratory lo showed that the presence of titanium had a beneficial effect 
in the elimination of interferences in the determination of ruthenium. The AAS determina- 
tion of iridium is subject to a number of chemical interferences. Investigators have found 
a number of spectra chemical buffers that eliminate these problems. Lanthanum,11’12 
strontium,” and a mixture of copper and sodium sulphates have been successfully used 
as spectrochemical buffers for the determination of iridium.13*14 

Apparatus 
EXPERIMENTAL 

Perkin-Elmer Models 303 and 403 Atomic Absorption Spectrometers were used. Representative operating con- 
ditions for the Model 303 are presented overleaf. 
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Wavelength, A’ 2850 
Lamp current, mA 45 
Slit setting 3 
Burner Bolmg 
Flame Lean 

Oxidant and flow, I./mm 
Acetylene flow. I./min 
Scale expansion 
Response time, set 

Air, 23 
4 

5x 
1 

Ruthenmm 

3499 
30 

3 
Boling 
Lean 

Air, 23 
4 

1X 
1 

Titanmm 

3643 
40 

3 

N,O 
Adjust with 

standard 
N,O. 21 

8 
lx 
1.5 

The calorimetric measurements were done with a Beckman Model B spectrophotometer. 

Reagents 

Standard solutions ofruthenium and iridium. Prepared by weighing 250 mg of ruthenium and 100 mg of iridium 
as the pure metals, fusing each metal in a nickel crucible with 45 g of potassium hydroxide and two 5-g portions 
of potassium nitrate as described in the procedure. Keep the melt near the boiling point for 10 min. then at a 
lower temperature (to keep it liquid) for 30-45 min. Cool the melt to room temperature, dissolve it in 400 ml 
of water, and acidify with 90 ml of concentrated hydrochloric acid. Digest the solutions on a steam-bath and 
dilute them to appropriate volumes. 

Spectroscopic h&r solution. Prepared by dissolving 1.6 g of titanium metal in 150 ml of concentrated hydro- 
chloric acid, digesting, and diluting to 200 ml with 20% w/v hydrochloric acid. To 100 ml of this solutton add 
37 ml of concentrated hydrochloric acid and 10 g of potassium nitrate, followed by a solutton containing 45 
g of potassium hydroxide, and dilute the mixture to 1 litre in a standard flask. 

Procedure 

The precious metal coating is stripped from the electrode in a nickel pan of sufficient size to contam the sample. 
Potassium hydroxide pellets (45 g) are first placed in the pan and heated with a Meker burner until a clear liquid 
is obtained. Then 5 g of potassium nitrate are dissolved in the melt. The coated electrode IS immersed in the 
melt and heated until hydrogen is evolved. A second 5-g portion of potassmm nitrate is added, and the melt 
is kept near boiling for 3-5 mm. The electrode is then removed, air-cooled, washed. and dried, and the wash-water 
is kept. To ensure dissolution of the precious metals, the melt 1s digested at a low temperature for 35-45 min. 
The melt is cooled and dissolved in the water used to wash the anode. This solution is cautiously acidified with 
concentrated hydrochloric acid, digested for one hour on a steam-bath, and diluted to 1 litre in a standard flask. 
If a precipitate remains, it must be collected, re-fused, and added to the sample before the final dilution. If dark 
areas of stains are observed on the electrode, a second stripping is necessary. 

The ruthenium, iridium, and titanium are then determined by AAS. An aliquot (25 ml or less) containing not 
more than 750 ng of ruthenium is diluted to 25 ml with lo?/, w/v hydrochloric acid and mixed with 25 ml of 
spectroscopic buffer solution. For iridium an aliquot containing up to 3000 pg of irtdium is similarly treated. 
For titanium an aliquot 1s diluted to suitable volume with 105; w/v hydrochloric acid. 

Calibration data 
RESULTS AND DISCUSSION 

The calibration data for ruthenium, iridium, and titanium are summarized in Table 1. 

Table 1. Calibration data for ruthenium, iridium, and titanium 

Ruthenium,* Iridium,* Titanium,t 

PPm Absorbance ppm Absorbance pPm Absorbance 

0 0 0 0 0 0 
5 0.036 8 0.006 40 0.125 

10 0.067 20 0.014 80 0.22 1 
15 0.096 30 0.02 1 120 0.316 

40 0.026 160 0.396 
60 0.040 240 0.526 

* Dilutions were made with titanium matrix solutton. 
t Dilutions were made with a salt matrix of 6 7; w/v KC1 and 1% w/v KNOX m 

0.4M HCl. 

Interferences 

A major problem encountered when determining precious metals by the atomic-absorp- 
tion method is the existence of interelement interferences. When binary combinations of 
the various elements of interest were examined in 10% hydrochloric acid solution, a variety 
of enhancements and depressions of the analyte absorption were observed, Table 2. Spec- 
trochemical buffers for individual metals have been reported; in this study, a complex 
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buffer solution was developed that allowed the determination of all precious metal 
analytes contained in the stripped-anode solution. A comparison of results obtained for 
analytes in a 10% w/v hydrochloric acid matrix and the titanium-matrix spectrochemical 
buffer solution is presented in Table 2. 

Table 2. Ruthenium and iridium interference studies-binary combinations 

Element 
added 

(10 ppm) 

Absorbance (Ru 10 ppm) 

10% HCI Titanium 
matrix matrix 

Element 
added 

(40 ppm) 

Absorbance (Ir 40 ppm) 

10% HCI Tttanium 
matrix matrix 

Au 
Bi 
co 
CU 
Ir 
Ni 
Pb 
Pd 
Pt 
Rh 
Sb 
Sn 

Blank 

0.065 0.094 
0.083 0.095 
0.084 0.099 
0.086 0.101 
0.08 1 0.097 
0.079 0.097 
0.064 0.095 
0086 0098 
0.088 0,093 
0.088 0.098 
0077 @loo 
0.07 1 0.100 
0.064 0.097 
o+n)o oGO2 

Au 
Bi 
co 
cu 
NI 
Pb 
Pd 
Pt 
Rh 
Ru 
Sb 
Sn 

Blank 

0.059 0.059 
0.065 0.069 
0.065 0068 
0.065 0.067 
0.062 0.066 
0059 0067 
0057 0,058 
0.064 0.064 
0.062 0.064 
0.060 0.065 
0.064 0.067 
0.061 0.067 
0.061 0.066 
OGOO 0.007 

Further investigation of the properties of this spectrochemical buffer solution indicated 
that titanium was the effective buffer for ruthenium, and potassium functioned well for iri- 
dium. When various concentrations of titanium were added to ruthenium solutions, an 
enhancement was observed; however, a plateau was reached at a w/w ratio of 24: 1 for 
Ti: Ru (Table 3). 

Table 3. Enhancement of ruthenium absorbance by titanium 

Ti added, 

ppm 

Absorbance 

(Ru 10 ppm) 

Ti added, 

ppm 

Absorbance 

(Ru 10 ppm) 

0 0.035 180 0.068 
30 0.042 210 0.072 
60 0051 240 0.077 

120 0061 270 0.077 
150 0.065 

The enhancement of the ruthenium absorption in the presence of titanium appears to 
be due to an increase in the dissociation of ruthenium rather than to spectral interference. 
A 4000-ppm solution of titanium, when aspirated into the flame, showed zero absorption 
at the wavelength setting of 3499 A used for ruthenium. An enhancement of the ruthenium 
absorption by titanium was also noted at ruthenium’s second strongest absorption line 
of 3637 A with zero absorption by a 4000-ppm titanium solution alone. 

The high concentration of solids resulting from the dissolution procedure depresses the 
ruthenium absorption by a factor of three, relative to that of an aqueous solution contain- 
ing only ruthenium. However, this depression is nearly cancelled by the 22-fold increase 
in absorption due to titanium enhancement. 

In the case of iridium, potassium is the effective component of the complex buffer solu- 
tion as indicated in Table 4. 

Table 4. Iridium determmation-ffect of various levels of potassium 

K added, Absorbance 

ppm (Ir 20 ppm) 

0 0.012 
40 0.018 

100 0.02 1 
140 0.023 

K added, 

wm 

200 
300 
400 

Absorbance 

(Ir 20 ppm) 

0.024 
0.023 
0.02 1 
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The titanium determination was free from any interference by iridium, ruthenium, or 
nickel and influenced slightly by the bulk matrix effect from the high salt concentration 
in solution. 

Method evaluation 

Recovery of pure ruthenium and iridium by the procedures outlined was tested (Table 
5) and found satisfactory. 

Table 5. Recovery of iridium and ruthenium metals 

Taken, my 
Iridium 

found, mg Found, % Taken. mg 
Ruthenium 
found, wzg Found. Y0 

23.0 22.4 97.4 
11.8 116 98.3 11.0 11.1 100.9 
25.1 24.7 98.2 19.6 19.6 100.0 
25.4 24.8 91.6 22.5 22.3 99.1 

Average 97.9 Average 100.0 

The accuracy of the titanium method was verified by determining titanium in the iri- 
dium-ruthenium matrix solution. The solution was spiked with 768 ppm of titanium, and 
the result obtained was 763 ppm. The relative error of 07% and the absolute error of 5 
ppm are within the usual precision expected of the method. 

Precision data for various analyte concentrations are presented in Table. 6. 

Table 6. Precision data for Ru, Ir, and Ti* 

Concentration, Scale Coefficient of 
Elementt ppm expansion variation, y/, 

Ru 5 lx 0.7 
Ru 5 2X 0.7 
Ru 15 lx 0.3 
Ru 15 2x 0.5 
Ir 20 5x 0.5 
Ir 60 5x 0.6 
Ti 80 lx 0.7 
Ti 240 lx 1.4 

* The sensitivity for 1% absorption for Ru, Ir, and TI was 0.5, 5, and 2 ppm, re- 
spectively. 

t Six replicates were measured at each concentration. 

To evaluate the AAS method for ruthenium, samples were cross-checked by spectropho- 
tometry, l5 and the results are included in Table 7. 

The determination of titanium in the sample solutions is not normally necessary, but 
two cases arise where it is convenient to determine it. If the ruthenium content is less than 
2 ppm and the titanium content is at least 50 ppm the spectroscopic buffer can be omitted 
and the ruthenium determined in the strip solution without dilution. When the ruthenium 

Table 7. Comparison of AAS and spectrophotometrlc results 

Sample 
AAS 

Ru, mg 

Distillation 
colorimetrq 

Ru, mg Sample 
AAS 

Ru, mg 

Distillation 
calorimetric, 

Ru, q 

A 9.2 9.4 K 49.8 50.0 
B 13.1 13.5 L 60.0 60.0 
C 13.7 15.0 M 9.0 9.2 
D 11.9 11.7 N 15.3 15.8 
E 11.8 10.9 0 15.8 16.8 
F 42.0 40.0 32.4 33.6 
G 36.9 37.5, 36.7 18.8, 18.8 18.8 
H 21.0 19.5, 19.5 

H 
18.3 18.3 

I 58.5 54.5. 55.5 S 59.0, 59.0 58.4 
J 54.0 53.4 
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is not distributed evenly on the titanium substrate, large amounts of titanium will dissolve 
before all the ruthenium is stripped, and if the titanium content of the strip solution is 
then sufficiently high, addition of the spectroscopic buffer is superfluous. 

Acknowledgement-The authors wish to thank Messrs. C. F. Hltzel and H. N. Benedict for their help and sugges- 
tions, and Dr. Ralil S. DePablo for the spectrophotometric results. 
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Summary-Indicator electrodes constructed from aluminium, gallium, indium, thallium carbon, 
silicon, germanium tin, lead, arsenic, antimony and bismuth have been evaluated for the potentio- 
metric titration of solutions of benzoic acid in dimethylformamide and 4-methyl-2-pentanone. The 
aluminium, gallium, silicon and arsenic electrodes have also been evaluated for the determination 
of 3,5-xylenol in the same two solvents. Aluminium, gallium indium, silicon, germanium antimony 
and bismuth electrodes are superior to, or compare favourably with, a glass electrode for the deter- 
mination of benzoic acid, when the criterion of efficiency is the sharpness of the end-point inflexion. 
In non-aqueous titrations of 3.5-xylenol, aluminium and gallium electrodes are similar in efficiency 
to the glass electrode for determinations in dimethylformamide solution, while the gallium elec- 
trode is superior to the glass electrode when 4-methyl-2-pentanone is the solvent. Possible relation- 
ships between the properties of the electrode element and the end-point sharpness when it is used 
as an indicator electrode are briefly considered. 

Glass electrodes are widely used as indicator electrodes in non-aqueous as well as aqueous 
titrations. However, in non-aqueous media, these electrodes show certain undesirable fea- 
tures. For example, they tend to behave variably and their behaviour depends on the 
nature and extent of pretreatment or “conditioning” of the electrode. In addition, the elec- 
trodes have a limited useful life when employed in non-aqueous titration because the sol- 
vents dehydrate the glass membrane, thereby reducing its affinity for, or response to, hy- 
drogen ions. 

As an alternative to glass electrodes, metal and metalloid indicator electrodes are super- 
ior in two respects: they do not require conditioning in the titration solvent and the elec- 
trode surface can easily be cleaned when the electrode loses its sensitivity. Metals and 
metalloids that have been reported as being suitable for use as indicator electrodes in non- 
aqueous potentiometric titration include aluminium, titanium, iron, nickel, copper, molyb- 
denum rhodium, palladium, silver, antimony, tungsten, platinum, gold and bismuth.‘-5 
Carbon, although not a metal, conducts electricity and has also been used successfully as 
an indicator electrode.5 

Antimony and platinum appear to be the most widely used of the metal indicator elec- 
trodes. Both have been found to be suitable for determination of the end-point in titrations 
of carboxylic acids dissolved in neutral solvents such as mixtures of benzene and methanol 
and in basic solvents such as ethylenediamine, pyridine and dimethylformamide.‘j 

Jasinski and Kwiatowski3 and Praiak and Grimmer4 have evaluated bismuth and alu- 
minium indicator electrodes, respectively, for the potentiometric titration of weak acids, 
and it is claimed that for this purpose both metals are superior to antimony in terms of 
the end-point sharpness obtained. 

The calomel and silver/silver chloride reference electrodes used in aqueous systems 
require modification for use in non-aqueous potentiometric titration to prevent conta- 
mination of the solvent by water from the reference half-cell. Usually the water is replaced 
by methanol or a non-aqueous salt bridge is employed. Convenient alternatives to these 
reference half-cells are the in-stream reference electrodes,7-9 in which an inert metal such 
as platinum is immersed in the titrant and electrical contact between the titrant and titrand 
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is made either by allowing the burette tip to dip into the titrand solution or by having 
a membrane between the two solutions. 

No attempts appear to have been made to study systematically the efficacies of chemical 
elements as indicator electrodes. The present paper reports on a preliminary evaluation 
(a more detailed investigation will be made later) of the relationships between the proper- 
ties of elements of the main groups III, IV and V of the periodic table and the potential 
changes that occur when these elements are used as indicator electrodes in the non- 
aqueous titration of weak acids. The potential changes in the region of the end-point have 
been taken as being a quantitative measure of the efficiency of the indicator electrode. An 
in-stream reference electrode has been used in all determinations. With this, the only con- 
tamination possible from the reference electrode is by the titrant, and no fluctuations in 
the magnitude of the potential changes occurring during titrations can possibly be attri- 
buted to this electrode. 

EXPERIMENTAL 

Reagents 

Dimethylformamide and 4-methyl-2-pentanone were > 99% pure and were dried over activated alumina, type 
H, before use. The solvents contained about @lx of water after drying. 

Tetra-n-butylammonium hydroxide (laboratory-reagent grade) O.lM solution in toluene-methanol (3: 1 v/v). 
was standardized against an aqueous solution of potassium hydrogen phthalate, with phenolphthalein as indi- 
cator. 

Indicator electrodes 

The nominal purities of the elements used for the construction of the electrodes were as follows: aluminium, 
gallium, indium, thallium, silicon and arsenic > 99.999%; lead > 99.97%; germanium > 99.95%; tin > 99.927;; 
graphite Z 99.5%; bismuth > 99%; antimony >985%. 

The thallium and graphite were obtained as rods of diameters 8 and 5 mm respectively, and the aluminium 
was obtained as l-mm diameter wire. All three were mounted in PTFE holders shaped to fit into a B14 socket. 

Tin, lead, antimony and bismuth were formed into rods of diameter 6 mm and length 15 mm by pouring the 
molten metal into Pyrex glass tubes sealed at one end and, after inserting a copper lead into the molten metal, 
cooling the glass tube and breaking the glass away from the lower 10 mm of the rod. 

Rods of arsenic, m.p. 817”. and germanium, m.p. 937.4”, were prepared in a similar manner except that the 
electrical contact was made through a mercury pool on top of the cooled rod. 

Electrodes of gallium, m.p. 29.8”, and indium, m.p. 156.6”, were prepared by pouring the molten metal into 
glass J-tubes (Fig. 1). 

The silicon electrode was a fragment of silicon, about 5 mm wide, fused onto the Rat-ground end of a length 
of silica tubing. A mercury-pool contact was used. 

The glass electrode was an Activion Screened Glass Electrode type 003-l l-101, and was conditioned m the 
appropriate solvent for 90 hr before use. 

Apparatus 

The apparatus (Fig. 2) was essentially that of Brooks and Maher ” and consisted of a 50-ml titration cell with 
ground-glass sockets to accommodate the indicator electrode, the combined IO-ml titration burette and m-stream 
reference electrode, and an inlet and outlet for inert gas. A magnetic stirrer was used and the cell was screened 
with earthed aluminium foil. 

The reference electrode was a platinum wire sealed into the extension to the burette and immersed in the titrant, 
and electrical contact with the titrand was made through a tube connected to the burette and terminated with 
a flamed* porosity-4 sintered-glass membrane. Potentials were measured with an E.I.L. Vibron Electrometer, 
type 33B.2. 

Fig. 1. J-tube electrode. 

* The sinter is flamed carefully until it will support a 6-m. head of solvent for more than 2 hr without detectable 
diffusion, while still giving an acceptable total cell resistance when incorporated in a cell with a metal Indicator 
electrode. 
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b 

Fig. 2. Titration apparatus. a, reference electrode (Pt); b, indicator electrode; c. flamed porosity-4 
glass sinter ; d, magnetic stirrer. 

Procedure 

For the comparative evaluation studies, a weighed sample of benzoic acid or 3,5-xylenol, about 0.1 meq, was 
dissolved in 25 ml of the solvent, containing 0.4g of tetra-n-butylammonium iodide, in the titration cell. The 
cell was then purged for about 5 min with dry nitrogen and the flow of nitrogen was continued during the course 
of the titration. 

The solution was then titrated potentiometrically by adding O.l-ml increments of O.lM tetra-n-butylam- 
monium hydroxide and measuring the potential immediately before the addition of each increment. Potential 
measurements were made at 2-min intervals at the beginning of the titration and at 4-min intervals in the region 
withm k03 ml of the end-point. Increments of 0.1 ml were the minimum that could reasonably be reproduced 
with the burette used. The precision is clearly critical in determination of end-point sharpness. 

After each titration the electrode was replaced or its surface was renewed. A fresh length of alummium wire 
was used for each determination. The thallium germanium tin, lead, arsenic, antimony and bismuth electrodes 
were resurfaced by slicing a thin layer from the end of the rods, and the graphite rod was cleaned by scraping 
with a knife. The surfaces of the gallium and indium electrodes were renewed by immersing the J-tubes in hot 
water and hot oil, respectively, to melt the elements, and then wiping off any dross with a tissue; the silicon elec- 
trode was cleaned by immersing it in hydrofluoric acid. The cleaned electrodes were exposed to the air for 2 hr 
before being used again. 

For the “full-scale” titrations, 1 meq of benzoic acid and 0.8 g of tetra-n-butylammonium iodide were dissolved 
in 10 ml of dimethylformamide in the titration cell, and the latter purged with nitrogen as above. The O.lM tetra- 
n-butylammonium hydroxide was added in l-ml increments until 9 ml had been added, then in 0.1~ml increments 
until the first small potential rise occurred and finally, in O+%ml increments until the titration curve “rounded 
off’. All the increments were added at 3-min intervals and the potential was measured immediately before each 
addition. 

RESULTS AND DISCUSSION 

Precision 

The end-point inflexions of the various titration curves obtained are shown in Figs. >5. 
Tables 1 and 2 summarize the information given by these curves in terms of both the end- 
point sharpness, i.e., the change in potential in the region of the end-point, and the poten- 
tial change from 05 ml before the end-point to 0.5 ml after it (given because it is difficult 
in practice to measure the maximum overall potential change when, as sometimes 
happens, a steady potential drift continues even after the addition of a considerable excess 
of titrant). 

The glass electrode used for comparison measurements was conditioned for 90 hr in the 
solvent to be used in the determination. A shorter conditioning tim-17 hr-led to signifi- 
cantly less sharp end-point inflexions in the determination of benzoic acid (Table 1). 

With the aluminium, gallium, silicon, antimony and bismuth indicator electrodes, the 
end-point sharpness is about the same for dimethylformamide and 4-methyl-2-pentanone 
as the solvent for benzoic acid. However, with the arsenic, carbon, germanium tin and 
lead electrodes, the end-point is considerably sharper with 4-methyl-2-pentanone, but with 
indium the sharpness is slightly, but significantly, poorer. Thallium is rather useless as the 
indicator electrode. 

In terms of end-point sharpness over the f O-05ml range, and in order of decreasing 
sensitivity, the gallium aluminium, antimony and bismuth electrodes are superior to the 
glass electrode for the titration of benzoic acid in either solvent. The indium and silicon 
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Table 1. Effect of the indicator electrode on potential changes during the titration of benzolc acid m solution 
in dimethylformamide and 4-methyl-2-pentanone 

Potential change m 
the region of the 
end-pomt, ml/ 

* 0.05 ml 
f0~10ml 
kO.15 ml 
f 0.50 ml 

Potential change in 
the region of the 
end-point, ml/ 

* 0.05 ml 
*@lOml 
kO.15 ml 
* @50 ml 

Al Ga In Tl C Si Ge Sn Pb As Sb Bi Glass* Glasst 

Dtmethylformamrdr soloent 

317 325 287 43 134 284 212 113 116 80 298 297 222 142 
368 380 332 64 166 328 252 146 136 134 346 344 246 ‘10 
420 438 378 84 201 372 294 180 156 186 393 393 270 276 
533 525 448 119 248 446 345 208 188 334 433 467 368 345 

4-Meth?d-2-prrltartorle solwtlt 

300 329 253 7 286 286 303 198 254 154 315 306 288 
384 344 288 7 328 310 318 204 262 212 346 348 352 
468 360 321 7 369 333 333 210 270 270 375 390 417 
572 392 373 19 427 388 362 290 304 401 437 452 506 

The values tabulated are the mean of two determinations. 
* Conditioned for 90 hr 
t Conditioned for 17 hr. 

electrodes are also more sensitive than the glass electrode for the titrations in dimethylfor- 
mamide, while germanium is slightly the more sensitive electrode for the titrations in 4- 
methyl-2-pentanone. The carbon, silicon and glass electrodes all show similar sensitivities 
in the latter solvent. 

Of the four element-electrodes investigated for the titration of 3,5-xylenol, only the gal- 
lium one is superior to the glass electrode for the determination in 4-methyl-2-pentanone 
solution, and in dimethylformamide solution the gallium, aluminium and glass electrodes 
behave similarly with respect to end-point sharpness. 

The gallium indicator electrode is the most sensitive of those evaluated, but the alu- 
minium, antimony and bismuth electrodes are similar to it in sensitivity. In practice, all 
four electrodes would be satisfactory for determining the end-point in the non-aqueous 
titration of weak acids. The experimental results obtained in this limited screening investi- 
gation suggest that bismuth offers no advantages over antimony as an indicator electrode, 
at least for the determination of carboxylic acids (cf: ref. 3). Gallium and aluminium elec- 
trodes have some practical advantages over these last two electrodes in that the gallium 
electrode can be resurfaced by melting in hot water and the aluminium electrode is readily 
made in rod or wire form. 

The application of the aluminium gallium and silicon electrodes to real analytical deter- 
minations was tested by titrating 1-meq amounts of benzoic acid in solution in dimethyl- 
formamide. The volumes of nominally O.lM tetra-n-butylammonium hydroxide required 
were 9.66 f 0.05 ml (Al electrode), 9.60 f 0.08 ml (Ga) and 9.74 f 0.07 ml (Si). With these 
lo-ml titrations the composition of the solvent mixture at the end-point differs quantitati- 
vely from that in the comparative-evaluation experiments in which dimethylformamide 
was always in considerable excess. As a consequence of this the end-point sharpnesses are 
different also. 

Table 2. Eflect of the indicator electrode on the potential changes occurrmg during the titration of 3.5-xylenol 
m solution in dimethylformamide and 4-methyl-2-pentanone 

Potential change m 
the region of the 
end-point. mT/ 

Dimethylformannde 4-Methyl-2-pentanone 

Al Ga Si As Glass* Glasst Al Ga SI As Glass* 

+ 0.05 ml 53 53 27 21 59 38 41 69 24 19 56 
kO.10 ml 96 92 42 38 88 63 74 loo 38 30 70 
f0.15 ml 138 132 57 54 117 87 108 129 54 39 84 
+ 0.50 ml 332 238 90 140 180 160 293 188 137 92 135 

The values tabulated are the mean of two determmatlons. 
* ConditIoned for 90 hr. 
t Conditioned for 17 hr. 
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Fig. 3. The effect of the indicator electrode on the shape of the end-point inflexion in the potentio- 
metric titration of benzoic acid in dimethylformamide solution. 

Position in the Periodic Table 

If the end-point sharpness in the determination of benzoic acid is related to the position 
of the electrode elements in the Periodic Table, some trends are apparent. Thus, in both 
solvents there is a decrease in end-point sharpness from gallium to thallium in Group III 
and, in dimethylformamide only, from silicon to tin in Group IV. Carbon, the first element 
of Group IV, does not fit into this trend. In Group V, only three elements can be fabricated 
into electrodes; the end-point sharpness when the arsenic electrode is used is much less 
than that obtained with the antimony and bismuth electrodes, which yield very similar 
titration curves. 

There is some evidence of trends in end-point sharpness if the elements are considered 
according to their horizontal relationships in the Periodic Table, i.e., according to the 
period. Thus, in the third period, aluminium gives a sharper end-point than silicon, and 
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0.1 M Tetro-n-butylammonium hydroxide reagent (I division - I ml) 

Fig. 4. The effect of the indicator electrode on the shape of the end-point inflexion in the potentio- 
metric titration of benzoic acid in 4-methyl-2-pentanone solution. 
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Dlmethylformorr$essolvent 4-methyl- 2 - pentanone solvent 

I I I I I I 1 1 I I I 1 I I 

OdM Tetra-n-butylammonium hydroxide reagent (I division= I ml ) 

Fig. 5. The effect of the indicator electrode on the shape of the end-point inflexion in the potentio- 
metric titration of 3,5-xylenol in solution in dimethylformamide and 4-methyl-2-pentanone 

in the fourth period the end-point sharpness decreases from gallium to arsenic. In the sixth 
period the trend is in the reverse direction, from bismuth to thallium. In the fifth period 
there is no trend but tin shows a minimum value. 

It can be seen that the least effective electrode elements, thallium and arsenic, are at the 
ends of one of the diagonals of the block of elements tested while the most effective ones, 
gallium (- aluminium) and bismuth (-antimony) are at the ends of the other diagonal. 
Thallium and arsenic represent the chemical extremes of the metal and metalloid elements 
investigated. Thallium resembles in some respects the strongly basic alkali metals while 
arsenic is the most electronegative of all the elements investigated with the exception of 
the non-metal, carbon. 

The different potential changes occurring in the region of the end-point when the differ- 
ent metal and metalloid indicator electrodes are used, i.e., the non-Nernstian effects, are 
probably caused by differences in the chemical and physical properties of the electrode 
elements, in so much as these affect the solubility and reactivity of the element and its oxide 
film. 

The small overall potential change and the exceptionally small potential change at the 
end-point obtained when thallium is used as the indicator electrode are probably a result 
of the unusual chemical characteristics of this element, compared to those of the other ele- 
ments evaluated as indicator electrodes. Thallium differs from the other elements of Main 
Group III in its ability to form stable salts of its singly-charged ion. These thallous salts 
resemble those of the alkali metals and it is probable that the oxide film on the thallium 
electrode is soluble in the mixture of titrand and titrant. 

Metal/metal oxide electrode processes of the type discussed could not take place if the 
oxide film were removed in this way. 

Mechanism 

The electrode processes responsible for the potential changes occurring during these 
non-aqueous titrations may be assumed to be of the same type as that postulated for the 
antimony electrode in aqueous solution and represented by the redox equation:’ 1 

Sb203 + 6H+ + 6e+2Sb + 3H20 

provided that the activities of the electrode element and the oxide film which forms on 
its surface remain substantially constant. This requirement would be met with most of the 
electrodes used because the non-aqueous solutions of the weak acids would be unlikely 
to attack or dissolve the element or its surface oxide. 
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The mechanism of electrode reactions with oxidized antimony electrodes in aqueous 
solution has been investigated thoroughly. Much of this work is mentioned in a detailed 
study carried out by Bishop and Short.” The important role of the oxygen dissolved in 
the electrolyte in aqueous systems has been emphasized. In contrast, in non-aqueous 
titration in which the antimony and other oxide-type electrodes are used, the usual prac- 
tice is to avoid the introduction of oxygen and often to provide a dry nitrogen atmosphere 
above the sample solution. Molecular oxygen can undergo reaction with many of the non- 
aqueous solvents used and the organic compounds determined. Its presence is particularly 
undesirable in the titration of phenols. We have therefore used a nitrogen atmosphere for 
all our titrations and this, no doubt, will accentuate any differences in mechanism. 

If the electrode reactions were reversible, as shown in the equation above, then the 
Nernst equation might then apply. In dilute aqueous solution the activity of the water 
would be constant, but if the Nernst equation applied in non-aqueous solution the poten- 
tial developed would be related to the activities of both the hydrogen ion and the water:3 

E = E, + RT/F In [~~-/(a~,~)*] 

When solutions of quaternary ammonium hydroxides in non-aqueous solvents are used 
as titrants, water is formed during the neutralization of the acid sample, and the potential 
changes are not simply related to the activity of the hydrogen ion only. However, since 
the concentration of the water increases during the titration and that of the acid decreases, 
the potential change should be greater than the corresponding one when the water con- 
centration remains constant. Theoretical values for this increase in the potential change 
can be calculated by inserting the appropriate data into the Nernst equation. For example, 
if concentrations are assumed to be equivalent to activities, then the potential change will 
be 14% greater when water is formed during the reduction of the hydrogen ion con- 
centration from 10-l to lo-‘M than when the water content remains constant, if the in- 
itial water content is 0.18% w/v (i.e., O.lM). The theoretical relationship between E.M.F. 
and pH is non-linear when the water content does not remain constant, and the improve- 
ment in the potential change is greater the higher the initial hydrogen ion concentration 
and the lower the initial water content. It is important then, for comparative evaluation 
studies, that the sample size and the initial water content of the solvent should be the same 
in all determinations. 

The use of metal/metal oxide indicator electrodes has been criticized on the grounds 
of inadequate reproducibility of potential measurements63 “9 ’ 3* l4 and the slowness with 
which the theoretical potential is attained.” However, it is claimed that reproducible 
potentials and end-points can be obtained with an antimony/antimony oxide indicator 
electrode if the electrode is cleaned efficiently before each titration.i4 

The systematic investigation, of which this evaluation study forms a part, is concerned 
mainly with changes in, as distinct from absolute values of, the electrode potential. The 
lack of reproducibility of individual potential measurements when metal/metal oxide indi- 
cator electrodes are used is not, therefore, of over-riding importance. 

Acknowledgement-Mr. S. F. George is thanked for constructing the electrodes and the titration apparatus. 
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Summary-A new approach to the determination of carbon disulphide and carbonyl sulphide in 
the presence of each other is based on the reaction with 1,3_diaminopropane (DAP), and titration 
with o-hydroxymercurybenzoic acid (HMB) before and after the selective decomposition of the 
COS-derivative at pH 4. Determination of hydrogen sulphide, thiols, carbon disulphide and car- 
bony1 sulphide in the presence of each other in hydrocarbon solvents involves four titrations with 
HMB, viz. of all compounds after conversion of CS2 and COS with DAP, of thiols plus H,S, of 
the thiols alone after removal of H2S by extractton, and of CS2 alone after removal of other com- 
pounds by shaking with aqueous alkali. For selective trapping of H,S, HCN, RSH, CO2 and 
CS2 + COS, the sample gas IS passed successively through a potassium antimony1 tartrate filter, 
a nickel carbonate filter, a tributyltin chloride filter, a bubbler containing 40% potassium hydroxide 
solution and a bubbler containing a benzene solution of DAP. The analysis is completed by 
titration with HMB with dithrzone or dithiofluorescem as indicator. 

Rapid, simple and reproducible methods for determination of sulphur compounds occur- 
ring in gases and hydrocarbon solvents are of vital importance. Although the development 
of gas chromatography employing new types of detector for sulphur compounds has 
opened the way for interesting mvestigations, the practical difficulties in dealing with very 
complicated mixtures may appear formidable. In spite of a rather extensive literature on 
the determination of sulphur compounds,’ no one method deserves to be recommended 
for analysis of hydrocarbon solvents and fuel gases containing hydrogen sulphide, thiols, 
carbon disulphide and carbonyl sulphide. It is attempted in this paper to demonstrate the 
usefulness of a new approach to analysis of sulphur compounds, based on the application 
of the reagents, new for this purpose, 1,3-diaminopropane and tributyltin chloride. The 
former is soluble in aromatic and mixed hydrocarbons and reacts very rapidly with carbon 
disulphide and carbonyl sulphide to give the derivatives, 1-amino-3_propyldithiocarba- 
mate and 1-amino-3-propylmonothiocarbamate, which can conveniently be determined by 
titration with o-hydroxymercurybenzoic acid (HMB). Taking into account that one mole 
of either carbon disulphide or carbonyl sulphide produces one mole of hydrogen sulphide, 
and that cyclic thioureas are indifferent towards HMB in alkaline solution2 the only poss- 
ible course of the reactions is given by the equations 

HPN(CH,),NHCSSH + 

H,N(CH,), NHCOSH + 

It has been found 

20--H = ~-~;;o + CHf::->CS + 2 “20 

2@i = o~;sO;;~ + CHf::->CO + 2 Hz0 

that in acid solution the derivative of COS is rapidly decomposed 
to COS and DAP, whereas the derivative of CS2 is relatively stable. In 5 min at 20” the 
COS derivative is 100,99*5 and 7% decomposed at pH 3*5,4 and 5, respectively. The corre- 
sponding values for the CS2 derivative are 0.6, 0.2 and O*O’/& Consequently the decomposi- 
tion at pH 4 is the most suitable for the determination of both derivatives in the presence 
of each other. This approach has proved to be more convenient than methods based on 
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selective hydrolysis of carbonyl sulphide3 or on spectrophotometric determination of the 
derivatives.4 

A benzene solution of DAP can be used for trapping carbon disulphide and carbonyl 
sulphide. The tributyltin chloride filter has been used with success for trapping thiols in 
absence of hydrogen sulphide and hydrogen cyanide, which must be removed beforehand. 
The thiols retained can be simply washed out and determined by titration with HMB. For 
trapping hydrogen sulphide a filter containing potassium antimony1 tartrate has proved 
the most suitable. The antimony1 sulphide formed can be dissolved in sodium hydroxide 
and titrated with HMB. For selective removal of hydrogen cyanide from H,S-free gas a 
nickel carbonate filter can be recommended. 

EXPERIMENTAL 

Reagents 

The preparation of the solution of HMB in 50% v/v aqueous propyl alcohol, and of the solutions of dithiofluor- 
escein and dithizone is described in an earlier paper.5 

1,3-Diaminopropane and tributyltin chloride were supplied by EGA Chemie KG (7924 Steinheim bei Heiden- 
heim/Brenz, West Germany). 

Solution A is 0.05M in potassium carbonate and 0.025M in borax in saturated sodium chloride solution, The 
extraction coefficient for the system tohiene-sohttion A 1s 0074 for H,S, 72 for ‘CH,SH, and 40 for thiophenol. 

Solution B is M in phosphoric acid and 0.5M in tartaric acid. 

Reagents for impregnating filters 

Filter A for trapping hydrogen sulphide. Whatman CF 11 cellulose (10 g) mixed with 12 ml of a solution contain- 
ing 30 g of potassium antimony1 tartrate, 50 g of disodium tartrate, 10 g of disodium EDTA and 4 g of potassium 
carbonate per Iitre. 

Filter B for trapping hydrogen cyanide. Solutions of 25 g of nickel chloride hexahydrate in 7.5 ml of water 
and 1.5 g of potassium carbonate m 2.5 ml of water are mixed and added to 10 g of cellulose. 

Filter C for trapping thiols. Tributyltin chloride (10 ml of 0.5M solution in 2-ethylhexanol) mixed with 0.4 ml 
of triethanolamine and 10 g of cellulose. 

Filter D for trapping carbon dlsulphide and carbonyl sulphide. Tributyltin chloride (1 ml), 1,3-diaminopropane 
(3 ml) and 2-ethylhexanol(l0 ml) are mixed with 10 g of Woelm column-chromatography polyamide. 

Analysis of solvents 

Determination of carbon disulphide and carbonyl sulphide, procedure 1 a. Place in a dry 15-mm diameter test-tube 
0.05 ml of DAP, add 2 ml of sample solvent, placing the jet of the pipette at the bottom m order to avoid any 
loss of COS, wait 2 min, add 2 ml of propanol, @15 ml of 2M potassium hydroxide and titrate with 10m3M 
HMB, using dithiofluorescein as indicator. Wait 3-5 min and titrate to the final end-point. During the titration 
add ethanol in amounts just enough to clear the emulsion produced. 

The method is directly applicable to aromatic hydrocarbons; aliphatic hydrocarbons should first be diluted 
1: 1 with sulphur-free benzene. With alcohols as samples the reaction is not so rapid; a wait of about 10 min 
is needed before the titration. 

Procedure 1 b. Place 0.05 ml of DAP in a separatmg funnel and add slowly, keeping the jet of the pipette at 
the bottom 10 ml of the sample, mix, wait 2 min, add 2 ml of 0.3M potassium hydroxide containing 1 g of EDTA 
per litre, shake for 5 min, let the phases separate, take 1.5 ml of the aqueous phase, add 2 ml of ethanol and 
0.1 ml of 4M potassium hydroxide, and titrate m a test-tube with 10-4-10-3M HMB, using dithlzone as indi- 
cator. to a permanent purple colour. Dithiofluorescein can be used as well but dithizone is preferable. In titration 
with lo-“M HMB a blank comparison solution containing dithizone and HMB must be used, the titration being 
continued until the colours of the both solutions match. The result multiplied by the ratio 2.05/1,5 (because DAP 
increases the volume of the aqueous phase) corresponds to the whole sample. If an aliquot of the aqueous phase 
is titrated after 5 min decomposition at pH 4, as described later, the COS and CS2 content can be calculated. 

Procedure lb can be used for analysis of aromatic hydrocarbons. aliphatic hydrocarbons diluted with benzene 
and for halogen derivatives such as carbon tetrachloride. 

Procedure 1 c. This applies to determination of CS, and COS in water. In this case the use of ethylenediamme 
is preferable. Heat in a test-tube 0.5 ml of ethylenediamme and add slowly l-5 ml of water sample, keeping the 
jet of the pipette at the bottom. Do not mix. The ethylenediamine should form an upper layer, Place the test-tube 
in boiling water for 2 min, then mix and titrate with IO-‘M HMB in the presence of dithiofluorescem. 

Procedure 2. This applies to determination of hydrogen sulphide and thiols in the presence of carbon disulphide 
and carbonyl sulphide. Carbonyl sulphide interferes with the titration in alkalme solution but does not in slight 
alkaline solution. On the other hand a remarkable loss of hydrogen sulphide can be observed during titration 
in slight alkaline solution. Good results can, however, be obtained by using a reverse titration: a definite volume 
of HMB is diluted with ethanol and titrated with the sample, added from a graduated pipette with the jet kept 
at the bottom of the HMB solution, in the presence of dithiofluorescein as indicator, until the solution turns 
blue. The content of CS2 and COS can be calculated by difference from the results of this procedure (H,S + 
RSH) and of procedure la (H2S + RSH + CSZ + COS). 

Procedure 3. This applies to determination of small amounts of thtols m the presence of an excess of hydrogen 
sulphide, carbon disulphide and carbonyl sulphide. Place 10 ml of sample in a separating funnel and extract four 
times with 4 ml of solution A and finally with 2 ml of water. Add 5 ml of propanol and titrate the thiols remaining 
in the organic phase with 10e3M HMB in the presence of dithiofluorescein. 
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Procedure 4. This applies to determination of small amounts of carbon disulphide in the presence of an excess 
of hydrogen sulphide, carbonyl sulphide and thiols. Remove the interfering compounds by shaking 10 ml of 
sample twice for 1 min with 5 ml of 2M potassium hydroxide, for 30 min with another 5 ml (to complete the 
hydrolysis of carbonyl sulphide) and finally twice for 1 min with 2 ml portions of alkali. Determine the carbon 
disulphide remaining, according to procedure lb. Only about 0.1% CSz is lost by hydrolysis. 

Analysis of gases 

For preparation of the filters use lO-mm diameter lOO-mm long tubes, packed for a length of 052 cm with 
slight pressure from a glass rod. On both sides of the packing place wads of cotton-wool, (except for filter D). 
The gas or an sample is aspirated at a rate of @l l./min through the trapping filters and solutions in the following 
order, l-cm filter A, 05-cm filter B, l.S-cm filter C, lo-mm diameter U-tube containing 10 ml of 40”% w/w potas- 
smm hydroxide solution (to remove carbon dioxide which at high concentration interferes with trapping of car- 
bon drsulphide and carbonyl sulphide), 20-ml conical gas bubbler containing 4 ml of 2.5% v/v solution of DAP 
in benzene or toluene. When only the CS2 and COS content are to be determined the gas is passed through 
40% potassium hydroxide solution and the DAP bubbler. When no distinction between CSz and COS is necess- 
ary, filter D may be used instead of the DAP bubbler. 

After the sample, pass a stream of pure inert gas or air for 5 min and determine the separated constituents 
as described below. 

Determination of hydrogen sulphide. Place in a 14-mm diameter 180-mm long test-tube a glass rod of 8-mm 
diameter and 140-mm long, push out filter A onto it and wash the filter (in a vertical position) with 2 ml of IM 
sodium hydroxide and 2 ml of water, using air pressure on the upper part of the filter tube to accelerate the 
flow. The solution passes the filter and flows down along the glass rod to the bottom of the test-tube. Remove 
the filter and glass rod (rinsed with a few drops of water) and titrate the solution with 10-4-10-3M HMB in 
the presence of dithizone. 

Determimtzon of thiols. Wash filter C twice with 2 ml of ethanol as described above, add dithiofluorescein and 
1M sodium hydroxide dropwise till the solution just turns blue. Titrate with 10m3M HMB until the blue colour 
disappears. 

Determination of carbon disulphide and carbonyl sulphide. Add to the DAP bubbler 4 ml of 0.3M potassium 
hydroxide (containing 1 g of EDTA per litre) and stir vigorously with an air stream for 5 min to transfer the 
product into the aqueous phase. Let the phases separate, and take 1 ml of the aqueous phase, add 0.2 ml of 
4M potassium hydroxide, dilute with.ethanol and titrate with 10-4-10-3M HMB, usmg dithizone as indicator, 
(VI ml). In another bubbler (prepared from a test-tube) place 2 ml of the aqueous phase and add enough of solu- 
tion B (as determined in a blank test) to make the pH 3.ti.0, or add solution B dropwise till Methyl Red added 
as indicator just changes to red. Pass an an-stream for 5 mm to remove the carbonyl sulphide produced, add 
the same volume of 4M potassium hydroxide as of solution B, dilute with ethanol and titrate with 10e3M HMB 
in the presence of dithizone as indicator, (V, ml). Calculate the concentration (mg/l.) as follows: 

CCW = 
38 x 1.05 x 2.05 x V, x MHMB 

V, 

[COS] = 
1~05(4~1OV, - 2.05V,)30MnMB 

v, 
where V, 1s the volume of gas taken and 1.05 is an empirical coefficient. 

Another approach is based on using filter D. After trappmg of CSI and COS by a 2cm filter D, the filter is 
pushed out into a test-tube, ethanol and @2 ml of 4M potassium hydroxide are added and the sample is titrated 
with HMB. with dithizone as indicator. 

RESULTS AND DISCUSSION 

Samples containing known amounts of test substances were prepared or produced as 
follows. 

Carbon disulphide solutions were prepared by weighing and gas mixture by acid decom- 
position of an aqueous solution of sodium diethyldithiocarbamate, the concentration of 

Table 1. Determination of carbon disulphide and carbonyl sulphide in benzene and in water 

Procedure 
Taken, pceq 

CS2 cos 
Rel. std. devn. 

% 
Mean recovery* 

(6 titrations), 
% 

la 23.5 0.3 99.1 
la 235 - 0.5 964 
la 4.55 0.5 91.2 
la - 202 0.6 96.8 
la - 4.04 0.8 97.6 
lb 2.35 0.8 98.4 
lb 042 41 94.3 
lb 0.74 - 3.3 97.0 
lb 004 - 13 93.6 
lb - 2.02 0.6 97.5 
lc 8.70 0.7 983 

* Without correction. 
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Table 2. Determination of methanethiol 
in benzene in the presence of hydrogen 
sulphide, carbon disulphide and carbonyl 
sulphide (100 peq of each) (procedure 3) 

Taken, pceq Found, pey 

1.02 0.98,@99,0.99 
2.04 2.01, 1.98,2.00 
3.06 3.00.3.05, 3.03 

Table 3. Determination of carbon disul- 
phide in benzene in the presence of meth- 
anethiol, hydrogen sulphide and carbonyl 

sulphide (100 pq of each) (procedure 4) 

Taken, peq Found, pq 

1.50 1.47, 1.54, 1.48 
3.00 3.02.2.96. 2.99 

which was determined via BaSO,. Known amounts of carbonyl sulphide, hydrogen sul- 
phide and methanethiol were produced by acid decomposition, in a stream of nitrogen, 
of aqueous solutions of DAP-COS, of soluble starch-zinc sulphide6 and of a solution of 
methanethiol in 2M potassium hydroxide. The solutions were analysed by titration with 
HMB, and decomposed by 1M sulphuric acid. 

Table 4. Determmation of hydrogen sulphide and methanethrol in the pres- 
ence of each other m nitrogen, by using filters A. B and C 

Taken, peq Found, peq 
H2S CH$H H*S CH,SH 

044 1.30 0~44,0~43.0~41 1.25. 1.27, 1.25 
1.76 3.90 1.73. 1.75, 1.70 3.88, 3.90. 3.92 

0.044 3.90 0~040.0~04 1 3.88. 3.86 

As shown by Tables l-5, the results are satisfactory and the suggested methods can be 
recommended for general use. Method lb has a lower limit of 0.1 ppm and is very suitable 
for trace determination of carbon disulphide in such solvents as benzene or carbon tetra- 
chloride. By use of procedures la, 2, 3 and 4, a solvent containing carbon disulphide, car- 
bony1 sulphide, hydrogen sulphide and thiols can easily be analysed. The results are not 
influenced by thioethers and disulphides, but free sulphur interferes with the procedures 
for CS2 and COS. In the presence of hydrogen cyanide a few drops of 5% formaldehyde 
solution must be added. 

Table 5. Determination of carbon disul- 
phide and carbonyl sulphide in the pres- 
ence of each other in nitrogen after pass- 
age through filters A. E, C and potassium 
hydroxide bubbler. Results are corrected 

by a factor of 1.05 

Taken. peq Found, peq 
CS, cos cs2 cos 

1.16 42.5 1.15 41.7 
55.8 2.18 56.0 2.22 
11.6 4.25 11.3 4.23 
6.10 0 5.90 0.10 
6.10 1.80 5.95 1.84 
0 7.25 0.05 7.10 

The use of filters A and C for trapping hydrogen and thiols and of filter D for trapping 
carbon disulphide can be recommended for air analysis as the products are very resistant 
to air oxidation. 

In order to make a correction for low recovery of CS, and for loss of COS during pass- 
age through the 40% potassium hydroxide solution, the use of an empirical coefficient, 
1.05, is suggested. 

The average CS2 and COS content in the town gas in todz, as determined by the sug- 
gested method, amounted to 0.077 and 0.103 mg/l. respectively. 
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DIRECT GRAVIMETRIC DETERMINATION OF 
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Summary-N-o-Toluoyl-N-o-tolylhydroxylamine has been synthesized and employed successfully 
as a gravimetric reagent for direct determination of molybdenum(V1). The dried complex (ll& 
120”) has definite composition, MoO~(C,~H,~O~N)~. The method is quite simple, rapid, sensitive 
and gives reproducible results. The precipitation is quantitative at room temperature over a wide 
range of acidity. The reagent is highly selective and the method is satisfactory for analysing alloy 
steels. 

Comparatively few gravimetric methods exist for determination of molybdenum(V1). 
Those involving ignition of Mo-complexes to Moos are time-consuming and require strict 
control of a narrow range of temperature (500-550’) because of the appreciable volatility 
of Moo, at higher temperature. The 8-hydroxyquinoline method’ is less tedious and more 
reproducible than the lead molybdate method’ but restricted in application by the non- 
selective nature of oxine (even in presence of EDTA certain other components of alloy 
steels will be precipitated). The N-benzoyl-N-phenylhydroxylamine (BPHA) method3 calls 
for a digestion for 1 hr and is neither selective nor sensitive. According to data given by 
Majumdar4 Nb, Ta, Ti(IV), Zr, Hf, Sn(IV), W(VI), Ge and other ions would interfere under 
the prescribed acid conditions, which restricts the application of the BPHA method. 

The use of N-salicylhydroxamic acid, an analogue of BPHA, has also been recom- 
mended’ but although relatively quicker the method has hardly any advantage over the 
BPHA method, so far as selectivity is concerned. Since the cations mentioned above are 
common constituents of many industrial alloys and steels, attempts have been made to 
synthesize a new reagent which will be effective for direct determination of Mo(V1) in pres- 
ence of these interfering ions. 

The present paper describes a simple, rapid, highly selective method for Mo(V1) over 
a wide range of acidity and at room temperature, using a newly synthesized reagent, viz. 
N-o-toluoyl-N-o-tolylhydroxylamine (OTOTHA). The method is sensitive, molyb- 
denum(V1) being determined with reasonable accuracy at concentrations as low as 25 mg/l. 
The method works satisfactorily for determining molybdenum in alloy steels. 

EXPERIMENTAL 

General procedure 

From Table 1 it is clear that precipitation is quantitative over a wide range of acidity but l-4M mineral acid 
medium is recommended for better selectivity. 

An aliquot of standard molybdenum solution was diluted to lW150 ml m a 250-ml beaker and the acidity 
adjusted to l-4N with respect to hydrochloric or sulphuric acid, and 1% reagent solution added at room tem- 
perature with stirring until precipitation was complete. After l&15 min the precipitate was filtered off on a 
weighed porosity-3 sintered-glass crucible, washed with 0.05’% wash solution until free from sulphate or chloride 
and finally with 5-10 ml of @Ol% wash solution, then dried at 110” and weighed. The conversion factor to 
molybdenum is 0.1576. 

The standard solution of molybdenum(W) was prepared by dissolving a known weight of analytical-grade 
ammonium molybdate in dilute ammonia solution, diluting to known volume with distilled water, and standard- 
izing by the oxine method. Standard solutions of niobium, tantalum, titanium, zirconium and hafnium were 
prepared by fusing their “Specpure” (JohnsonMatthey) oxides with potassium bisulphate and dissolving the 
cooled clear melts with 5% tartaric acid solution. The niobium and tantalum solutions were standardized by 
the method of Majumdar and Pal6 and the titanium, zirconium and hafnium solutions with cupferron.’ 

For solutions of other cations, their corresponding nitrates, chlorides and sulphates were used. Tartaric or 
oxalic acid was added to the solutions of those metal ions (e.g., As, Bi, Sb) which hydrolyse. 

431 
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Table 1. Effect ofacidity and pH (a = H,SO,, h = HCI) 

MO taken, MO complex, MO found, 
Acidity W mg mg 

1N ; 13.80, 
13.80, 

2N ; 13.80 
13.80 

3N ; 13.80 
14.03 

4N ; 
14.03, 
13.80 

6N ;: 14.03 
13.80 

a 14.03 
8N 13.37 

b 13.80 
PH 1 13.80 
pH2 13.80 
PH 3 14.03 
pH 4.5 14.03 
PH 5 14.03 
pH 6.2 13.80 

3.37 
3.37 

3.37 

87.7, 84.6 
87.5, 84.8 
87.5, 87.7 
87.7 
87.3 
89.4 
89.2, 84.6 
87.4 
90.2 
84.0 
90.6 
lgnitlon 
no precipitation 
87.6 
87.5 
88.6 
88.7 
88.9 
58.0 

13.82, 13.34 
13.79, 13.37 
13.79, 13.82 
13.82 
13.75 
14.06 
14.05, 13.34 
13.77 
14.21 
13.23 
14.27 
13.39 

13.80 
13.79 
13.95 
13.98 
14.01 
9.14 

Preparation and propertres of chelatmg reagent (0707HA) 

First o-toluoyl chloride was prepared by treatment of o-tolulc acid with a slight excess of thionyl chloride under 
reflux for 2-3 hr on a water-bath; when the reaction was over, 20-30 ml of benzene were added and the solvent 
and excess of thionyl chloride were removed under reduced pressure. The liquid remaining m the flask was o- 
toluoyl chloride. 

An ethereal solution of o-tolylhydroxylamine, prepared after the method of MaJumdar and Pal,6 was trans- 
ferred to a 600-ml beaker and about 300 ml of water were added. It was rendered slightly alkaline by addition 
of solid sodium bicarbonate and kept in an ice-bath. An appropriate amount of o-toluoyl chloride was added 
very slowly from a dropping funnel, the solution being thoroughly stirred mechanically. Sodium bicarbonate was 
added from time to time to keep the reaction rmxture slightly alkaline throughout the process. The acid chloride 
addition was continued until the reaction mixture failed to blacken Tollen’s reagent. The addition was then 
stopped and stirring was continued for another 30 min. The yellow-reddish semi-solid mass thus obtained was 
separated by decantation and triturated with 10% sodium bicarbonate solution to remove the entrapped and 
adhering acid chloride. Finally it was washed with water, then extracted with ammonia solution 3 or 4 times, 
and the extract filtered through glass wool. The filtrate was added slowly to ice-cold 4M hydrochloric acid with 
stirring, and N-o-toluoyl-N-o-tolylhydroxylamine separated out. It was filtered off, washed with water and recrys- 
tallized from aqueous alcohol to give white needle-shaped crystals, m.p. 87-88”. Analysis gave C 75.0%. H 6.2%. 
N 5.9% (calculated for C, ,H1 502N: C74.68%, H6.22%, N 5.805;). 

The structural formula is 

FH3 ;1 
OH 
I H3C 

The reagent is highly soluble in glacial acetic acid; a l”,; solution in this acid, diluted 20-fold with water, is 
stable between pH 4.0 and an acidity of 4N sulphuric or hydrochloric acid. At higher sulphuric acid con- 
centration the solution becomes turbid owmg to separation of free reagent, and at pH 4.5-7.0, the free reagent 
is also precipitated. In this pH range, however, a 1% alcohol solution of the reagent shows no turbidity. The 
reagent is soluble in most organic solvents and in hot water. 

A 1% alcohol solution was used as precipitant at pH values higher than 3.0 and for more acid media a 1% 
solution in glacial acetic acid was used. 

Initial washing of the precipitate was done with 0.05’4 reagent solution prepared by dissolving 50 mg of reagent 
in about 10 ml of alcohol and diluting to 100 ml with water. Final washing was done with @Ol% reagent solution. 

RESULTS AND DISCUSSION 

EfSect of acidity and pH 

At low acidity (PH < 1) the solution needed heating to 70” in presence of a little 
ammonium chloride (100 mg) for quicker coagulation of the precipitate. The positive 
errors obtained with > 4N sulphuric acid were due to the separation of free reagent, but 
ignition of the complex showed the precipitation to be quantitative even from 8N sul- 
phuric acid. 
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Composition of the complex 

The dried complex was analysed for molybdenum by ignition of a weighed portion to 
molybdenum trioxide and by the oxine method after decomposition of a weighed portion 
of the complex with a mixture of concentrated nitric, sulphuric and perchloric acids. The 
carbon, hydrogen and nitrogen contents were estimated by the usual combustion methods. 
Found: MO 15.8, 15.9x, C 59*7x, H 5.1x, N 48%; MoO~(C~~H~~O~N)~ requires MO 
15.76x, C 59.20x, H 4&l”/,, N 4.60%. The structure is probably 

CH3 

6 

H3C 

/ \ c=o 0 

\II/ 

o-_N 

42 

1 \ 

- - 

MO 

/ \ 

Q- 

/II\ 
N-O o ozzzcc 1 \ 

- 

-9 

- 

CH3 H3C 

Thermal analysis showed that the molybdenum complex is perfectly stable up to 200”. 
The freshly precipitated complex is perfectly white and crystalline, becoming cream col- 

oured when dried. It is insoluble in water, dilute acetic acid and aqueous alcohol (1: 10) 
but highly soluble in chloroform, benzene and acetone. 

Effect of diverse ions 

In l-2N acid, a considerable number of cations and anions were found not to interfere 
(Table 2). In certain cases masking agents were added. The figures in parentheses in Table 

Table 2. Effect of diverse ions in l-2N acid medium 

Ions (w) 

Complexing 
MO taken, agent added, MO complex, MO found, 

mg w mg w 

Cu(II)(65), Co(II)(60) 
Cu(I1) (loo), Co(I1) (loo), 
Ni(lOO), Mn(I1) (100) 
Cu(I1) (loo), Co(I1) (100) 
Ni (85), Mn(I1) (100) 
Fe(II1) (50), V(V) (50) 

13.57 - 85-8 13.51 

13.80 
13.37 
13.37 
13.57 

Cr(II1) (100). U(VI) (100) 13.80 
Cr(II1) (100). U(VI) (100) 13.37 
Ti(IV) (50) 13.80 

Zr(lOO), Hf(lO0) 13.80 

Sn(IV) (loo), Zr( 100) 13.37 

Nb(V) (50) 13.80 

Ga( 150). Sc( 100) 
Re(VI1) (30) 
Re(VI1) (100) 
As(II1) (80) 
Bi(50) 
Be( 50) 
Ce(IV) (30) 
Ce(II1) (150) 

Al(50), Mg(50) 
Th(50), La( 100) 
Tl(I) (200), Se(IV) (150) 
Zn(lW, Hg(II) (100). 
Cd(100) 
EDTA, tartrate, 
oxalate, citrate, 
phosphate (500 each) 
SCN-(100) 
F-(200) 

13.80 
13.80 
13.37 
13.80 
13.80 
13.80 
13.80 
13.37 
13.80 
13.80 
13.37 
13.37 

13.80 88.0 13.87 

13.80 
13.80 

- 
- 

Ascorbic acid 

(200) 
- 
- 

NH,HF, 

(200) 
Oxalic acid 

(500) 
NH,HFI 

(500) 
NH4HF2 

(200) 
- 
- 

- 

- 
- 
- 

- 
- 

87.5 13.79 
84.9 13.39 
84.7 13.36 
86.3 13.60 

87.5 
85.2 

13.79 
13.43 
13.86 

88.1 13.88 

87.8 13.83 
87.4 13.77 
84.8 13.37 
88.0 13.87 
87.7 13.82 
87.3 13.75 
88.3 13.91 
85.3 13.43 
87.8 13.83 
87.5 13.79 
84.9 13.39 
84.8 13.37 

87.2 

13.30 

13.86 

13.74 
13.82 
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2 represent the amounts of ions added and not the amounts tolerable. The fluoride ion 
in acidic media attacks the glass crucibles used and hence in these cases collection on paper 
and ignition of the complex at 500-550” is necessary. 

Estimation of molybdenum in presence of tungsten 

Aliquots of standard solutions of molybdenum(V1) and tungsten(V1) were mixed and 
diluted to lm150 ml with water. After the addition of a little ammonium chloride and 
5-10 ml of 5% tartaric acid solution the pH was adjusted to l-1.5. The solution was heated 
to about 70” on the water-bath and 1% reagent solution added with stirring until no 
more precipitate formed; stirring was continued for some time. The precipitate was col- 
lected, washed and dried as before. Recovery was 99.9%. 

Estimation of molybdenum in presence of tantalum 

Aliquots of standard molybdenum(V1) and tantalum oxalate solutions were mixed and 
diluted to 100 ml and the tantalum precipitated with dilute ammonia solution in presence 
of ammonium chloride, filtered off and washed thoroughly with water. The acidity of the 
filtrate was adjusted to 14N and the molybdenum precipitated as before. Recovery was 
99.9%. 

If tartrate is present the precipitation of tantalum hydroxide fails, and in that case both 
tantalum and molybdenum are precipitated with OTOTHA, then ignited to the mixed 
oxides, which are dissolved and the tantalum is then precipitated from oxalate medium 
as the hydroxide, as above. 

Direct determination of molybdenum in steels 

About 0.3 g of steel was accurately weighed into a 250-ml beaker and treated carefully 
with 15 ml of aqua regia, the beaker being covered with a watch-glass. After completion 
of the brisk reaction the contents were heated gently over a hot-plate, evaporated to small 
volume, and cooled. Then 5 ml of concentrated sulphuric acid were added and heated to 
fumes to drive off nitric acid. To the cold pasty mass about 100 ml of water were added 
and heated for a while to dissolve the soluble salts. About 1 g of tartaric acid was added 
and the solution rendered slightly ammoniacal to dissolve any precipitated MOO, or WOJ 
as their ammonium salts. Any insoluble matter was filtered off and the solution was then 
rendered neutral by boiling, diluted with 100 ml of water, cooled and made l-4N with re- 
spect to sulphuric acid (by addition of 8N sulphuric acid). Then 1 g of ascorbic acid was 
added and molybdenum precipitated as already described. 

Since tungsten can be masked with tartaric acid only at pH l-1.5, if it is present it will 
be precipitated along with the molybdenum. Therefore for tungsten steels the combined 
tungsten and molybdenum precipitate is collected on paper, washed well with reagent 
solution and ignited at 50&550”. The oxides are then dissolved in dilute ammonia solu- 
tion and filtered free from insolubles, then 500 mg of tartaric acid are added and the 
molybdenum precipitated at pH l-1.5. Typical results are shown in Table 3. 

Table 3. 

Sample 

MO, certified 
value, MO found, 

% 
0’ 
‘0 

(1) British Chemical Standard 
Nb-Mo ‘18/U stainless 
steel No. 246. 
(MO 2.89%, Nb 0.82%, 
Cr 18.8%, Ni 12.1%, W 0.22% 
Cu 0.13% and Sn less than 
0.01%) 

2.89 2.78, 2.96 

(2) British Chemical Standard 
Sample No. 64B. 
(MO 4.95%, V 1.99%, 
W 7.05% and Cr 4.55%) 

4.95 5.10. 4.78, 509 
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Summary-When present together in solution, chromium(III) and tartrate can interfere seriously 
in the titration of Co(H), Cu(II), Zn(I1) and Cd(I1) with EDTA. Ternary (heteronuclear) tartrate 
complexes containing Cr(II1) and bivalent metal ion in the ratio 1: 1 are formed. The conditions 
for the formation of these complexes have been investigated. Cadmium(H) can be determined with- 
out interference by employing potentiometric end-point detection. 

It is known that certain bivalent metal ions [such as cobalt(II), copper( zinc(I1) and cad- 
mium(II)] can be determined by EDTA titration in weakly acidic media (pH 5-6) with 
Xylenol Orange as metallochromic indicator. ‘9’ Chromium(II1) does not interfere in such 
titrations at room temperature.2 Neither does tartrate interfere in the photometric titration 
of Co(II), Cu(II), Zn(I1) and Cd(I1). However, when Cr(II1) and tartrate are present 
together, significant amounts of these metal ions are masked owing to formation of ternary 
heteronuclear complexes of the bivalent metal ion, chromium and tartrate. 

The formation of ternary complexes of oxyacids (e.g., tartaric, citric, malic and lactic 
acids) and two different metal ions has been previously recognized in several systems.3-2’ 
In particular, chromium(II1) has been shown to form a heteronuclear complex with tar- 
taric acid and tin12 or indium.‘*i2 

This paper describes the interference of chromium(II1) and tartrate in the photometric 
and potentiometric EDTA titrations of Co(II), Cu(II), Zn(I1) and Cd(II), and the character- 
istics of the heteronuclear complexes causing the interference. 

EXPERIMENTAL 

Reagents 

EDTA (disodium salt). A stock 0.2M aqueous solution was prepared from the analytical-grade reagent and 
standardized by titration against zinc. 

Stock solutions ofbivalent metal ions, @05M. Prepared from the analytical-grade nitrate, sulphate. or chloride 
salts, and standardized against EDTA. 

Chromium(ll1) nitrate, 0.024. Laboratory-reagent grade. 
Potassium sodmm tartrate, 0.4M. Laboratory-reagent grade. 
Hg(II)-EDTA, OQOlM. Prepared daily from equivalent volumes of mercury(H) nitrate and O.OlM EDTA. 
All other reagents used were of laboratory-reagent grade. Distilled water was used throughout. 

Procedure 

Solutions were prepared by mixing the required volumes of chromium(II1) nitrate solution (O.OSM), bivalent 
metal ion solution (0,05&f), potassium sodium tartrate solution (0,4&f) and water. After adjustment of the pH 
with dilute sodium hydroxide solution or nitric acid, the solutions were heated m a boiling water-bath, cooled 
to room temperature (20 k 2’7, transferred quantitatively to 5(rml volumetric flasks, and diluted to the mark 
with water. The change in pH during heating was less than 0.2 units. 

Aliquots (5 ml) of the solutions were diluted to about 20 ml and titrated photometrically or potentiometrically 
at pH 565.5 with EDTA added from a 0.5~ml Agla micrometer-syringe burette. In the photometric titrations, 
solid Xylenol Orange and hexamine were added as indicator and buffer respectively. An EEL photometric titra- 
tor, with Unigalvo galvanometer and filter with maximum transmittance at 580 nm, was employed. 

In the potentiometric titrations, saturated calomel and J-type mercury-drop electrodes2 connected to a 
Honeywell VT100 digital voltmeter were used to monitor the potential. Before the titration, mercury-EDTA 
(1 ml of OQOlM solution) was added, and nitrogen was bubbled through the solution to remove dissolved 
oxygen. The pH was adjusted to 5.5 with dilute nitric acid or sodium hydroxide solution at the start of the 
titration, the buffering capacity of the tartrate being sufficient to prevent the pH falling below 5.0 by the time 

* On leave from the Laboratory of Analytical Chemistry, Faculty of Science, Strossmayerov trg 14, Zagreb, 
Yugoslavia. 

IAL 22 4 I, 
437 



438 C. G. RAMSAY and B. TAMHINA 

the end-point was reached. Smce chloride interferes with the mercury Indicator electrode, nitrates or sulphates 
of the bivalent metal Ions were employed in systems which were titrated potentlometrlcally 

RESULTS 

General observations 

Equilibria were attained rapidly during EDTA titration of the binary bivalent metal 
ion-tartrate systems. Although the presence of tartrate necessitated intrumental end-point 
detection, the intersections of the linear portions of the photometric titration curves were 
very sharp. When chromium(II1) was present, however, the intersections in the titration 
curves were less sharp and equilibrium was attained less rapidly owing to slow dissociation 
of the heteronuclear complexes. Titrations of Cu(I1) or Cd(I1) in the ternary systems were 
relatively fast, equilibrium being attained in less than 1 min, but equilibrium in the corre- 
sponding Zn(I1) and Co(I1) systems was only attained after 4 and 10 min, respectively. 

Hexamine buffer did not affect the heteronuclear complexes: identical photometric 
titration results were obtained when the pH was maintained at 5.5 by addition of dilute 
sodium hydroxide solution during the titration, and when the pH was controlled by the 
addition of hexamine. 

The end-points in potentiometric titrations of tartrate solutions of Cu(II), Zn(I1) and 
Cd(I1) were indicated by potential breaks of 5&100 mV, but only a gradual decrease in 
potential throughout the titration was observed for Co(I1) tartrate systems. Neither did 
a potential break occur during the titration of Zn(I1) when Cr(II1) was present. 

Only in the case of copper(I1) was it possible to titrate the same aliquot of solution both 
photometrically and potentiometrically. Otherwise, the Xylenol Orange in the combined 
titration system was masked in a stable yellow complex also containing mercury(I1) and 
tartrate. Copper(I1) demasked the Xylenol Orange to form the characteristically red-violet 
metal-indicator complex, but cobalt(II), zinc(I1) and cadmium(I1) did not. Consequently, 
photometric and potentiometric titrations of the latter metals were performed separately. 

The results of the titrations are expressed as the “% masked” which is defined as 

loo(1 - A/B) 

where A is the volume of EDTA required when Cr(II1) is present, and B is the correspond- 
ing volume when Cr(II1) is absent. Since the results for the ternary systems are very depen- 
dent on the experimental conditions, and since only the relative values of the titrations 
are of general importance, no calculation of errors or precision has been made, but each 
result is the average of at least two determinations. 

E&t of pH 
The effect of pH on heteronuclear complex formation was investigated by photometric 

EDTA titration of aliquots of solutions heated for 2 hr and containing O.OlM Cr(III), 

3 4 5 6 7 
PH 

Fig. 1. Effect of pH on heteronuclear complex formation with Cr(III), tartrate and CO(O), CU(O). 
Zn(0) or Cd(A). 
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O.OlM bivalent metal ion and 0*16&f tartrate, and corresponding solutions without chro- 
mium. The results (Fig. 1) indicate that the optimal pH values for heteronuclear complex 
formation for Co(II), Cu(II), Zn(I1) and Cd(I1) are 50,58, 5.2 and 5.2, respectively. All sub- 
sequent solutions were prepared at these pH values. 

EfSect of heating time 

Solutions containing OOlM Cr(III), O*OlM bivalent metal ion and 0.16M tartrate were 
heated in a boiling water-bath for various times. Comparison of the results (Fig. 2) for 
photometric titration of aliquots of these solutions with blanks containing no Cr(II1) indi- 
cates that the amount of Cr(II1) heteronuclear complex formation with Co(II), Zn(I1) or 
Cd(I1) remains constant for between 10 and 120 min heating. In the case of Cu(II), how- 
ever, the amount of heteronuclear complex formed increases significantly throughout the 
time range investigated. Heating of Cu(I1) solutions for longer than 120min resulted in 
the precipitation of a red powder containing Cu(I1). Unless otherwise stated, subsequent 
solutions were heated for 2 hr. 

Heats-q time , mln 

Fig. 2. Effect of heating time on heteronuclear complex formation with Cr(III), tartrate and CO(O), 
Cu(@, Zn(O) or Cd(O). 

EfSect of tartrate concentration 

Photometric titration results for solutions containing O.OlM Cr(III), O.OlM bivalent 
metal ion (M), and various concentrations of tartrate were compared with those for solu- 
tions containing 0.01 M bivalent metal ion and correspondingly halved tartrate con- 
centrations. The amounts of bivalent metal ion masked (Fig. 3) are independent of the con- 
centration ratio of tartrate to total metals between the values 3: 1 and 10: 1. Hydrolysis 
of the metal ions occurred at low ratios. No conclusions are drawn as to the ratios of tar- 
trate to metal ions in the heteronuclear complexes since the systems are complicated by 
the presence of binary tartrate complexes. That the curves in Fig. 3 reach plateaux at such 
low concentrations of tartrate, however, illustrates the considerable stability of the hetero- 
nuclear complexes. Most other experimental work was carried out at a tartrate:total 
metals ratio of 8: 1. 

Chromium(ZI1): bivalent metal ion ratio 

The ratios of Cr(II1): bivalent metal ion in the heteronuclear complexes were evaluated 
as 1: 1 for each of the bivalent metal ions by both the mole-ratio method and by Job’s 
method (Figs. 4 and 5). 

For the mole-ratio work, aliquots of solutions 001M in bivalent metal ion, 0.16M in 
tartrate and containing the requisite concentrations of Cr(II1) were titrated photometrically. 
For Job plots, aliquots of solutions in which the tartrate concentration was 0*08M and 



440 C. G. RAMSAY and B. TAMHINA 

50 - 

40 - 

S 

d 
2 30- 
0” 
E 

S 
z 20- 

10 - 

.-•-.-.-. 

I I 

2 4 6 8 IO 

Mole ratlo, [Tartrate] /[Ml+ [Crl 

Fig. 3. Effect of tartrate concentration on heteronuclear complex formation with Cr(III), tartrate 
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Fig. 5. Job plot for heteronuclear complexes of Cr(III), tartrate and Co(O), CU(O), Zn(O) or Cd(A). 
A volume is the reduction in the volume of EDTA required to titrate the bivalent metals in tartrate 

solutions when Cr(II1) 1s present. 
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the total concentration of Cr(II1) plus bivalent metal ion was O.OlM were titrated simi- 
larly. Titrations of corresponding solutions containing no Cr(II1) yielded linear calibration 
graphs. 

Storage eficts 

The change with time in the amounts of Co(II), Cu(II), Zn(I1) and Cd(I1) masked was 
investigated over 14 days both for solutions which had not been heated and for solutions 
which had been heated for 2 hr on day zero and then stored at room temperature. The 
results of photometric titrations of aliquots of solutions O.OlM in Cr(III), O.OlM in biva- 
lent metal ion and 0.16M in tartrate are listed in Table 1. 

Table 1. Change with time in the amount of bivalent metal masked as a heteronuclear chromium(II1) tartrate 
complex 

Storage time, 
days Co(I1) 

y0 Masked 

Cu(I1) Zn(I1) Cd(I1) 

0* 0.8 6.0 1.2 1 3.3 (31.87) 7.6 (356t) 6.6 (42.0t) 2:: ( 12.47) 
2 11.4 8.0 8.5 8.0 
5 17.9 8.4 19.2 14.0 
7 25.6 9.2 20.7 15.2 

14 29.3 (32.0t) 17.7 (35.2?) 42.9 (42.8t) 22.2 (215T) 

* Titrations on day zero were completed less than 1 hr after mixing the reagents. 
t These results are for heated solutions; the other results are for unheated solutions. 

Heteronuclear complex formation proceeds relatively slowly at room temperature, but 
after 14 days only in the case of Cu(I1) does the amount of bivalent metal ion masked in 
unheated systems differ greatly from that masked in heated systems. The Co(II), Cu(I1) and 
Zn(I1) heated systems are stable for at least 14 days. In contrast, the heated Cd(I1) system 
shows a large increase in the amount of cadmium masked. This increase is puzzling since 
there is no difference in the amount of cadmium masked after 10min heating and after 
120 min heating (Fig. 2). 

Potentiometric titrations 

Aliquots of solutions 001M in Cr(III), O*OlM in bivalent metal ion and 0.16M in tar- 
trate were titrated both potentiometrically and photometrically. The results in Table 2 
show that the formation of heteronuclear complexes does not interfere in the potentio- 
metric EDTA titration of cadmium: the value -0.2% masked reflects the titration error. 
Hence, potentiometric end-point detection is recommended when Cd(I1) is determined by 
EDTA titration in systems containing tartrate and Cr(II1). As in the photometric titrations, 
the accurate potentiometric EDTA titration of Co(II), Cu(I1) or Zn(I1) is not possible when 
Cr(II1) and tartrate are present. 

Table 2. Amounts of bivalent metal masked in potentio- 
metric and photometric EDTA titrations of previously 
heated solutions containing O.OlM Cr(III), O.OlM M(II) 

and 016M tartrate 

‘Y, M(II) masked 

Potentiometric Photometric 
M(II) titration titration 

co NPB 28.6 
cu 21.6 23.3 
Zn NPB 33.3 
Cd -0.2 14.6 

NPB-No potential break observed. 
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DISCUSSION 

Heteronuclear complexes of considerable stability are formed by Cr(III), tartrate and 
the bivalent metal ions Co(II), Cu(II), Zn(I1) and Cd(I1). Consideration of the thermodyna- 
mic stability of these complexes is complicated by the high kinetic stability of Cr(II1) com- 
plexes. Remembering this qualification, however, it may be concluded that all four bivalent 
metal ions investigated form heteronuclear complexes of greater stability than the corre- 
sponding metal-Xylenol Orange complexes. Whereas the cadmium(I1) heteronuclear com- 
plex is less stable than the Cd(II)-EDTA complex (since no cadmium is masked in poten- 
tiometric EDTA titrations), the analogous copper(I1) complex is more stable than the 
Cu(IIbEDTA complex. 

Although heteronuclear complex formation proceeds more rapidly at higher tempera- 
tures, significant quantities of the bivalent metals are masked at 20” within the time taken 
to mix the reagents and perform the titrations (about I hr). Much greater interferences 
occur when the systems are heated, as in most decompositions preceding analysis, or when 
the systems are stored for several days. Since the masking is not quantitative, no immediate 
analytical use can be made of these particular systems, but the effect must be regarded 
as a major source of possible error in EDTA titrations. The titration results, however, im- 
ply only that the interplay of equilibria during the titrations is such as to mask various 
amounts of bivalent metal ions; they do not prove that the heteronuclear complex forma- 
tion in solution is non-quantitative. 

This work, combined with the growing amount of published data on heteronuclear hyd- 
roxycarboxylate complexes, emphasizes the necessity for caution when hydroxycarboxylic 
acids in particular (and polydentate ligands in general) are employed in analytical pro- 
cedures. 

Acknowledgement-C. Ramsay thanks the Carnegie Trust for the Universities of Scotland for financial support 
during this work. 
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AN INVESTIGATION OF THE POTENTIAL USES OF IODINE 
MONOCHLORIDE AS A TITRANT IN THERMOMETRIC 

TITRIMETRY 
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Summary-An investigation has been made of the potential uses of iodine monochloride as a 
titrant in thermometric titrimetry. A series of substances, inorganic and organic, has been selected 
so that a range of stoichiometries and of various types of reaction products result from the oxi- 
dation. It has been found to be necessary to prevent the formation of iodine formed by oxidation 
of the iodide produced by the reductron of iodine monochlorrde. This is successfully accomplished 
by using mercury(H) to mask the iodide in a mercury(IItiodide complex. However, the evolution 
of gaseous products tends to give curvature of the enthalpogram near the equivalence point and 
the method is not recommended for the determination of compounds such as thiosemicarbazide. 
For many other systems, iodine monochloride used in the presence of mercury(H) has analytical 
potential as a thermometrrc titrant. 

For a compound to be accepted as a titrant in thermometric analysis, it is necessary that 
it not only meets the requirements of classical titrimetry, but also has a relatively high solu- 
bility (since concentrated titrants are always used) and that the kinetics of the reaction at 
the equivalence point are sufficiently favourable for there to be no “dragging” of the end- 
point, which would produce marked curvature of the enthalpogram.’ The overall enthalpy 
change of the reaction must also be fairly high (> 16 kJ/mole) so that an acceptable sensi- 
tivity may be obtained when simple apparatus is used.’ 

The enthalpy changes associated with oxidation-reduction reactions are often relatively 
large.’ In addition to this many redox systems have favourable kinetics, and the rates of 
reaction are often quite high. 

We have examined several oxidizing titrants including chloramine-T, N-bromosuccini- 
mide, potassium hexacyanoferrate(II1) and iodine monochloride for use in thermometric 
titrations. Of these, only iodine monochloride showed any promise, the others failing to 
meet one or more of the requirements, especially at room temperature and in aqueous 
solutions of sufficient concentration to be used in the manner required. 

Iodine monochloride has been used as an oxidimetric titrant both in direct titrations3*4 
and in indirect titrations.‘s6 It has also been used for substitution and addition reactions 
in the titrimetric determination of organic compounds in functional group analysis.’ It has 
found some use as a catalyst in the reaction between arsenic(II1) and cerium(IV).* 

The direct titration of reducing agents with iodine monochloride can be done with the 
aid of visual indicators, in either acidic or weakly alkaline solutions. Since the iodine 
monochloride titrant needs to be prepared in hydrochloric acid medium it is not con- 
venient to use the titrant for weakly alkaline media in thermometric titrimetry, since the 
heat of neutralization tends to mask the equivalence point for the redox system. It is thus 
preferable to use oxidations in acidic conditions. 

In acidic conditions there are two possible mechanisms of oxidation-reduction involv- 
ing iodine monochloride.’ If the standard potential of the titrand is less than + 04 V, the 
iodine monochloride titrant is reduced to iodide. When no more titrand remains to be oxi- 
dized, the titrant may oxidize the iodide to elemental iodine. These two successive reac- 
tions are quite discrete and if followed potentiometrically, the change from one reaction 
to the other is observed as a discontinuity in the record. 

If the standard potential of the titrand is much greater than +0.4 V, then the iodine 
monochloride titrant is reduced directly to elemental iodine. 

* Present address: Department of Chemistry, Pennsylvania State University, State College, Pa, USA. 
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The calculated standard potentials for these reactions are Ei’+P- = 0.795 V,9 and 
E;+ /r- = 1.06 V. 10 

We have previously reported’ ’ that in the titration of ascorbic acid with iodine monoch- 
loride, it is necessary to add an excess of mercury(I1) to the solution if only one point of 
discontinuity is to be seen on the enthalpogram. The action of the mercury(I1) is to mask 
the iodide by the formation of a stable mercury-iodide complex, and this masking action 
prevents the oxidation of the iodide by the iodine monochloride. There is thus a sharp 
indication of the end of the redox reaction involving the original titrand. 

A series of substances has been selected to investigate the effect of different stoichio- 
metrics, gaseous reaction products and different end-products of the iodine monochloride. 

The compounds contain typical functional groups that can be determined by oxidation, 
e.g., hydroquinone and hydrazides, or are inorganic ions capable of being oxidized by 
I+, e.g., Sb(II1) and As(II1). 

It is considered that these compounds are typical of the possible problems and cover 
both possible electrode potential ranges. 

EXPERIMENTAL 

Apparatus and reagents 

The circuit for the basic bridge system and the details of the titration assembly have been reported previously.’ 
All the compounds used were analytical-reagent grade and were assayed by the appropriate standard method.lz 

The standard solution of iodine monochloride is prepared by the oxidation of iodide with iodate m the pres- 
ence of concentrated hydrochloric acid. The amounts used are in accordance with the stoichiometry of the reac- 
tion: 

21- + IO; + 6H+ = 31+ + 3H20 

The experimental details of this preparation and the subsequent standardization procedure have been pre- 
viously reported. ‘r The free hydrochloric acid concentration should be adjusted to 2M to avoid heat of dilution 
effects. 

Procedure 

Dissolve the sample in 2M hydrochloric acid, transfer the solution to the reaction cell and make up to 10 
ml with 2M hydrochloric acid. Immerse the tip of the burette below the surface of the titrand and position the 
thermistor so that local temperature effects are avoided. Activate the temperature-sensing circuit and stir at a 
constant rate until thermal equilibrium is achieved (as shown by the trace on the recorder chart). When thermal 
equilibrium is obtained titrate the sample with iodine monochloride solutron (which should also be 2M with 
respect to hydrochloric acid in order to avoid any heat of dilution effect). 

When the effect of mercury(I1) is to be investigated, then the solution in the reaction vessel should be approxi- 
mately O.lM with respect to mercury(H) chloride and 2M with respect to hydrochloric acid. 

RESULTS AND DISCUSSION 

Some examples of the types of enthalpograms obtained are shown in Figs. 1 and 2. 
Some typical results are shown in Table 1. All the results quoted were obtained from 
sample solutions containing an excess of mercury(I1). 

Volume of tltrant 

Fig. 1. Iodine monochloride titration of As(III) in absence of HgCI,. 
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Fig. 2. Iodine monochloride titration of As(II1) in presence of excess of HgCl,. 

Volume of titront 

The reactions for the compounds investigated have all been previously reported. It is 
of interest to note that when one or more of the reaction products is gaseous and hydrogen 
ions are also produced, that some curvature of the enthalpogram at or about the equiva- 
lence point is produced, viz., for hydrazine (N2 + 4H+), phenylhydrazine (N, + 3H’), 
semicarbazide (N, + CO2 + 3H+) and thiosemicarbazide (N2 + SO2 + CO, + 9H+). 

It is considered likely that the conditions are not favourable at the equivalence point, 
because the exothermic production of protons is offset by the endothermic loss of 
gaseous products from the system is generally an endothermic process and result in 

Table 1. 

Compound 
Weight 

taken, wig* 
Weight 

found, mgt 
Error, 

% 

Hydrazine 
sulphate$ 

Hydroquinone$ 

Phenylhydrazme 
hydrochloride 11 

Potassium antimony1 
tartrate 

Sodium 
arsenitef 

Semicarbazide 
hydrochloride§ 

Ascorbic acid$ 

Thiosemicarbazide 

11.7 11.7 
28.3 28.2 
40.0 40.0 
55.6 56.5 

2.49 2.48 
4.99 496 
744 7.90 
9.92 10.70 
5.8 5.8 

15.0 14.9 
19.8 19.6 
33.3 33.1 
30.7 31.0 
402 404 
50.5 50.5 
l@l 10.1 
13.5 13.4 
15.4 15.3 
32.0 32.2 

8.0 8.3 
15.0 15.1 
18.5 18.3 
5.3 525 

10.6 10.45 
20.5 20.3 

The amount of curvature near the equivalence 
point make accurate extrapolation very difficult. 
The error is analytically unacceptable. 

0.0 
-0.4 

0.0 
+ 1.6 
-0.4 
-0.6 
+ 6.2 
+ 7.8 

@O 
-0.6 
- 1.0 
-0.6 
f1.0 
+ 0.5 

0.0 
@O 

- 0.8 
-0.7 
+ 0.6 
+ 3.8 
+ 0.7 
- 1.5 
-1.0 
- 1.2 
- 1.5 

* At least 3 aliquots of a freshly prepared solution used for each weight. 
t The worst result for each weight used. 
$ Well defined equivalence point. 
§ Considerable curvature in the region of the equivalence point. (Especially for sample weights of hydroquinone 

greater than 5 mg.) 
11 Slight curvature in the region of equivalence point. 
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the enthalpogram being curved. The amount of distortion produced in the hydrazine 
sulphate reaction is small and the sharpness of the end-point is acceptable for the 
precision required. 

In the case of phenylhydrazine hydrochloride the equivalence point can be located 
accurately by extrapolation of the slopes before and after the maximum point of curva- 
ture. 

Attempts to obtain more acceptable enthalpograms for semicarbazide and thiosemicar- 
bazide by heating the system to 30” and hence increasing the rate of the reaction, did 
not produce acceptable curves; the rate of loss of the gaseous products is also increased 
and the possible beneficial effects produced by increasing the temperature of the system 
are apparently cancelled by this increase. 

In the reaction where the iodine monochloride is reduced directly to elemental iodine, 
i.e., the reduction using hydroquinone, it is possible to obtain good results only over a 
small range. This is again caused by the loss of gaseous reaction product, in this case I,. 
The evolution of purple vapours of I, is noticeable at the end of the titration. It is for this 
reason, that in those reactions where the iodine monochloride is first reduced to iodide 
ion, that we recommend the masking of the iodide ion with mercury(II), in order to prevent 
the oxidation of the iodide to elementary iodine by the iodine monochloride. In such cases 
the results are generally within 1.5% of those expected. 

Thus we may interpret the enthalpograms produced in the presence and in the absence 
of mercury(I1) in the following manner. When no mercury(I1) is present (Fig. 1) the line 
BC represents the exothermic reduction of iodine monochloride, and the line CD repre- 
sents the heat of oxidation of the iodide ions by iodine monochloride. This is confirmed 
by the fact that the volumes of titrant consumed over the ranges corresponding to BC and 
CD are approximately equal. Furthermore the endothermic and visible evolution of iodine 
vapour is observed as a decrease in temperature on the enthalpogram. after D. 

An excess of mercury(I1) complexes the iodide as it is formed, and only one equivalence 
point is observed with increased sharpness (Fig. 2). 

Thus from the compounds examined and the various classes of reactions which are 
found, we recommend that iodine monochloride be used in thermometric analysis in such 
conditions that the evolution of iodine is prevented by the masking with mercury(I1) of 
the iodide produced in the preliminary reduction of I+. 

The direct determination of hydrazinium functional groups in organic compounds 
which react to give relatively large amounts of gaseous products, is not recommended. 

However the heat of reaction and the kinetics for other reactions indicate the analytical 
potential of the oxidant. 

Acknowledgement-One of us (J.K.G.) wishes to thank the Science Research Council for the provision of a Stu- 
dentship over the period during which the investigation was made. 
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ION-EXCHANGE INVESTIGATION OF THE 
ARSENAZO III-URANYL SYSTEM 

CONFIRMATION OF THE PHYSICAL EXISTENCE OF A 
WEAK M,L-TYPE NEW COMPLEX COMPOUND 

J. A. PEREZ-BUSTAMANTE 

Departamento de Quimica Analitica, Facultad de Ciencias y C.S.I.C., Universidad Complutense, 
Ciudad Universitaria, Madrid-3, Spain 

(Rrceiued 26 March 1974. Revised 20 July 1974. Accepted 15 October 1974) 

Summary-Ion-exchange experiments have proved the physIca existence m the arsenazo III- 
uranyl system of an M2L complex species in addition to the well-known ML complex. The emer- 
ald-green MZL complex exhibits a very low stability which permits the preparation of pure stoi- 
chiometric bluish ML complex solutions by percolation of the former through a cation-exchanger 
in the sodium form. Both complexes exhibit a similar visible spectrum with maxima located at 605 
and 655 nm, the maximum absorptivity of M,L being slightly greater (ehS z 5.8 x lo4 
1. mole- ’ cm- ‘) than that of ML (E 655 = 5.0 + @3 x 10“). The complexes have a net negative 
charge which depends strongly on the particular washing conditions used for the complexes 
sorbed on chloride-form anion-exchange resins. 

The question posed by the mono- or bifunctionality of the arsenazo III reagent has given 
rise to a number of contradictory hypotheses.’ As a rule, arsenazo III forms ML, ML2 
and even ML, complexes with a number of elements, especially the transition elements,2 
in which arsenazo III acts as a typical monofunctional analytical reagent. 

The ability of this reagent to form M,L-type binuclear complexes has been demon- 
strated3 with complex systems involving Pd(I1). The common explanation of the factual 
monofunctionality of this reagent is based mainly on the strong deactivation of the second 
azo group, which arises from the electronic transfer processes which take place upon the 
complexation of a metal cation by the first azo group of the symmetrical arsenazo III 
molecule.2 The most logical explanation furnished so far to account for the bifunctionality 
of the reagent with Pd(I1) and some other typically “soft” acids involves the participation 
of the cation d-electrons in a pi-bond with the deactivated second azo group.2 However, 
no complex of this type has been reported so far for the uranyl ion, despite itsf-electron 
system. This is rather understandable since this cation can be considered as a typical 
“hard” acid4 unable to participate in n-back-bonding. 

By material balance experiments using ion-exchange resins we have been able to demon- 
strate the physical existence of such a type of M2L compound for the uranyl-arsenazo III 
system. It is of very low stability and exhibits spectral properties closely approaching those 
exhibited by the “common” ML-type complex.‘-’ 

EXPERIMENTAL 

Appurutus 

Ion-rwhangr columns. Simple and combmed two-body glass-fitted columns of 8-10 mm Internal diameter 
and IO&250 mm overall length. 

Reagents 

Arsenazo III stock solutions, O.l”,. 
Uranyl nitrate solution 0020M. 

Dowex 50 W cation-exchange and Dowex 2 x 8 anion-exchange resins, 5&100 mesh, orlginally in the sodium 
and chloride forms respectively. 
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RESULTS AND DISCUSSION 

Initial work on the monochloroacetic acid/sodium monochloroacetate/arsenazo III/ 
uranyl system showed only compounds of ML stoichiometry,’ but further examination 
has shown the possibility of M2L species. These have now been investigated by ion- 
exchange. 

Preliminary ion-exchange experiments 

Two complex solutions (pH 2.3 + 0.2) were submitted to ion-exchange experiments, one 
having M : L = 5 (emerald-green) and the other L :M = 5 (red-pinkish). The results are 
summarized in Table 1. 

The results for the resin in the sodium form may be connected with the decomposition 
of a green labile MZL complex to form a bluish ML complex: 

2 R-Na -f M2L Z$ RZ-U02 + ML (1) 
(green) (bluish) 

followed (anionic sorption) by the reaction (anionic resin): 

pR-Cl + MLP- Z$ R,ML + pCl- (2) 

To test this hypothesis a spectrophotometric study was undertaken. Spectra were 
recorded, starting with pure bluish effluent solutions (from an R-Na layer fed with green 
solution) to which varying amounts of U(VI) were added (Fig. 1). An isosbestic point was 
found at 575 nm which can be related to the establishment of the equilibrium 

ML + UO:+ $M2L (3) 

Table 1. Investigation of the ion-exchange properties of uranyl-arsenazo III complex solutions 

Resin system Green solution (CM = 5CL) 
Remarks 

Pinkish-red solution (Cc = 5Chl) 

R-H 

R-Na 

R-OH 

R-Cl 

R-Na/R-Cl 

Quick decomposition of the complex; quanti- Same phenomena as for the green system 
tative sorption of U(VI) on the exchanger; 
red-crimson effluent of free arsenazo III solu- 
tion 

Bluish effluent solution; sorption of excess of No sorption of either U(VI) or arsenazo III 
U(VI) on the exchanger. The effluent solution on the resin layer was observed. The effluent 
was shown to rebuild the green feed solution solution leaves the resin column quite un- 
upon addition of excess U(V1). A material changed 
balance carried out with the feed effluent solu- 
tions, together with the yellow colour of the 
exchanging layer showed that no complex 
sorption takes place on the resin layer 

Both types of feed solution become quantitatively sorbed on the resm which becomes intensely 
dark coloured. The effluent solutions exhibit a very slight alkalinity indicating that all 
complexes, excess of uranyl ion and excess of ligand are taken up by the aniomc resin 

Similar results as for the preceding case for both feed solutions. In this case, however, the 
effluent for the green feed solution contained free uranyl (arsenazo III test) but that of the 
pinkish red solution did not. In both cases considerable amounts of Cl- were set free from the 
resins into the effluent. Upon thorough washing the sorbed complex species of the green solu- 
tion evidenced a much stronger tendency towards hydrolysis than the sorbate complex resulting 
from the other feed solution. Consequently arsenazo III tests carried out on the wash-hquors 
of the complex sorbed from the green solution showed the presence of appreciable amounts 
of hydrolysed U(VI) in contrast to the other column which did not show such a hydrolytic process 

Sorption of excess of U(VI) on the cationic No sorption of any species was noticed on the 
layer. Quantitative sorption of bluish effluent cationic layer. Similar results as for the pre- 
solution of the cationic layer on the anionic cedmg case (R-Cl system) were obtained in 
layer. Considerable amounts of Cl- were connection with the sorption process on the 
detected in the effluent from the amonic layer. aniomc resin 
Washing of the anionic layer showed a certain 
tendency of U(VI) to hydrolyse (arsenazo III 
test) 

In both cases the effluents of the two-body column system were qmte clear 



Arsenazo III-uranyl system 

1.0 

0.9 

0.a 

0.7 

0.6 

it 

0.5 

0.4 

0.3 - 

QP- 
No colour c&q E”?E*’ E65510-4 

I blue 1 1 1.350 4.7 

II green 3.8 I 1.365 5,5 

O,l- m green 58 I 1.375 58 

0 I ! , 
400 500 600 

Afnm) 

449 

Fig. 1. Spectral characteristics of the arsenazo III-uranyl complex system as a function of the 
cation: ligand molar ratio. 

However, all the spectra are similar, making it difficult to extract any confirmation of the 
individuality of the two complexes. It is, however, interesting to note that the molar ab- 
sorptivity of the green species increases steadily with increasing cation: ligand ratio, 
thereby proving the weak character of the presumed M,L complex (a metal:ligand 
ratio of 120 increases the molar absorptivity to about 2% over the value shown in 
curve III). 

It was deduced (a) the bluish solution corresponds practically to a stoichiometric ML 
complex, (b) the green solution corresponds to a mixture of both M2L and ML complexes, 
more of the M2L species being present as the U(VI):arsenazo III ratio is raised, (c) the 
molar absorptivity of the M2L compound is higher than that of the ML species although 
the spectra of both systems are practically identical. 

Conjirmatory ion-exchange experiments 

Two 25-ml portions of a green solution (pH 2.1; C, = 2.4 x 10A3M; CL = 5.5 x 
10P4M) were prepared by addition of a 1.25 x 10e3M arsenazo III (H,L pure acid form) 
solution to a 0.02OA4 acid-free aged (&7 yr) uranyl nitrate solution. One portion was per- 
colated slowly (0.1 ml/min) through a combined R-Na/R-Cl two-body column and the 
other was percolated through an R-Cl layer. In the first system the effluent ML complex 
from the R-Na was absorbed by the R-Cl layer while in the second the sorption of the 
ML complex was attempted. About 00139 mmole of each type of complex should theoreti- 
cally have been retained on the corresponding R-Cl layers. 

Both column systems were then washed with water and the effluent collected in 100~ml 
standard flasks. Completeness of washing and hydrolysis of U(V1) were tested for qualita- 
tively with arsenazo III. No U(V1) could be detected in the effluent from the ML layer, 
thereby proving the quantitative sorption of the complex by the resin as well as the 
absence of hydrolysis. 
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Excess of U(V1) not sorbed by the anionic resin was detected from the column with the 
M2L complex, and hydrolysis with release of some U(V1) was observed upon prolonged 
washing of the column. The two layers were washed until the effluent solutions gave a 
negative test with arsenazo III, then the solutions were made up to the mark with water, 
carefully mixed and the U(V1) was determined by spectrophotometry with arsenazo III6 
The uranium on the columns was determined by difference. 

In order to check the material balance, the U(W) sorbed on both layers was determined 
upon complete desorption and elution of both complexes with concentrated perchloric 
acid (70%). The elution had to be carried out discontinuously with l&25 ml batches of 
perchloric acid every 424 hr. Batch fractions of this kind, collected over a week. proved 
necessary to obtain a virtually quantitative elution of the two complexes. The uranium 
in the collected effluent was determined by fluorimetry. The results are shown in Table 
2. 

Table 2. Uranium analysis based on the material balance of amon-exchange sorption of green and bluish 
arsenazo III-U(W) complex solutions (absolute amount of arsenazo III sorbed m both cases: 00139 mmole) 

Resin system 

R-Cl 
RPNa/R-Cl 

Uranium found, nw& 
Green feed solution Bluish feed solution 

direct method 
eluate Indirect method direct method mdlrect method 

(fluorimetry) (uranyl balance) (fluorimetry) eluate (uranyl balance) 

0.0192 0.0238 
0, I395 @13X, 

The results indicate the validity of the hypothesis that M2L and ML uranyl-arsenazo 
III complexes exist. As might be expected, the U(V1) analysis by the indirect mass balance 
gives more accurate results (C, : CL = 1.71) than the direct fluorimetric approach based 
on the elution of the sorbed complex (C, : CL = 1.38), because of the losses of U(W) by 
hydrolysis in the latter determination. 

Despite the imprecision of the results it seems safe to conclude that the M?L complex 
has a real existence. 

Ion-exchange experiments for the determination of the net anionic charge and inner-sphere 
composition of the ML complex 

The anionic complex ion has the general formula UO,H,(H,L)” + ‘I- ‘s _ ““, where 
H8L is arsenazo III. An attempt was made to determine II and m by ion-exchange exper- 
iments. The same resin types and green feed solutions used in the preliminary experiments 
were used again. The results are shown in Table 3. There were a number of unavoidable 
experimental inconsistencies which are summarized below. 

(ii) 

(iii) 

(iv) 

The purity of the arsenazo III cannot be established with sufficient certainty. because 
different methods of analysis give rather large discrepancies. It was therefore assumed 
to be 100’4 pure. 
Though freshly-prepared acid-free uranyl nitrate solutions give normal ion-exchange 
with Na+ and Cl- ions, corresponding aged (several years) solutions have been shown 
to undergo an anomalous cation-exchange process whereby an “apparent” charge of 
f(3.7 f 0.1) is observed.’ 
Excess of U(V1) present in the green M,L complex feed solution undergoes exchange 
with NaC ions on the R-Na column when giving rise to the bluish ML solution. The 
sorption of Na’ ions plus anionic ML complex onto a second R-OH exchanger layer 
does not, however proceed normally, since instead of equivalent exchange of the ML 
complex (setting free the corresponding amount of OH- while Na+ percolates un- 
changed into the effluent solutions together with OH- ions) insoluble sodium 
uranates are formed on the R-OH layer. Thus it is impossible to establish satisfactor- 
ily any mass balance. 
The anomalies connected with the inconsistent cation-exchange of aged acid-free 
uranyl solutions seem to constitute a general phenomenon. 
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(u) A further important problem is the real nature of the green complex feed solution 
since on long standing a dark-green precipitate is produced. Dilution of this solution 
minimized but did not prevent the precipitation. It is possible that this problem could 
be circumvented by resorting to much greater dilutions but this approach was not 
attempted for practical reasons. On the other hand it is hard to be sure whether the 
main soluble green compound of the feed solutions behaves semicolloidally or as a 
true ionic compound. 
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SEPARATION OF PLATINUM AND PALLADIUM 
WITH SILICONE-RUBBER FOAM TREATED 
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Summary-Open-pore silicone-rubber foam is shown to be a good inert solid support for column 
separations. Foams treated with dimethylglyoxime were studied for their adsorption of platinum 
and palladium from solution. The separation of platinum and palladium was achieved m solutions 
containing as little as 1.0 ppm. 

The use of porous polymeric materials as rigid supports in chromatography was first 
reported by Hollis’ who used polystyrene in gas chromatographic columns. Open-pore 
polyurethane foam gas-chromatographic columns2 have also been prepared by placing a 
mixture of the polymer precursors in the column and allowing the foaming process to take 
place. 

Bowen introduced the use of open-pore polyurethane foams for the extraction of metals 
from solution as well as the removal of some organic compounds in low concentration 
from aqueous solution. These foams have also been used for the extraction and con- 
centration of polychlorinated biphenyls4 and other pesticides’ from aqueous media as well 
as the recovery of gold6 from thiourea solutions. 

Specially treated polyurethane foams’ have been developed for use in the separation of 
palladium and nickel by reverse-phase partition chromatography. A novel method for the 
extraction of mercury from aqueous solutions with sulphide-treated polyurethane foam 
has been reported.* 

Techniques for the production of ion-exchange foams9 and redox foams” as well as in- 
vestigations into the nature” of the chemical reactions taking place in these foams have 
been reported by Braun et al. 

Reports on the use of support-bonded siliconesr2 for the extraction of organochlorines 
from water and the chemical properties of some aminoalkyl polysiloxanesr3 used as 
stationary phases in gas chromatography have appeared in the recent literature. However, 
none have appeared describing the use of silicone foams as an inert support for chroma- 
tographic separations. 

Many techniques l4 have been developed for the separation of platinum and palladium 
in aqueous media. Anion-exchange r5*16 has been used to achieve a quantitative separ- 
ation of the two metals by the use of Dowex-1 resin. Solvent extraction”,” also has exten- 
sive application for the separation of the noble metals. Methods of separating platinum 
and palladium by partition chromatography on cellulose columns’g*20 have been 
reported, but since only macro amounts of metal can be separated, these techniques have 
found only limited application in analytical chemistry. Separation schemes based on paper 
chromatography, 21*22 however can separate easily microgram quantities of the metals. 
Separations at the microgram level have also been achieved on columns packed with Pora- 
cil C2j and Daiflon.24 

Separation of the two metals by selective precipitation of the hydrous oxides from hot 
bromate solutions has been reported.25 Many oxime reagents have also been used for this 
separation. 26 Dimethylglyoxime 27 has been used successfully for the separation of the two 
metals in solutions containing concentrations of metal as low as 5 ppm. 
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This paper reports a study of the separation of platinum and palladium by dimethyl- 
glyoxime-treated silicone-rubber foam. The separation of platinum and palladium in solu- 
tions containing from 10 to 100 ppm platinum and from 1 to 10 ppm palladium is dis- 
cussed. 

EXPERIMENTAL 

Apparatus and reagents 

Perkin-Elmer model 306 atomic-absorptton spectrophotometer. 
Varian-Techtron hollow-cathode lamps. 
Fisher Accumet model 520 digital pH-meter. 
Soxhlet extraction apparatus. 
Dow Cornine S-5370 RTV sihcone rubber foam. 
All chemicalsused were of reagent grade. The water was distilled twice and then demineralized. 

Preparation ofstandard and sample solutions 

Stock IOOO-ppm Pd(II) solution was prepared by dissolving PdCl, .2H,O (Johnson Matthey) in O.lM hydro- 
chloric acid. Stock lOOO-ppm Pt(IV) solution was prepared by dissolving H,PtCl,. 6H,O (Baker Platinum of 
Canada) in O.lM hydrochloric acid. More dilute solutions were obtained by dilution with O.lM hydrochloric 
acid. Sample solutions were brought to the desired pH with sodium hydroxide or hydrochloric acid. 

Preparation of silicone-rubber foam 

The silicone-rubber foam was produced from a Dow Corning product called Silastic S5370 RTV. The kit 
consisted of a clear liquid catalyst (stannous octoate) and a more viscous brown foam-base mixture. The foam 
base was found to contain polydimethylsiloxane and powdered silica used as an inert filler. A solution was made 
of foam base and carbon tetrachloride (1: 1 v/v). To every 500 ml of this solution were added 5.0 g of activated 
carbon, which served as a decolorizing agent. This mixture was left to stand for 5 hr after which it was passed, 
with suction, through a bed of finely divided silica gel. The clear solution that resulted was then rotary-evapor- 
ated at steam temperature until the then opaque solution contained about 5% v/v carbon tetrachloride. The puri- 
fied foam-base solution was now ready to be used in the production of sihcone rubber foams, by mixing 6 parts 
by weight of the catalyst with every 100 parts by weight of prepared foam base. The foaming chamber consisted 
of a glass cylinder 30 mm in diameter and 125 mm m length, the inner surface of which was coated with a film 
of poly(vmy1 chloride). One end of the cylmder was stoppered by means of a rubber plug also coated with poly- 
(vinyl chloride). The plastic film prevented the foam from sticking to the walls of the glass cylinder while itself 
being separable from the finished foam. 

Into the foammg chamber were placed 5,Og of foam base and the appropriate amount of stannous octoate 
catalyst. After thorough mixing of the two components with a stirring rod for 15 sec. the foam was allowed to 
cure for 1 hr before bemg removed from the mould. After 24 hr of additional curing at room temperature, the 
foam was cut into 4.6-cm lengths and stored m a covered glass beaker. 

Cleaning of foams 

It was observed that the catalyst (stannous octoate) would cause the reduction and precipitation of palladium 
by itself; thus before the foams could be expected to give reproducible results, the catalyst that remained trapped 
in the polymer matrix had to be removed. To accomplish this. the unwashed sihcone rubber foams were placed 
m aqua regia and allowed to soak for 30 min. The foams were saturated with the solution by squeezing out the 
trapped an bubbles with the base of a measuring cylinder. After soaking, the foams were removed from the aqua 
regia and washed several times with demineralized doubly distilled water. The foams, which had become brown, 
were extracted with acetone in a soxhlet extractor for 1 hr. The white foams which resulted were pressed free 
from excess of acetone, air-dried for 12 hr and then stored in a covered glass beaker. The foams produced by 
this method were pure white and had a pore size of between 0.5 and 1.0 mm. The average density of the foam 
changed from0.109 g/cm3 before washing to 0.163 g/cm3 after the cleaning process, The washing procedure caused 
a 137; shrinkage, thus reducmg the length from 4.6 to 4.0 cm and the width from 3.0 to 2.7 cm. 

Separation procedure 

A dimethylglyoxime-treated silicone-rubber foam was placed in a 2.4-cm diameter glass column so that the 
foam fitted tightly at the base of the column. Ten ml of hydrochloric acid of appropriate concentration were 
pipetted onto the column. A slight vacuum was applied to the mouth of the column and released when no more 
air bubbles could be seen rising to the surface. 

To minimize dilution of the test solution on its addition to the column, the hydrochloric acid was dramed 
to the level of the top of the foam. Fifty ml of test solution were then pipetted into the column and allowed 
to flow through the foam. An investigation of palladium adsorption by the treated foam as a function of flow-rate 
indicated that maximum adsorption could be achieved at a flow-rate of 0.35 ml/min. Once the level of the test 
solution reached the top of the foam, an additional 10.0 ml of hydrochloric acid was added and allowed to flow 
through the column. A slight air-pressure was then applied to the column to force any residual solution from 
the foam mto the sample flask 

Effect of pH 

A cleaned silicone-rubber foam was placed in a beaker contaming 50 ml of a saturated solution of dimethyl- 
glyoxime inacetone. Trapped air bubbles were expelled from the foam as before. After 6 hr, the foam was removed 
from the solution and pressed between two sheets of filter paper to expel excess of dimethylglyoxime solution, and 
then air-dried for 24 hr. 

Loose particles of dimethylglyoxime were removed by washing five times with 20-ml portions of demineralized 
doubly distilled water. The foam was dried for 24 hr, and stored in a sealed polythene bag. 
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Fig. 1. Adsorption of platinum and palladium by dimethylglyoxime-treated silicone-rubber foam 
us. pH of solution (+ palladium retained, %; 0 platinum retained, %; l palladium leached, %). 

For each pH studied, the sample and rinse solutions were brought to the same pH. All test solutions consisted 
of DO ml of 9.85 ppm palladium and 10.0 ppm platinum in hydrochloric acid. The flow-rate was kept at 2.0 ml/ 
min. 

The fraction of palladium adsorbed onto the foam was determined in each case by measuring the concentration 
of palladium remaining in the test solution. The fraction of platinum recovered was taken to be the sum of the 
fraction retained in the test solution and the fraction recovered from the foam by the wash solution. Wash solu- 
tions consisted of 1000 ml of hydrochloric acid of appropriate concentration. The fraction of palladium leached 
from the loaded foam was also measured by estimating the amount of palladium in the 100.0 ml of wash solution, 
and comparing this with the amount of palladium adsorbed onto the foam. 

Figure 1 shows that in all three cases, for palladium extraction, palladium leached by the wash solution, and 
for platinum recovery, a pH of 4.0 provides an optimum operating pH for the complete separation of platinum 
and palladium. 

When SO.0 ml of a test solution containing 10.0 ppm platinum in O.OlM hydrochloric acid are passed through 
a dimethylglyoxime-treated silicone-rubber foam, a small amount (37%) of the metal is absorbed onto the foam. 
To recover this platinum from the foam, 1OO~Ornl of hydrochloric acid of the appropriate concentration are 
passed through the foam at a flow-rate of 1.0 ml/min. The amount of platinum recovered is reported as the sum 
of the platinum found in the test solution and that found in the wash solution. 

The sample solutions were analysed for metal content by direct aspiration into the air-acetylene flame of an 
atomic-absorption spectrophotometer. Concentrations of the sample solutions were determined by comparison 
against several standard solutions of known concentration. The matrix of all standard and blank solutions was 
matched as closely as possible to the matrix of the sample solution. All experiments were run in triplicate and 
the results reported as an average of these together with the average deviation. 

Separation of platinum and palladium 

Solutions containing various concentrations of platinum and palladium were passed through dimethylglyox- 
ime-treated silicone-rubber foams. Each experiment consisted of a single pass through the foam at a flow-rate 
of 0.35 ml/min. All solutions were made up in 10m4M hydrochloric acid. 

Table 1 shows that good palladium retention was obtained in every case when SO.0 ml of test solution were 
used. Although results were low when the platinum/palladium concentration ratio was 10: 1, retention was quan- 
titative when this ratio was 100: 1. The concentration of platinum in the solution does not seem to effect the 
adsorption of palladium onto the foam. 

When 1.0 litre of O.l-ppm palladium solution was passed through a foam, a low extraction of only 13.7% 
resulted. This was probably due to the large volume of solution used, which dissolved much of the dimethylglyox- 
ime out of the foam, making the foam inert towards palladium after some of the solution had been eluted. 

Recovery of platinum was quantitative (>99%) in every case with the exception of those solutions containing 
100.0 ppm platinum. 
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Table 1. Separatton of platinum and palladium by dimethylglyoxtme-treated stlicone-rubber foam 

Total volume of Palladium Platinum Palladium Platinum 
test solution, ml concentration, ppm concentration, ppm retained, 9; recovered, y,, 

50.0 9.85 1000 97.6 i 0.8 98.1 + 1.5 
50.0 9.85 30.0 98.0 i: 0.7 99.6 + 1.3 
50.0 9.85 100 99.7 * 0.2 99.6 rt I 1 
50.0 1.0 100~0 100.0 * 00 97 1 + 1.1 

1000.0 0.1 1.0 13.7 * 10 10265 16 

The palladium adsorbed onto the foam could be easily recovered with 200.0ml of 8M nitric acrd passed 
through the foam at a flow-rate of lO~Oml/min. Table 2 shows that recovery is quantitative when the acid 
solution is kept at 50”. 

Effect of other tons on the adsorption of palladium 

The metal ions investigated were those thought to occur most commonly with palladmm. notably other noble 
metals and some base metals. 

Solutions already containing 9.85 ppm palladium and 10.0 ppm platinum were made up to contam addttionally 
lOO- and lOOO-ppm concentrations of the foreign metal ton. All foreign metal solutions were made up from 
lO,WO-ppm stock solutions of the metal chlortde, with the exceptton of silver (the nitrate was used) 

Fifty ml of each of these solutrons were passed through a dimethylgloxime-treated srlicone-rubber foam in the 
usual manner. All solutions were made up in 10m4M hydrochlortc acid with the exception of iron which were 
made up in O.OlM acid to avoid precrprtation of the hydroxide, and silver for which 0.01&f nitric acid was used 
Platinum could not be included in a solution of nitric acid since the nitrate of platinum does not extst under 
normal conditions and precipitation occurs. Palladium nitrate was produced by evaporating to dryness several 
times a solution of palladium chloride in 8M nitric acid. 

Table 2. Recovery of palladium from loaded dtmethylglyoxime 
srhcone-rubber foam with 8M nitric acid at 25” and 50” 

Volume of 8M 
nitric acid, ml Temperature. “C 

Palladium 
recovered ‘4 

500 25 88.5 + 2.5 
50.0 50 88.0 * 0.1 

1000 25 94.9 f 1.8 
100.0 50 94.6 + 0.2 
1500 25 97.7 * 1.4 
1500 50 98.2 k 0.2 
2000 25 97.9 * 1.5 
2000 50 100.9 + 0.4 

Table 3. Effect of various metal ions on the adsorption of palla- 
dium by dimethylglyoxrme-treated silicone-rubber foam 

Metal ran Concentratton, ppm pff 
Palladium 
retamed, ‘YO 

Ni2+ 
Ni’+ 
Fe’+ 
Fe2 + 
Fe’+’ 
cl?+ 

$++ 

Cr’ + 
Pb’+ 
Pb2+ 

Ag+t 
Ag+ 
pt4+ 
pt4+ 
Rh3+ 
I?+ 

1000 
100 

1000 
100 
100 

1000 
100 

1000 
100 

1000 
100 

1000 
100 
100 

10 
10 
10 

4.0 99.7 f 0.2 
4.0 99.6 k Q.5 
40 99.6 f 0.5 
2.0 0.9 * 0.1 
2.0 0.7 * 0.1 
5.0 98.3 + 0.5 
4.0 100.0 * 0.0 
4.0 99.1 * 1.2 
4.0 92.3 + 2 2 
4.0 99.2 * 0 0 
4.0 91.8 k 1.3 
4.0 99.0 * 0.4 
2.0 93.3 * 0.7 
2.0 97.2 k 0.6 
4.0 97.6 f 0.8 
4.0 99.7 + 0.2 
4.0 99.0 + 0.1 
4.0 99.0 * 0.1 

* Contained 2.5 g of sodium potassium tartrate per 50.0 ml of 
solution. 

1 ver nitrate used; nitric acid substituted for hydrochloric 
ac,rd?.’ 
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From the amount of palladium remaining in each solution after a single pass through the foam, the fraction 
of palladium adsorbed onto the foam was calculated and the effect of each metal on that process was evaluated. 
The results are listed in Table 3. 

At the lOOO-ppm level, iron, chromium, lead and silver substantially reduced the adsorption of palladium by 
the treated foam. Under the experimental conditions used here, none of these ions forms a complex with dimeth- 
ylglyoxime, thus the lower adsorption of palladium metal could be attributed to a “blocking effect” caused by 
the high concentration of foreign metal ion in solution. Iron, however, forms a complex with palladium and 
almost completely hinders the complexation of palladium with dimethylglyoxime, even at a concentration of 
100 ppm. A releasing agent was used (sodium potassium tartrate) and at 100 ppm of iron, a good palladium 
extraction was achieved. No other ions Interfered extensively with palladium extraction at the lOO-ppm level. 
This indicates that solutions contaming Iron, chromium, lead and silver in appreciable concentrations (i.e., 
greater than IOOppm) must first be freed from these metal ions. In addition, the nitrate form of palladium lent 
itself well to adsorption by the treated foam. This is illustrated in the case where silver was the foreign ion under 
study. 

DISCUSSION 

This work shows that silicone-rubber foam can be used as a solid support for chroma- 
tographic separations. An attractive feature of these foams is their chemical stability in 
mineral acids. Foams soaked in aqua regia for 24 hr showed no signs of disintegration or 
deformation. Concentrated sulphuric acid, however, completely dissolve the foam on con- 
tact. 

The foams were re-used as many as ten times without showing any noticeable changes 
in the flexibility or in the dimensions of the foam. Foams were recycled by subjecting them 
to the normal wash procedure. 

Dimethylglyoxime-treated silicone-rubber foams provide an easy means of separating 
platinum and palladium. Quantitative results are obtained for samples containing a 
moderate concentration of palladium (i.e., greater than 0.1 ppm). Prior separation of other 
noble metals accompanying platinum and palladium is unnecessary. The complexed palla- 
dium metal can be quantitatively recovered with little effort. 

For quantitative separation on 50.0 ml solution, a minimum time of about 4 hr is 
needed. However, since few operations are required, many samples could be run simul- 
taneously. If base metals are present, removal of these is essential to the efficiency of the 
separation. 

Because of the moderate solubility of dimethylglyoxime, only small volumes of samples 
can be handled, necessitating preconcentration if the volume of solution exceeds 100 ml. 

The capacity of the dimethylglyoxime-treated silicone-rubber foam for adsorption of 
palladium chloride was determined under the normal experimental conditions 
0.53 mg of palladium per g of treated foam. 

Acknowledgements-This work was supported by the Research Board of the University of Manitoba. 
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Summary-Total, non-carbonate and carbonate water hardness have been determined simul- 
taneously by manual and automated direct potentlometry, using the bivalent ion-selective elec- 
trode, and known addition-known dilution technique. The automated and programmable system 
produces direct print-out of total, non-carbonate and carbonate water hardnesses. The optimum 
sampling rate is 20 samples per hour. This time-saving method compares well with the standard 
method. 

The determination of various types of water hardness is of great technical importance and 
is a frequent constituent of the routine analysis of water samples. The development of auto- 
mated direct potentiometry and known addition-known dilution technique combined 
with the capability of the bivalent cation electrode to sense activities of calcium and mag- 
nesium ions and the complexation of calcium and magnesium ions by carbonate and bicar- 
bonate led to the development of the method described in this paper. 

Total hardness is defined here, in accordance with ASTM,’ as a characteristic of water 
generally accepted to represent the total concentration of calcium and magnesium ions 
and is commonly expressed in terms of ppm CaCOJ. Carbonate hardness is that part of 
the total hardness which disappears on boiling: it is represented by bicarbonates of calcium 
and magnesium which are precipitated as carbonates on heating. The difference between 
the carbonate and total hardness is called non-carbonate hardness. These terms replace 
the formerly used terms “temporary” and “permanent” hardness.2 

The methods for determining total water hardness are based, generally, on the complex- 
forming ability of EDTA, e.g., the titration in the presence of Eriochrome Black T indi- 
cator,3,4 potentiometric titration monitored by a water-hardness electrode,’ and the auto- 
mated calorimetric method.6*7 

Orion Research-Inc., also recommends direct determination of water hardness by com- 
bining the measurements of water-hardness activity and specific conductance, with a 
nomogramic estimation of a correction factor to calculate the water hardness con- 
centration.’ Martin and Poudou found a good agreement between the complexometric 
and ion-selective electrode methods.* 

The procedure for determining non-carbonate hardness requires boiling (2@30 min), 
cooling and filtering of the sample, followed by a complexometric titration.’ 

EXPERIMENTAL 

Reagents 

All chemicals were of reagent grade. Demineralized doubly distilled water was used. 

Apparatus 

The equipment used in this study included a bivalent cation liquid ion-exchanger electrode (Orion Model 92- 
32)anda double-Junction reference electrode(Orion 90-02-00). The results reported were obtained with a modified 
version of the automated apparatus for direct potentiometry described previously. “~” The apparatus consisted 
of a Fisher g-319-50 thermostated electrode-elevator and turntable assembly, a Desaga peristaltic pump, a multi- 
channel peristaltic cassette pump (Manostat), PAX millivoltmeter with BCD output (Sargent-Welch S-29998) in- 
terfaced to a Wang 600 minicomputer and a printer. All the signals necessary for timing and controlling the com- 
ponents originated in a control module of our own design. I’ A block diagram of the equipment assembly is 
shown in Fig. 1. 

459 
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Interface 

Fig. 1. Block diagram of equipment assembly. 

The on-line computer treatment of potentiometric measurements provides a direct prmt-out m ppm of water 
hardness and eliminates additional graphical and mathematical operations. The computer program used has the 
following functions: 

(1) memortzation of the standard data (mV of water-hardness electrode in standard solution); 
(2) memorization of the sample data (mV reading in the sample); 
(3) memorization of the data after known addition; 
(4) memorization of the data after 1: 1 dilution; and 
(5) computation, print-out, and indexing of total, carbonate and non-carbonate water hardness (ppm). 

Figure 2 1s a flow chart for the computer program. The complete listing of the program can be obtained from 
the authors on request. 

I 
Standard 

Sample 

I 
Equation ( I) 

I 
Known add 

I 
I I Dilution 

I 
Equation (2) 

I 
c, - c 

Fig. 2. Flow chart for the computer program. 

Procedures 

Manual. All consecutive mV readings were taken after waiting for electrode equilibrium. A sample ahquot (SO.0 
ml) was pipetted into a 150-ml beaker and stirred magnetically. The electrodes were immersed and an initial 
reading (A) was taken, followed by an addition of @5 ml of standard solution, containing 2.0 mg of calcmm car- 
bonate at pH 7.0. The second reading (B) was taken. After dilution of the sample with SO.0 ml of distilled water 
and taking of the third reading (C), the non-carbonate hardness was obtained from reading A by using the 
calibration curve.’ The total hardness was calculated from the readings A, B and C by a nomogramic pro- 
cedure.13 The difference between these two values gave the carbonate hardness. 

Automated. A standard solution (SO.0 ml in a 200-ml beaker) containing the equivalent of 100 ppm CaCO, 
was placed in the first position of the turntable, followed by water samples (50.0 ml). The apparatus carried out 
automatically the immersion of the electrodes, stirring, reading and memorizing the standard data, rinsing of 
the electrodes and changing of the samples, reading and memorizing the sample data, known addition (0.5 ml 
of the solution containing 2.0 mg of calcium carbonate at pH 7.0) memorizing the reading, 1: 1 dilution and 
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memorlzing the reading, computation, indexmg and printing the ppm of total, non-carbonate and carbonate 
water hardnesses after the preselected ttme period (2, 3. 6 or 12 min). 

Non-carbonate water hardness was calculated according to equation (1) for direct potentiometry 

C = Cs[antilog(E*)] (1) 

where C is the non-carbonate hardness of the sample, Cs is the ppm of CaCO, in the standard, E, is the potential 
of the standard, E, is the potential of the sample. 

Total water hardness was obtained by solving equation (2) for known additton-known dilution technique. in- 
volving a 1: 1 sample dilution with water.r3 

Cr = C*[ {antilog(g)} - I]’ (2) 

where Cr is the total water hardness of the sample, CA is the ppm of CaC03 of the additron before it is added 
to the sample, AE is the potential difference between initial and final millivolt values when the addition IS made, 
E2 is the potential after the known addition, and E, is the potential after the 1: 1 dilutton. 

RESULTS AND DISCUSSION 

The determination of total water hardness connot be achieved by direct potentiometry 
because of the complexation of calcium and magnesium ions by carbonate and bicar- 
bonate. The potential of the water hardness electrode, immersed in a water sample, corres- 
ponds to the free calcium and magnesium concentration, and therefore possibly to the 
non-carbonate (permanent) hardness. 

On the other hand, the known-addition technique eliminates the difficulties encountered 
in solutions with high background concentration of other ions or complexing agents and 
facilitates the determination of the total concentration of an analyte in a complex system. 
This technique has been successfully applied for the determination of total hardness.” 

The carbonate (temporary) hardness is represented by the amount of calcium and mag- 
nesium that can stoichiometrically be considered bound to carbonic acid, and can be 
obtained by subtraction of non-carbonate hardness from total water hardness.’ In more 
practical terms, it is the amount of cations precipitated on boiling. It can, however, be 
assumed that this amount may also be equivalent to the complexed or bound amount of 
cations that is not sensed by direct potentiometry. 

These three facts lead us to the assumption of possible determination of the non-car- 
bonate hardness by direct potentiometry, the total hardness by known-addition technique 
and of the calculation of the carbonate hardness by subtraction. Theoretical treatment of 
this assumption based on the comparison of the solubility products and stability constants 
of participant ions is difficult to discuss, because of the uncertainties involved in the oper- 
ational definitions, lack of information and because of the varying concentration ratio of 
calcium and magnesium in water. The large difference of the solubility products of CaCO, 
(5 x 10e9) and MgC03 (1 x lo- “) illustrates the complication. 

In order to verify this assumption, a series of synthetic water samples of different water 
hardnesses was analysed by the standard EDTA titration method for total’ and car- 
bonater4 hardness and the results were compared with those obtained by the proposed 
manual method. As can be seen from Table 1, the correlation of both methods is very good. 

Table 1. Comparative analysis of synthetic samples 

Calculated 
total hardness 
of the sample, 

ppm 

Found,* ppm 

Total hardness Carbonate hardness 

EDTA titn. Electrode EDTA trtn. Electrode 

5 4 4 1 1 
10 8 I 2 3 
50 38 39 12 11 

100 80 83 20 17 
500 410 41s 90 85 

* 10 determinations at each concentration 
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The results showed that the amount of calcium and magnesium ions precipitated by boil- 
ing (carbonate hardness), is practically equivalent to the amount of calcium and magne- 
sium ions bound to carbonate and bicarbonate ions in the primary sample. 

Among major impurities of water samples, sulphate and phosphate ions are potentially 
interfering substances, owing to their known complexation of calcium and magnesium 
ions.15 The interference of sulphate and phosphate ions was determined by the measure- 
ments of calcium ion activity in 1 x 10e3M calcium solutions in the presence of various 
concentrations of sulphate and/or phosphate ions. The results, summarized in Fig. 3, show 
that the interference by carbonate ions is much more significant than the interference 
caused by the sulphate and phosphate ions. Concentrations of sulphate and phosphate 
ions, equimolar with the calcium concentration, do not affect the potential of the electrode, 
whereas the interference by carbonate ions is well pronounced at a molar ratio lower than 
[CO:-]: [Ca’+] = 0.1. It is obvious that the sulphate and phosphate ions at the levels 
usually found in the majority of natural waters (lo- ‘M PO:-, 1 Op4M SO:-) do not inter- 
fere. Chelating compounds such as EDTA, NTA, tartrate, etc., interfere, of course. How- 
ever, the concentration of such substances in natural waters is well below a hundredth of 
that of total bivalent cations and as a result they do not affect the hardness analysis in 
any significant manner. 

I I I 

IO+ 10-3 IO@ 
M 

Fig. 3. Interference of CO:-, SOi- and PO!- m the measurement of 1 x 10m3M Catz. 

The practical application of the proposed method has been verified by the determination 
of total carbonate and non-carbonate hardness for a variety of natural and industrial water 
samples and by the comparison of the results with those obtained by the standard method. 
The results given in Table 2 again show very good agreement of both methods. A sampling 
rate of 20 samples per hour was found to be optimal. 

On a single sample basis, the manual procedure is at least 30 min shorter than the con- 
ventional method (20 and 50 min). The conventional serial analysis of 20 samples using 
simultaneous boiling, cooling and filtration of 20 samples plus successive measurements 

Table 2. Determination of water hardness m actual water samples 

Sample 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Total hardness, Carbonate hardness. Non-carbonate hardness, 

iv ppm iv 

EDTA titn. Electrode EDTA tltn. Electrode EDTA tltn. Electrode 

10 10 - IO 10 
15 15 5 4 10 II 
17 16 - 1 17 15 
25 24 5 4 20 20 
41 42 I1 10 30 32 
68 69 16 16 52 53 
83 81 21 18 62 63 
97 98 27 25 70 73 

135 133 42 39 93 94 
252 255 131 130 121 125 



Water hardnesses by direct potentiometry 463 

by titration takes about 100 min, against 20 automated measurements at 3 min each for 
a total of 60 min. From these facts, it follows that the present method allows a sufficiently 
accurate automated and simultaneous determination of total, non-carbonate and car- 
bonate water hardnesses to be performed with a considerable saving of time. The manual 
procedure with its inherent simplicity, inexpensiveness and speed is most convenient for 
the analysis of small numbers of samples, and in situ measurements, whereas the auto- 
mated system improves the overall economy of serial analysis of large numbers of water 
samples. 
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Summary-Flameless atomic-absorption spectrometry with a metal micro-tube atomizer has been 
studied. The element to be determined was atomized by electrical heatmg of the micro-tube in an 
inert atmosphere within a glass chamber. A detailed study of the atomic-absorption characteristics 
of the micro-tube atomizer is presented. The absolute sensitivities were 2.6 x lo- i2, 2.9 x 10-i’, 
2.5 x lo-‘0, 1.1 x lo-lo and 1.4 x 10-i” g for copper, cobalt, alummium. palladium and 
selenium, respectively. The interferences of cations were studied for determination of cobalt and 
copper. Cobalt and copper in rock samples were determined m order to evaluate the metal micro- 
tube atomizer. 

Flameless atomic-absorption spectrometry has become increasingly useful for trace analy- 
sis. The graphite-tube furnace and the carbon-rod atomizers are commercially available. 
Both require a high-voltage power supply. Use of a metal strip or filament as atomizer 
simplifies the power supply because only a low current and voltage are needed for the elec- 
trical heating.le5 However, the filament position relative to the light-beam from the hol- 
low-cathode lamp is critical for sensitivity because of the variation in atom populations 
with height above the filament. 

In this paper, a metal micro-tube atomizer is described and characterized. With it, only 
short heating is needed to provide an environment with uniform temperature throughout 
the atomizer. It requires only low power and in an enclosed system shows higher sensi- 
tivity, better reproducibility and lower tendency to matrix effects than does the unenclosed 
filament atomizer. This paper also describes the analysis of rocks for cobalt and copper 
to illustrate the application of the micro-tube atomizer. 

EXPERIMENTAL 

Apparatus 

Atomizer. The atomizer is shown in Fig. 1. It is fabricated from molybdenum sheet for long life. The bore is 
0.5 mm and the overall length 17 mm. A 03-mm hole is drilled at the midpoint to enable sample solution to be 
placed in the tube. The ends of the tube are clamped firmly in the copper supports by means of two bolts. A 
stainless-steel slit (0.5 mm) is positioned m front of the tube to provide a narrow beam of light about 0.5 mm 
in diameter. The atomizer is enclosed in a glass chamber,’ on which silica end-windows are sealed. The glass 

x12 

Side wew ot micro tube 

Front view !3wfaee “ICW 

20mm 

Fig. 1. Metal micro-tube atomization apparatus. 
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chamber is flushed wtth inert gas to protect the atomizer from oxtdatton by entrained an. The radiatton from 
the hollow-cathode lamp enters the atomizer after passmg through the slit, followed by further focusing onto 
the entrance slit of the monochromator. The atomizer serves as collimator. The atomizer IS heated electrrcally 
by connecting the copper supports to a stepdown transformer, gtving C-4 V across the micro-tube wrth a max- 
imum-load current of 50 A. The atomizer is heated uniformly with this umt without condensation of atomic 
vapour in the ends of the tube. Switching is done wrth a manual double-pole double-throw switch, and timing 
is done with a stopwatch. The temperature of the atomizer can be measured with an optical pyrometer. 

Spectrometer. A Nippon Jarrell-Ash Ebert-type monochromator fitted with an HTV R-106 photomultiplier 
was used. The entrance slit-width of the monochromator was 0.1 mm. correspondmg to a spectral bandpass of 
0.02 nm. The output from the photomultiplier was recorded on a Hitachi 0561001 recorder (0.4~set full-scale 
deflection) and peak-height was measured for analysis. The amplifier of the detection system was of the usual 
type for flame spectrometry. The hollow-cathode lamps were modulated electronically at 90 Hz. A deutermm 
lamp was used for background correction. Atomic-absorption measurements were performed at 324.8, 240.7. 
309.3. 196.1 and 244.8 nm for copper, cobalt, aluminium, selemum and palladium, respecttvely. All sample irqec- 
tions were done with a laboratory-made glass micropipette to prevent contammatton from metals. Rock samples 
were decomposed in Uni-seal decomposttion vessels. 

Reagents 

Standard stock solutions. Prepared from high-purity metals. Dilute standard solutions were freshly prepared 
just before use. 

DDTC (sodium dlethyldlthlocarbamate) solution, I”, wlv. 
“Coniferron” (o-nitrosoresorcinol monomethyl ether) solution, 0.047, w/v in carbon tetrachloride. 
Reagents were of analytical grade. All water was first distrlled and then passed through a mixed cation-anion 

exchange resin. 

Measurement technque 

The sample solutton (5 ~1) was placed in the micro-tube atomizer by means of glass micro-pipette. The tube 
was switched on at low power (0%X3 V, 1420 A) to evaporate the solvent from the sample slowly. The current 
was switched off and the voltage increased to that determined to be optimum for the interested element. The 
tube current was then turned on to atomize the sample. All atomic-absorption signals were recorded. The height 
of the absorption peak was measured. 

RESULTS AND DISCUSSION 

Atomizer characteristics 

EfSect qf inert-gas flow-rate on signal. The absorption signals are shown in Fig. 2 as a 
function of flow-rate of argon. Hydrogen (20 ml/min for 0.46 l./min of argon) was added 
because it gave more effective atomization of the elements. Hydrogen was effective in pre- 
venting oxidation of the atomizer by traces of oxygen in the argon. The absorption signals 
were not much influenced by increasing flow-rate of argon except for copper and palla- 
dium, the copper absorption being lowered with increase in the argon flow-rate, and that 
for palladium having a maximum. 

0- 
1.0 2.0 3.0 

Argon flow rate , [/min. 
Fig. 2. Effect of argon flow-rate on atomic-absorption signal (chloride salts used): a, Al 12 ng 

(2500”); b, Cu 0.1 ng (1800”): c, Se 5 ng (25OOq; d. Co 1.0 ng (2500”); e, Pd 3.5 ng (2200”). 

EfSect of tube temperature. The atomic absorption of five elements at different tempera- 
tures is shown in Fig. 3. Copper, cobalt, palladium and selenium all had an optimum tem- 
perature, the profiles resembling those obtained with a filament atomizer. For aluminium, 
a temperature above the melting point of molybdenum may be needed for effective atomi- 
zation. The response time of the electronic circuitry used was not short enough to permit 
accurate recording of rapid atomization of elements at higher temperature. This is one of 
the reasons for the apparently lower absorption at higher temperature. Thermal expansion 
of the inert gas in the micro-tube will also be partly responsible for the temperature effect, 
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Fig. 3. Effect of micro-tube temperature on atomic-absorption signal (chloride salts used; argon 
flow-rate 0.46 Ijmin) a, Al 12 ng; b, Cu 0.1 ng; c, Se 5 ng; d, Co I.0 ng; e, Pd 3.5 ng. 

resulting in rapid diffusion of atoms from the open ends of the atomizer. Similar tempera- 
ture effects were found with the filament atomizer.1,6*7 Hwang et aL6 described the contri- 
bution of various factors to decrease in sensitivity with the filament atomizer at higher 
temperature: slow response of detection system to rapid generation of free atoms (dis- 
cussed also by Cantle et aL5), thermal expansion of the sheathing gas and consequently 
lower concentration of gaseous analyte atoms, increased turbulence, and possible line- 
broadening. 

Table 1. Sensitivities (1% absorption) for metal micro- 
tube atomizer 

Element 

cu 

co 
Al 
Se 
Pd 

Line, Sensitivity, 
nm 9 

324.8 2.6 x lo-l2 
240.1 2.9 x lo-” 
309.3 2.5 x lo-” 
196.1 1.4 x 1o-‘o 
244.8 1.1 x 10-10 

Sensitivity. The sensitivity for five elements was tested under optimized conditions and 
found to be about one order of magnitude better than with the filament atomizer (Table 
1). 

Accuracy and reproducibility. The accuracy was determined by analysis of vitamin B12 
solutions for cobalt. The recovery was 100 +_ 10% at a cobalt level of 1.8 pg/ml. The repro- 
ducibility was determined by measuring repetitively a standard solution of copper. The 
coefficient of variation was 2% for 5 x lo- lo g of copper. Reproducibilities were similar 
for other elements. 

No memory effect was observed provided the tube was heated at 2500” in an atmosphere 
of hydrogen before the sample was added. Zero absorption at non-absorbing lines close 
to the absorbing lines showed that the signals at the absorbing lines originated purely from 
atomic absorption. 

Interferences. Interferences by various metals were tested for cobalt and copper (Table 
2). All samples were checked for background effects, which are probably due to molecular 
absorption or light-scattering. No background was observed for copper but a correction 
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Table 2. Interferences in determination of cobalt (2.5 ng) and copper (@l ng) with the metal micro-tube atomizer 

Interfering 
element? 

P/, Change of cobalt signal* 

200-fold3 lOOO-fold$ 

” Change of copper signal* 8” 

200-fold$ lOOO-fold3 

Al 
Ca 
co 
Cr 
CU 
Fe 

Mg 
MO 
Na 
Ni 
Pb 
Sn 
V 
Zn 

+ 14 -12 
-8 -58 

+13 -58 
0 -31 

-6 -8 
+42 -16 
-19 -57 
-15 -51 
-18 +11 
-6 0 
+9 -27 
-15 -51 
+24 -24 

-24 
-5 
+6 
+24 

-76 
-8 
- 17 
+14 

-15 +21 
-16 + 14 
-68 -66 

0 -23 
0 -21 

-30 -25 
-25 -15 

0 -15 
0 -22 

* Background corrections made for interfermg elements 
t Chlorides used, except for MO (MOO:-) and V (VO:-). 
$ Ratlo (w/w) of interferent to determined. 

was necessary for cobalt. Almost all the elements tested showed depression or enhance- 
ment effects on cobalt and copper. Similar interferences were observed with the filament 
atomizer. The mechanism of the interferences appears to be complex and is difficult to 
elucidate at the present stage. 

Determination of cobalt and copper in rocks 

Attempts to determine cobalt and copper in rock samples directly were unsuccessful; 
the large salt concentration prevented an accurate determination of the trace metals. 
Therefore, the cobalt and copper were separated from the matrix salts by solvent extrac- 
tion. 

Procedure. Samples of O.i-1 g were treated with nitric and hydrofluorlc acids m Uni-seal decomposition vessels 
and heated for 2.5 hr in an oven at 120”. After the decomposition, the solution was evaporated in a Teflon beaker 
by heating on a water-bath, and the evaporation repeated twice more with addition of hydrochloric acid m 
between. Finally, the residue was dissolved m water and cobalt and copper were extracted from separate samples 
by the followmg procedures. For cobalt, the coniferron complex was extracted with 5 ml of carbon tetrachloride 
solution of comferron from 5 ml of solutions (adjusted to pH 8 with citrate buffer solution) by shaking for 10 min. 
followed by extraction with 5 ml of carbon tetrachloride. The organic phases were combined for analysis. For 
copper. the DDTC complex was extracted into 5 ml of carbon tetrachlorlde from 5 ml of solution (adjusted to 
pH 9 with citrate buffer solution) by shakmg for 10 mm. Only one extraction was needed for copper. 

Aliquots (5 pl) of organic phase were introduced into the micro-tube atomizer; cobalt and copper were ato- 
mized by heating at cu. 4 V (35 A) for 10 set and ca. 3 V (40 A) for 10 sec. respectively. These correspond 
to micro-tube temperatures of 2500” and 1800” respectively. Analytical working curves were constructed with 
standard solutions subjected to the same preparation procedure as the rock samples. 

Some results for standard rock samples are listed in Table 3. The small sample size taken 
is not recommended, because of inhomogeneity of the samples. Lower results were 
obtained by extraction of the DDTC complex for cobalt, presumably because of interfer- 
ence by co-extracted elements. Coniferron’ gives better results. 

Sample 

Table 3. Cobalt and copper analyses on standard rock samples 

Cobalt, ppm Copper, ppm 

Found Reported* Found Reported* 

JG-1 
(Granodlorite) 

USGS-G-2 
(Granite) 

USGS-GSP-1 
(Granodlorlte) 

3.9 * 0.3 (3) 3.87- < 20 3.2 k 0.2 (5) 3-16 

47 * 0.1 (3) 2-21 8.3 f 05 (5) <2-17 

45 f 0.5 (4) < 3-22 29.8 k I.0 (4) 15-54 

Values given in parenthesis are number of determinations. 
* Figures from U.S. Geological Survey and Geological Survey of Japan. 



Trace metal analysis of rocks 469 

The metal micro-tube atomizer is simple to fabricate and requires only low power for 
heating. The good sensitivities and precision suggest that this atomizer should have wide- 
spread application in atomic-absorption spectrometry. However, a preliminary selective 
extraction is preferable for improving the accuracy in analysis of complex samples such 
as rocks. Further investigation 
various types of samples. 

is be&g made of application of this de&e to analysis of 
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SHORT COMMUNICATIONS 

DIRECT COMPLEXOMETRIC DETERMINATION OF 
ALUMINIUM IN “ALZINOY” 

(Received 30 July 1974. Accepted 12 October 1974) 

“Alzinoy” (a binary alloy of aluminium and zinc) is extensively employed in the galvanizing of steel. The con- 
centration of aluminium in the zinc bath is critical, owing to the role of aluminium in controlling the formation 
of iron-zinc alloy and the surface quality of the finished zinc coating. 

The ASTM method’ for determining alummium in zinc-base alloys employs a time-consuming mercury cath- 
ode separation before the gravimetric determination either as oxide or the hydroxyqumolinate. Some methods 
have been based on the determination of zinc by EDTA and subtraction from 100% to obtain the aluminium 
content. This approach is subject to error owing to the presence of lead and iron in “Alzinoy”. The use of lead 
and Xylenol Orange for back-titration of EDTA, and the masking of aluminium with fluoride, have long been 
known, and have been described by, amongst others, Pfibil and co-workers,2 and are now utilized for determina- 
tion of aluminium in the zinc alloy. 

EXPERIMENTAL 

Reagents 

Hexamine. 
Xylem1 Orange indicator solution, @l% aqueous. 
Standard EDTA solution. O.OlM. Standardize with hiah-ouritv bismuth metal (99.999% Pvrocatechol Violet 

being used as indicator, according to Schwazenbach’smethod? 
.“, _ 

Standard lead nitrate solution, 001M. Dissolve 3.3123 g of Pb(N09)2 in water; add a drop of nitric acid and 
dilute to about 800 ml with water. The pH should be 4; if not, adjust with a drop or so of 2M sodium hydroxide. 
Make up to volume with water in a 1-litre volumetric flask. Alternatively dissolve 2.0721 g of high-purity lead 
(99.99%) in nitric acid (1 + 1) and adjust the pH to 4 with 2M sodium hydroxide before diluting to 1 litre. Stan- 
dardize by direct titration with EDTA or reverse titration as follows. Pipette 10 ml of EDTA solution into a 
250-ml beaker, add 1 ml of 2M hydrochloric acid, dilute to 70 ml with water, adjust to pH 4 (close-range pH 
paper) with 2M sodium hydroxide, add 1 g of hexamine and 2 or 3 drops of Xylenol Orange indicator, and titrate 
with the lead solution. 

AmmoniumjGoride lo?/, w/u aqueous solution. Prepare fresh and store in a polyethylene container. 

Procedure 

Weigh a 0.2-g sample (filings or turnings) into a 150-ml beaker. Add 5 ml of hydrochloric acid (1 + 1) and 
warm to dissolve. Clear the solution by adding 2 or 3 drops of nitric acid and boil for l-2 min. Cool and dilute 
to 100 ml in a volumetric flask. Pipette a lo-ml aliquot into a 250-ml beaker. Add from a burette 40.00 ml of 
O.OlM EDTA. Adjust the pH to 4 with 2M sodium hydroxide. Boil gently for 5 min and cool to room tempera- 
ture, Wash down the inside of the beaker with water. Add 1 g of hexamine and stir to dissolve. Add 7 drops 
of Xylenol Orange indicator and titrate with O.OlM lead solution. The colour change is from yellow to pink. 

Then add 10 ml of 10% ammonium fluoride solution and boil gently for 2-3 min. Cool to room temperature 
and rinse down the inside of the beaker. Titrate the liberated EDTA with O.OlM lead solution. The colour 
changes from a faded pink to a sharp and distinct pink. Record the titration value, T ml. Then ‘A Al = T x 
27.98 x M/S where M is the lead solution molarity and S is the sample weight (g). 

RESULTS AND DISCUSSION 

Two methods for determining aluminium in “Alzinoy”, by difference after electrogravimetric or complexometric 
determination of zinc, were investigated. Both of these methods provided acceptable accuracy for determining 
zinc, but when alummium was computed by difference, considerable errors were found. The presence of both 
lead and iron (about 05% each) also contributed to the inaccuracy. 

EDTA forms comnlexes with zinc, iron, lead and aluminium at a nH of 4-5. but aluminium forms with fluoride 
a complex of far greater stability than that with EDTA. In the approach reported here, all the elements above 
are complexed stoichiometrically with EDTA. On addition of fluoride the EDTA combined with the aluminium 
is released and titrated with standard lead solution. 

Synthetic solutions containing zinc, lead, iron and aluminium were prepared. A known excess of EDTA was 
added. After adjustment of the pH to 4 the solution was heated (90”) for 20 min to complete the complex forma- 
tion between EDTA and zinc, lead, iron and aluminium. After buffering with hexamine the excess of EDTA was 
titrated with standard lead solution, using Xylenol Orange as indicator. Ammonium fluoride was then added 
and the solution heated (90”) for 20 min. The EDTA liberated from the aluminium complex was titrated with 
lead solution. Table 1 records the recovery of aluminium in the zinc matrix alone. Table 2 shows the effect of 
lead and iron on determination of aluminium in the zinc matrix. 

471 
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Table 1. Recovery of alummium in zinc 

Zn 
present, mg 

Al Al 
added, mg taken, % Al found, % 

Rel. 
error, “/b 

20 1 4.76 464, 4.10 467 0.6 
20 2 9.09 9.05, 9.05, 8.96. 8.92 9.00 1.2 
20 3 13.04 12.91. 13.00. 12.80 12.90 1.1 

Table 2. Effect of Pb, Fe on determination of Al in zinc 

Zn Pb Fe Al Al 
present, added, added, added, taken, Rel. 

mg mCl mg mg % Al found, “/‘, x, % error, “,/, 

20 0.1 0.05 2 9.04 8.90, 9.03 8.96 0.9 
20 0.1 0.1 2 9.01 8.94, 8.94, 8.94, 8.89 8.93 0.9 
20 0.1 0.2 2 8.98 8.84, 8.84 8.84 1.6 

The precision and the relative error are acceptable. There is no appreciable interference from any lead or iron 
encountered in “Alzinoy”. 

Zinc, lead and iron form complexes with EDTA instantaneously under the conditions of the procedure. How- 
ever, the rate of complex formation of alumimum with EDTA is slow and hence it has been a general practice 
to heat the solution (at -90”) for about 20 min. It was thought desirable to investigate whether this could be 
accelerated by boiling the solution. Test solutions were boiled for various times; the results are shown m Table 
3. 

Table 3. Effect of boiling time on Al-EDTA complex formation 

Zn 
present, mg* 

Al 
present, mg 

Al 
taken, % 

Boiling 
time, mm Al found, % 

20 2 9.09 5 8.97, 8.95, 8.95, 9.01 
20 2 9.09 10 9.06 
20 2 9.09 20 9.01 

* Plus 0.1 mg each of lead and iron. 

It is evident that 5 min boiling is adequate for the complete formation of the Al-EDTA complex. The precision 
is satisfactory. Analysis of Morris P. Kirk Standard Alzinoy samples gave 10.20% Al for sample 762 (certificate 
value 10.45%) and 9.70% for sample ZB2 (9.70%). 

The method described has been in routine control use for the last 8 years. A suite of 4 samples can be analysed 
in about 45 min. The method has also been applied satisfactorily for the determmum of aluminium in ferroalu- 
minium. 

Grateful acknowledgement is made to W. G. Hines for his helpful comments and to J. R. Johnston for exper- 
imental assistance. 
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Summary-A simple and precise method for the complexometric determination of aluminium in 
“Alzinoy” (a binary alloy of aluminium and zinc) is described. After dissolution of the sample in 
hydrochloric acid, aluminium zinc and any lead and iron are complexed with excess of EDTA. 
The excess of EDTA is titrated with lead solution, with Xylenol Orange as indicator. Ammonium 
fluoride is then added to decompose the Al-EDTA complex, and the EDTA liberated is titrated 
with lead solution. Four samples can be analysed in about 45 min. 
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MULTIPLE NUCLEATION IN THE PRECIPITATION OF NICKEL 
DIMETHYLGLYOXIMATE FROM HOMOGENEOUS SOLUTION 

(Received 25 July 1974. Accepted 25 October 1974) 

Dimethylglyoxime has been widely used for many years as a reagent for mckel. The processes of nucleation and 
crystal growth in this reaction have been studied by a number of experimental techniques, including electron 
microscopy’ and a Coulter counting technique.* 

Nickel dimethylgloximate has also been precipitated from homogeneous solution.’ The kinetics of the reaction 
of biacetyl with hydroxylamine to form dimethylglyoxime, in both the absence and presence of nickel, were stud- 
ied by Salesin, Abrahamson and Gordon,4 who proposed the occurrence of multiple nucleation steps. Walton 
has pointed out that heterogeneous nucleation occurs in this precipitation from homogeneous so1ution.s 

The present study was undertaken to examine quantitatively the multiple nucleation and the persistent periods 
of supersaturated conditions, in the precipitation of nickel dimethylglyoximate from homogeneous solution. 

EXPERIMENTAL 

Hydroxylamine hydrochloride was recrystallized from ethanol containing a small amount of water, dried, and 
stored over calcium chloride in a vacuum desiccator. Reagent grade nickel sulphate hexahydrate, biacetyl solu- 
tion, and ammonia were used without purification. Aqueous solutions were prepared in the following con- 
centrations: hydroxylamine hydrochloride, 0.702M; nickel sulphate, 2.99 x lo-‘M; biacetyl, 2.16 x 10m3M. 

Apparatus 

Measurements of pH were made with a Beckman model 72 pH meter. A Cary model 14 spectrophotometer 
was used for all spectrophotometric measurements. Electron-microscope observations were made with a Hitachi 
instrument. 

Procedure 

The nickel sulphate solution was pipetted into a 100~ml beaker and the desired volume of hydroxylamine solu- 
tion added. The pH wasadjusted to 60 f. 0.1 with ammonia solution and the solution transferred quantitatively 
to a lOO-ml volumetric flask. The desired volume of biacetyl solution was added and the final volume brought 
up to 100 ml. The solution was mixed quickly and the time noted. All reactions were carried out at room tempera- 
ture. 

An aliquot of the reaction mixture was transferred into a l-cm cell for spectrophotometric measurements. The 
spectra were recorded from 540 to 580 nm and from 320 to 380 nm every 5 or 10 min for a total of 240 min, 
and the time of appearance of the red precipitate was recorded. A few drops of the reaction mixture were period- 
ically withdrawn for mounting and electron-microscope observation by conventional techniques. 

RESULTS AND DISCUSSION 

Spectrophotometry 

Dissolved nickel dimethylglyoximate has absorption maxima at 260, 300 and 360 nm (e = 152 x 104, 3.80 x 
lo3 and 304 x 10” l.mol-‘.cm-’ respectively). No starting material or intermediate reaction product inter- 
feres with the absorption at 360 nm, which can be taken as a measure of the concentration of nickel dimethyl- 
glyoximate in solution, but it is necesary to correct the apparent absorbance at 360 nm for light-scattering as soon 
as the first precipitate forms. In separate measurements, it was found that only the scattering is observed at 560 
nm and that the ratio of the scatter at 360 nm to that at 560 nm is 0.77. Hence, the corrected absorbance of 
the dissolved nickel dimethylglyoximate at 360 nm (A) may be calculated from the observed absorbances at 360 
and 560 nm (AJeO and AseO): 

A = A36,, --0.77Ase0 

Typical absorbance us. time curves are shown in Fig. 1. The times of appearance of the red precipitate are 
given in Table 1, and indicate that the rate of nucleation is dependent on the initial concentrations of nickel 
and biacetyl. In each series the time for appearance of the red precipitate corresponded to the first maximum 
on the absorbance VS. time curve, which indicates the first burst of nucleation. 

The first maxima in Fig. 1 are at supersaturation concentrations several hundred times the equilibrium solu- 
bility of nickel dimethylglyoximate as determined by Christopherson and Sandell.6 To confirm this factor, each 
reaction mixture was allowed to stand for 48 hr, which was assumed to be sufficient for equilibrium solubility 
to be reached and the absorbance of the filtrate was measured at 360 nm for comparison with the maximum 
on the absorbance VS. time curve. 

The persistence of supersaturated solutions, along with the occurrence of multiple bursts of nucleation, could 
explain the low results obtained in determining small amounts of nickel.’ 
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Fig. 1. Concentration of nickel dimethylglyoximate in solution (in terms of absorbance) us. time 
of reaction. Biacetyl 2.16 x 10-4M; hydroxylamine 702 x 10m2M; nickel (a) 2.99 x 10-3M. (b), 

9.94 x 10-sM. 

Table 1. Time of appearance of red precipitate as a function of starting material concentrations 

Series Nil+, M 

Initial concentrations 
Appearance 

Biacetyl, M Hydroxylamine, M time, min 

1 2.99 x 1O-3 2.16 x lo-“ 7.02 x lo-’ 55 
2 9.94 x lo- 5 2.16 x lo-“ 7.02 x lo-’ 110 
3 2.99 x 1O-3 2.16 x IO-’ 7.02 x 1O-2 15 

The multiple rises in the curves on Fig. 1 could be due to the rate of crystal growth being slower than the 
rate ofgeneration of nickel dimethylglyoximate molecules in the solution. In this case, the supersaturation would 
increase after each burst of nucleation until the next burst of precipitate particles appeared. 

Electron microscopy 

The precipitated particles were examined at frequent intervals during the precipitation process. Crystals of 
nickel dimethylglyoximate are needle- or stick-like in appearance and are easily recognizable.’ With reference 
to curve a in Fig. 1, the following observattons were made. 

In the first 40 min of reaction, only some amorphous particles were observed. These were also found in the 
absence of nickel, so cannot be nickel dimethylglyoximate, though they may be involved in its nucleation and 
may account for the earlier report that nucleation in this process is heterogene0us.s 

Some needle- or stick-shaped particles appeared shortly before the absorbance reached its first maximum. 
pomt B. Thick particles which were present before the maximum, plus many new thin particles, were observed 
in the region EC. No new thin particles were observed in the region C-D, in which only thick particles were 
seen. This alternatron continued, new thin particles being observed in the regions DE and F-G, and only thick 
ones in the region E-F. There is almost no change in the cross-section of the thick particles from region B 
onwards, the main change being in the periodic appearance of thin particles and their growth to become thicker 
ones. This confirms that the growth rate is less than the rate of generation of nickel dimethylglyoximate in solu- 
tion. 

Additional experiments were conducted to determine whether occurrence of multiple nucleation steps in preci- 
pitation from homogeneous solution is limited to this particular reaction. By means of particle-counting tech- 
niques and electron-microscope observations, it was found that multiple bursts of nucleation do occur, at least 
under some experimental conditions, in the precipitation of cadmium sulphide by the hydrolysis of thioaceta- 
mide, and of barium sulphate by liberation of barium from its EDTA complex by oxidation with hydrogen per- 
oxide. 

College of Sciences 
Meshed University, Meshed, Iran 

California State College 
Dominguez Hills, Calijixwa 90747, U.S.A. 

ROBERT B. FISCHER* 
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Snnnnary-Spectrophotometric measurements of undissociated nickel dimethylglyoximate mole- 
cules in solution and electron-microscope observatzons of the precipitated particles have confirmed 
and extended previous information on the nucleation of nickel dimethylglyoximate precipitated 
from homogeneous solution. Supersaturated concentrations several hundred times the equilzbrium 
solubility may persist for as long as 2 hr. Nucleation occurs not all at one initial time but rather 
in multiple “bursts” spread out over several hours. 
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POLAROGRAPHIC REDUCTION OF METHYLENE BLUE 
IN PRESENCE OF CLAY MINERALS 

(Received 5 September 1974. Accepted 17 October 1974) 

Adsorption of the cationic dye Methylene Blue on clays has been studied by various workers.1-6 As the dye is 
known to give a well-defined polarographic wave in buffered media, the effect of clays on its polarographic reduc- 
tion behaviour was investigated. This paper reports the possibility of estimating the clay fraction by a polar- 
ographzc method and the results obtained on the binding of the dye on clay particles. The method proposed 
here is simple, rapid, and needs only small samples. 

EXPERIMENTAL 

Reagents 

Standard clays, bentonite, kaolinite and illne were obtained from Ward’s Natural Clay Corporation, New 
York. The Methylene Blue used was a B.D.H. product. Stock clay suspensions were prepared and converted 
into the hydrogen form by ion-exchange treatment (Amberlite IR-120) and the particle size was controlled by 
centrifugation. 

Apparatus 

A Heyrovsky polarograph (Model LP 55 A) was operated manually in conjunction with a Pye Scalamp gal- 
vanometer (Model 7903/5). The capillary constant m zi3t”6 was 2.985; the drop time was 3.4 set (open circuit) 
and nitrogen was used for deaeration of solutions. All measurements were made at 30 + 0.01”. 

So far no suitable vessel has been developed’ which could be used for heterogeneous systems, and the vessel 
used by Beckmann* in gas analysis was therefore employed in these studies. In this cell the stream of gas and 
the circulating solution ensure uniform mixing of the suspension, pumping the solution at constant speed past 
the electrode, and maintaining of an inert atmosphere. It is worth mentioning that the vessels used for homo- 
geneous kinetic investigations are useless for such systems as they permit investzgations of only static solutions. 

Preparation of solutzons 

The requisite amount of dye (effectzve concentration 1 x 10m3 and 8 x lO-‘M in the case of bentonite and 
8 x lo-‘M in the case of kaolinite and illite) was taken in tubes along with different amounts of the clays and 
the total volume made up to 20 ml. The pH was adjusted to 2.9,4.9 and 9.2 (checked by pH-meter) in the case 
of bentonite-dye suspensions and 2.9 in the case of kaolinite-dye and illite-dye suspensions. 

RESULTS AND DISCUSSION 

Polarograms of Methylene Blue (1 x 10w3M) in the presence of different amounts of bentonite at pH 2.9, 4.9 
and 9.2 are shown in Fig. 1. Similar curves are obtained at a concentration of 8 x lo- 5M and also for the polaro- 
grams of the dye in presence of varying amounts of kaolinite and illite at pH 29. The I?,,, values of the dye 
were found to be -002, -0.28 and -0.32 V at pH 2.9, 4.9 and 9.2 respectively, in good agreement with the 
half-wave potentials reported by Clark,’ who also found that the E,,, of the normal wave corresponds closely 
to the oxidation potential of the thermodynamically reversible Methylene Blue system. 
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Snnnnary-Spectrophotometric measurements of undissociated nickel dimethylglyoximate mole- 
cules in solution and electron-microscope observatzons of the precipitated particles have confirmed 
and extended previous information on the nucleation of nickel dimethylglyoximate precipitated 
from homogeneous solution. Supersaturated concentrations several hundred times the equilzbrium 
solubility may persist for as long as 2 hr. Nucleation occurs not all at one initial time but rather 
in multiple “bursts” spread out over several hours. 
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POLAROGRAPHIC REDUCTION OF METHYLENE BLUE 
IN PRESENCE OF CLAY MINERALS 

(Received 5 September 1974. Accepted 17 October 1974) 

Adsorption of the cationic dye Methylene Blue on clays has been studied by various workers.1-6 As the dye is 
known to give a well-defined polarographic wave in buffered media, the effect of clays on its polarographic reduc- 
tion behaviour was investigated. This paper reports the possibility of estimating the clay fraction by a polar- 
ographzc method and the results obtained on the binding of the dye on clay particles. The method proposed 
here is simple, rapid, and needs only small samples. 

EXPERIMENTAL 

Reagents 

Standard clays, bentonite, kaolinite and illne were obtained from Ward’s Natural Clay Corporation, New 
York. The Methylene Blue used was a B.D.H. product. Stock clay suspensions were prepared and converted 
into the hydrogen form by ion-exchange treatment (Amberlite IR-120) and the particle size was controlled by 
centrifugation. 

Apparatus 

A Heyrovsky polarograph (Model LP 55 A) was operated manually in conjunction with a Pye Scalamp gal- 
vanometer (Model 7903/5). The capillary constant m zi3t”6 was 2.985; the drop time was 3.4 set (open circuit) 
and nitrogen was used for deaeration of solutions. All measurements were made at 30 + 0.01”. 

So far no suitable vessel has been developed’ which could be used for heterogeneous systems, and the vessel 
used by Beckmann* in gas analysis was therefore employed in these studies. In this cell the stream of gas and 
the circulating solution ensure uniform mixing of the suspension, pumping the solution at constant speed past 
the electrode, and maintaining of an inert atmosphere. It is worth mentioning that the vessels used for homo- 
geneous kinetic investigations are useless for such systems as they permit investzgations of only static solutions. 

Preparation of solutzons 

The requisite amount of dye (effectzve concentration 1 x 10m3 and 8 x lO-‘M in the case of bentonite and 
8 x lo-‘M in the case of kaolinite and illite) was taken in tubes along with different amounts of the clays and 
the total volume made up to 20 ml. The pH was adjusted to 2.9,4.9 and 9.2 (checked by pH-meter) in the case 
of bentonite-dye suspensions and 2.9 in the case of kaolinite-dye and illite-dye suspensions. 

RESULTS AND DISCUSSION 

Polarograms of Methylene Blue (1 x 10w3M) in the presence of different amounts of bentonite at pH 2.9, 4.9 
and 9.2 are shown in Fig. 1. Similar curves are obtained at a concentration of 8 x lo- 5M and also for the polaro- 
grams of the dye in presence of varying amounts of kaolinite and illite at pH 29. The I?,,, values of the dye 
were found to be -002, -0.28 and -0.32 V at pH 2.9, 4.9 and 9.2 respectively, in good agreement with the 
half-wave potentials reported by Clark,’ who also found that the E,,, of the normal wave corresponds closely 
to the oxidation potential of the thermodynamically reversible Methylene Blue system. 
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Fig. 1. Polarograms of Methylene Blue (1 x IO-‘M) in presence of various amounts of bentonite 
(g). (a) pH 2.9, (6) pH 49, (c) pH 9.2. All curves start at to.1 V applied potential. 

A prewave with E,,, = -0.01 V is realized at pH 4.9 (Fig. lb). The normal reduction wave disappears below 
the concentration 6 x 10m5M and therefore a concentration higher than this was chosen for subsequent studies. 

The striking features of the reduction of the various clay-dye suspensions are as follows. 

(i) The diffusion current of the pure dye is considerably reduced in presence of clays. The effect is, however, 
most pronounced in the case of bentonite, as compared to the other two minerals. 

(ii) The decrease in the diffusion current increases with gradual increase in the amount of mineral added. 
(iii) The E,,, of the dye does not change. 

A decrease of 1.36 PA, in the diffusion current is observed on adding 40 mg of bentonite whereas reductions 
of 0.45 and 0.22 fi are obtained by adding the same amount of illite and kaolinite under identical conditions 
for the dye solution. 

Polarograms at pH 4.9 (Fig. lb) show that low amounts of bentonite added decrease the height of the normal 
reduction wave without causing any effect on the prewave. Higher amounts of this material, however, shift the 
half-wave potential of the prewave towards the more positive side, along with the decrease in the height of the 
normal reduction wave. 

A linear relationship is found between the decrease in wave height (id,-ld) and the amount of mineral present. 
It is thus possible to calculate the amount of free dye (from the values of idid,) as well as the amount of dye 
bound to the clay particles. The amount of dye bound to bentonite at different concentrations and pH are given 
in Tables 1 and 2. 

It is observed that the amount of dye bound to bentonite is abnormally high if the solution is as concentrated 
as 1 x 10W3j$4. Factors such as aggregation of dye molecules at such high concentrations, and multiple adsorp- 
tion, account for this behaviour. As suggested by Bergmann and O’Konski lo there is a greater probability of 
the binding of aggregated species than monomers on the crystal surface. At lower concentration of the dye (8 x 
lo- 5?vf) and the dyexlay ratio mentioned in Table 2, the binding is small, being of the same order as required 
for exchange adsorption. Thus when the dye concentration is initially low there is no physical adsorption and 
even a single polarographic measurement can give an estimate of exchange capacity. 

The amount of bound dye 1s also found to increase with increase in pH. This can be explamed by assuming 
that the edges acquire a negative charge” at higher pH (through broken Si-0 and Al-O bonds) with the result 
that more of the cationic dye is adsorbed. 
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Table 1. Distribution of Methylene Blue (initial concentration 1 x 10e3M) 

PH 
Amount of bentonite Concentration of free 

added, g dye, 10e3M 
Concentration of bound dye. 

10-3M 

9.2 

2.9 0.07 0.83 0.17 
0.10 0.78 0.22 
0.24 047 0.53 
0.26 040 0.60 
0.28 0.30 0.70 
0.30 0.28 0.72 
0.08 0.71 0.29 
@lo 0.66 0.34 
0.18 0.47 0.53 
0.20 0.45 0.55 
0.22 0.38 @62 
0.24 0.32 0.58 

Table 2. Distribution of Methylene Blue at pH 2.9 (initial concentration 8 x lo-‘M) 

Amount of bentonite 
added. g 

Concentration of free 
dye, 10e5M 

Concentration of bound 
dye, lo- ‘M 

0.12 6.80 1.20 
0.16 6.24 1.76 
0.40 3.84 4.16 
0.45 3.36 4.64 
0.50 2.88 5.12 
0.55 240 ,5.60 

Various mixtures of bentonite, lllite or kaolinite with a non-clay material were prepared. These samples had 
different cation-exchange capacities depending on the amount of non-clay material present in them. Polarograms 
of Methylene Blue (8 x 10e5M, pH 2.9) in the presence of these samples were taken and a linear relationship 
was found between the mineral content of these samples and the decrease in the diffusion current (&-id). This 
goes to show that the reduction of Methylene Blue in the presence of various clays or soil samples can possibly 
be used in estimating the clay content and its exchange capacity, and in the identification of various minerals. 
Further work in this direction is in progress. 
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Summary-Clay-Methylene Blue suspensions have been examined polarographically. The degree 
of binding of the dye on the clay particles has been calculated. The possibility of using the data 
in estimating the clay content of a sample and identifying the mineral is suggested. 
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ZERO-CURRENT BIPOTENTIOMETRIC END-POINT INDICATION 

WITH PRETREATED ELECTRODES-III 

MATHEMATICAL SIMULATION OF THE TITRATION CURVES 

(Received 8 Januury 1974. Accrptrd 21 September 1974) 

A zero-current bipotentiometric Indication technique based on pretreatment effects on noble metal electrodes 
has been reported from this laboratory,’ by which redox titrations have been followed by using a pair of plati- 
num* or gold3 electrodes. Fe(I1) being titrated. The bipotentiometric titration curves obtamed for different condi- 
tions of pretreatment and titrants could be divided according to then shape mto four categories.3 A qualitative 
explanation for the shape of these curves has been advanced.le3 This paper presents an approach to the quantita- 
tive analysis of these curves. 

As the electrodes are connected directly to the measuring instrument, the bipotentiometric titration curves 
appear as the difference of the sigmoidal potentiometric curves exhibited by each of the indicator electrodes used. 
Therefore the corresponding function d(x) of the bipotenhometric titration curves can be obtained as the differ- 
ence of functionsf(x) and g(x): 

9(x) = f(*, - Y(.U) (1) 

these latter representing the usual titration functions of the electrodes, i.e.. their transference functions. Pretreat- 
ment of an electrode generally changes the slope, the potential break near the equivalence point and the relative 
position with respect to the x and/or J’ axes. Thus g(x) can be considered as being obtained by the elementary 
transformation off(x): 

g(x) = rfcfix + y) + 6 (2) 

The function g(x) is evaluated in two steps. First, starting from functionf(x) (see Fig. 1) a new functionf(/?f + E) 
is obtained by using the transformation x = /3t + E so that the interval [a’b’] is transformed into an Interval 

Czdl : 

Cc,dl=WW+(l+PW (l+P)b’+(1-B)a 
2 2 (3) 

E being a function of /I. It is easy to see that [a’b’] and Cc.4 have the same mid-point. As the second step we 
transform these functions by using the parameter 0. Thus for each set of G( and j values a set of g(x) functions 
is obtained: 

g(x) = @fcBX + E + 0) (4) 

with 0 varied. Hence y in equation (2) IS equal to E + 0. when 6 is zero. Values of 0 are given in terms of A (Fig. 
1): 

m + m’ 
A=--_- 

2 

g(x) f(x) 

f (s) ---- f(b)----m II f(0)-----\ _ , 

m m’ 

1 I I I I 

a b 0‘ b’ ’ 

Fig. 1.’ Sigmficance of m and m’ m equation (5) and the domains of interpretation. 

(5) 
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For experimental reasons a and fi may take the values 

O<r<l;a=l;l<a 
o<fi<1;/%=1:1<p 

Foragivenfiweconsidered0< -A.O= -A. -Ac~<0.0=0.O<O<dB=dA<8.Fornumerical 
calculations the exact functions of the potentiometric titration curves with real parameters could not be used 
because of their complexity. Therefore in order to obtain different possible curve-forms for 4(x) [equation (l)] 
a simulation procedure was adopted, taking forf(x) a function that was simpler but still possessing the properties 
of a real potentiometric titration curve: inflexion point. break near this point. slope, etc. Function g(x) differs 
fromf(x) by one or more of the parameters represented by a. fi, y and 6 in equation (2). The functions used were 

j(x) = J’? + x - 1 - \!.XZ - Y + 1 (6) 

and 

g(x) = aJ(px + # + B.x + y - 1 - y)(Bx + y)* - Bx + y + 1 (7) 

respectively. Displacement of g(x) relative to f(x) along the y axis was not considered [S = 0 in equation (2)], 
having no physical meaning. The domains of interpretation of the functions were also restricted, it being consi- 
dered thatf(a’) = constant = 0 for x = a’, andf(h’) = constant for x = b’ respectively. In our case we considered 
a’ = 0; b’ = 2; ae{l; 1.5); fie{O.75; 1; l.S} and &{-A - 3; -A: -p: O;t; A; A + 4;. The curves plotted for 
such conditions w_ere considered to represent the characteristic part of a titration curve, and were used for the 
construction of the differential curves. Following this procedure 42 y(x) functions were computed (Olivetti Pro- 
gramma 101) and by graphical subtraction the corresponding overall titration curves were generated. The main 
results are as follows. 

A. (i) c( = fi = 1. Thef(x) and g(x) curves are identical but not superimposed along the x-axis, the displacement 
being given by y. If y = O,f(x) = g(x) and $(x) = 0 (Fig. 2, curve 1). 

This case could not be realized in practice (see, e.g.. Fig. 1 in reference 1). Even with apparently identical elec- 
trodes there always exist small differences m the potential-determining parameters a. 8. and y. resulting in a bipo- 
tentiometric signal at the end-point. 

(ii) y > 0. For small y values d(x) has the form of the first derivative off(x) (Fig. 2. curve 2.). In several cases 
very sharp peaks have been obtained experimentally. With increasing y the 4(x) curves become less sharp. These 
forms have not been obtained. denoting that pretreatment effects cause only small potential lags between the elec- 
trodes during the titration. 

(iii) y < 0. The same situation as before, with the difference that the peaks of the resultmg differential curves 
are oriented downwards. In all these cases the r$(x) curves are symmetrical. 

B, a = 1 but b # 1, that is g(x) is extended or compressed along the x-axis relattve to f(x). In this case the &x) 
curves have much the same shape as before but they are no longer symmetrical. Similar forms have been obtained 
for /I < 1 (0.75) or for fl > 1 (1.5). respectively. From these forms curves correspondmg to y < A/2 have also 
been obtained in practice. An increase in the lag between the basic curves results in less sharply differential curves 
which are not encountered m practical zero-current bipotentiometric titrations. For negative values of y the same 
curves appear but oriented downwards. Generally when I = 1 there appear 4(x) curves which are similar to the 
first derivative of a sigmoidal potentiometric curve. but only when the lag between the basic curves is small. 
Under our simulation conditions this is the case when 0 < ; < A. In cases A and B second-derivative forms do 
not appear. 

C. a > 1. j is equal to, greater or less than 1. This means that g(x) is modified relative to f(x) with respect 
to the y-axis also (except for parallel displacement). For small values of y the 4(x) curves obtained had some 
intermediate forms between those of the first and second derivatives of a normal potentiometric curve (Fig. 3, 
curve 1). In the titrations performed so far, types similar to that corresponding to A/2 (Fig. 3) have most fre- 
quently been encountered. For y values less than A/2. 4(x) approaches the form of the second derivative. Mean- 
while many intermediate forms appear, e g., those of types II and IV (see reference 3). Nevertheless the practical 
curves have sharp peaks suggesting only a small lag between the basic curves. When a < l.f(x) and g(x) change 
their role, resultmg in the same $(x) forms as before. 

In conclusion, using the model functions Indicated. we have been able to simulate the zero-current bipotentio- 
metric titration curves encountered in practice so far, but reality is more complex. The exact form of a potentio- 

Fig. 2. Representation of 4(x) for a = /I = 1 and different values of y: 
1 -0;2-A/2:3-A:4-A+4 
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Fig. 3. Representatron of C+(X) for c( > 1 and /I 3 1 and different values of 1’ as m Fig. 2. 

metric curve is influenced ma more complex way by pretreatment and real titration parameters than in the treat- 
ment by relatively simple functions used here. This is illustrated by the great number of intermediate curve forms 
actually obtained. But this does not affect the essence of the problem, the reasons for the appearance of zero- 
current bipotentiometric titration curves obtained with dtfferently pretreated electrodes. The present results 
reveal the contribution of each indrvidual transfer function of the electrodes to the appearance of a particular 
bipotentiometric titration curve. 
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Summary-A mathematical model is descrtbed whtch simulates the appearance of the bipotentio- 
metric titration curves obtained experimentally with two dtfferently pretreated indicator electrodes. 
Simplified equations are used to calculate the individual potentiometric curves, and the bipotentio- 
metric curve is obtained by difference, as corresponds to the experrmental technique. 
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RAPID POLAROGRAPHIC METHOD FOR DETERMINATION 
OF ARSENIC IN FERROTUNGSTEN 

(Received 9 Aprd 1974. .4ccepted 15 October 1974) 

Methods for the determination of micro- or macroamounts of arsenic m ferrous alloys are usually based on three 
steps: oxidative attack of the sample, quantitative separatton of the arsenic to ehminate interfering elements by 
extraction,’ distillattot? or co-precipttation,3 and subsequent determinatton of the arsenic by a gravimetrtc. volu- 
metric, spectrophotometrtc or polarographic method.4 The Russian Standard method5 for arscmc m ferro- 
tungsten involves decomposition of the sample with sodmm peroxide, treatment with thioacetamide to separate 
the arsenic as sulphide. and a spectrophotometrtc determination as molybdenum blue. For content of 0.1 and 
0.002% the precision of the method is 20 and 507; respectively 
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The British Standard method’ involves evolution of arsemc and its absorption m a pyridine solution of 
silver diethyldithiocarbamate. The precision is 50 and 3% for contents of 0.003 and 0.15% arsenic respectively. 

Although many other methods have been reported,’ none is sufficiently rapid, accurate and sensitive for rou- 
tine determmation. This paper describes a sensitive and accurate determination of arsenic in ferrotungsten, suit- 
able for routine control analysis. 

EXPERIMENTAL 

Apparatus 

Polarograms were recorded with Heyrovsky Polarograph model LP-60, using a mercury electrode with a drop 
time of 2.97 set in O.lM potassium chloride and M = 4.65 mg/sec. A saturated calomel reference electrode was 
used for all measurements, in conjuction with a 0.033M sodium sulphate bridge. 

Reagents 

Concentrated hydrochloric, nitric and sulphuric acids; saturated potassium metabisulphite solution; 8% ascor- 
bic acid solution; 0.1% Methyl Orange solution; citrate buffer (2.5M) prepared by dissolving 105 g of citric acid 
monohydrate in hot distilled water, cooling and diluting to 200 ml and neutralizing carefully with solid sodium 
hydroxide to pH = 3.0; 1% gelatine solution, freshly made at frequent intervals; O.lM mangenese sulphate; 
arsenic-free iron (less than f%%l% arsenic). Standard arsemc solution (O.OlM) was prepared by dissolvmg about 
0.25 a of arsenic trioxide (-957~ nure) bv boiling it with lO(f150 ml of redistilled water and then diluting to 
the mark in a 250-ml volumetric iask. It was standardized by the bromate method.15 Ten ml of the stock sol&on 
were diluted to 100 ml with redistilled water to give (in our case) 9.28 + 0.03 x 10-4M standard solution. The 
standard arsenic solution may be prepared by dissolvmg higher purity AsZO, (0.2473 g) in 5 ml of 5:; sodium 
hydroxide solution, neutralizing with sulphuric acid (1 + 1) and diluting the solution to 250 ml. 

Procedure 

Weigh 0.5-l g of ferrotungsten into a porcelain crucible and ignite it in a muffle furnace at 800” for 2 hr. 
Transfer the sample to a 100-ml beaker, add 15-30 ml of aqua regia (HCI:HNOs, 3: 1). cover with a watch-glass 
and heat on a sand-bath for 30 min. Raise the watch-glass and add more aqua regla if necessary. Cool to room 
temperature, wash the watch-glass with water and remove it. Add 10 ml of sulphuric acid (1 + 1), heat to fuming, 
cool, dilute with l&14 ml of distilled water and again heat gently until fumes of sulphuric acid appear. Add 
s7 ml ofpotassium metabisulphite solution and 5 ml of redistilled water and evaporate almost to dryness. Repeat 
the treatment with metabisulphite, then add 5-10 ml of water and heat on a sand-bath to remove SO, and to 
diminish the acidity of the sample. Filter through a dense filter paper mto a lOO-ml volumetric flask, wash well 
with water and dilute to the mark. MIX well and transfer three 25-ml aliquots mto three SO-ml volumetric flasks, 
Add to each flask 2 ml of O.lM manganese sulphate, 5 ml of 84; ascorbic acid solution, l-2 drops of Methyl 
Orange solution and neutralize with 20”~ sodium hydroxide solution. Add 5 ml of citrate buffer, 2.5 ml of I”/ 
gelatine solution and dilute to the mark. Record the polarogram from -0.6 to - 1.6 V rs SCE. without removal 
of oxygen. 

Preparation of caltbration graph 

The calibration graphs are prepared by using the same quantity of pure iron as m the samples of the ferro- 
tungsten and treated exactly as the sample, with 3.0. 2.0. 1.5, 1.0. 0.5 and 0.25 ml of the standard arsenic solution 
added to 25-ml aliquots in 50-m] volumetric flasks. 

RESULTS AND DISCUSSION 

The method is based on oxidative decomposition of the sample to prevent loss of arsenic as arsine and to 
separate the tungsten as W03.HZ0, followed by reduction of As (V) with potassium metabisulphite (K2S205) 
and subsequent polarographic determination of the arsenic(II1). The method is sensitive and less tedious than 
the other methods, and there is no interference from Fe. W. Bi. Si, P, Sn, Sb. Pb and Cu. 

Table 1. The effect of sample pretreatment on the arsenic determination 

Arsenic added, 
as pg/ml in 

final solution 

4.17 
2.78 
2.08 
1.74 
1.39 
0.70 

Measured wave-height (mean) 
As added As added 
before (I) after (II) Statistical tests 

fir nA n ~II. WI n F. exp. F(95) t, exp. t(95) 

341 5 341 10 1.32 363 0.03 2.16 
2.05 7 2.50 10 
1.64 6 1.84 9 3.23 3.69 1.36 2.16 
1.37 8 1.36 9 
0.88 9 0.94 9 
0.50 6 0.50 8 3 06 3.97 0.39 2.18 

n = Number of mdividual measurements on several separately prepared solutions 

Dissolution of the sample and reductron of the As(VJ and Fe(lll) 

As ferrotungsten dissolves very slowly in aqua regra. the samples were first calcined by heating at 75~800 
in a porcelain crucible for 2 hr.* After dissolution. the solution was treated with sulphuric acid, evaporated to 
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dryness and heated to expel oxides of nitrogen, Smce the latter interfere with the polarographic determination. 
The reduction step is necessary since Fe(II1) interferes. Of the reducing agents investigated, hydrazine sulphate, 
oxalic and ascorbic acids and metablsulphite, the last was found to be the most suitable for the As(V), and ascor- 
bic acid for the Fe(II1). The tungsten(V1) was not attacked. either in solution or in the precipitate of WO,.H,O 
under the conditions of the method. 

Various factors which could affect the completeness of the reduction of As(V) and Fe(III), the preliminary cal- 
cination at 800” and the possible adsorption of the arsenic by the precipitate of WO, HZ0 were investigated. 
Standard samples were prepared from high-purity iron (@l g) and tungsten (0.4 g). Then different amounts of 
arsenic(II1) were added before and after the dissolution of the samples, and determined by the procedure de- 
scribed below. Included in Table 1 are the wave-heights obtained on addition of arsenic before (I) and after (II) 
the decomposition of the samples, for II determinations. The equations of both linear calibration curves, calcu- 
lated by the method of least squares,’ were i, = 0.78 CAT and ill = 0.83 C,, where i is the current in fi and 
CAJ the arsenic concentration in pg/ml. The slopes of the lines were compared by the Student-r criterion”’ [t = 
1.90 < t(,,, ,=24J = 2.061. The difference between them was found to be determined only by random errors. In 

addition the mean currents of the two lines at a given arsenic concentration were compared by the F- and t- 
tests.’ The values oft and F indicate that there is no significant difference between the two currents and consc- 
quently the dissolution process has no influence on the arsenic determination. 

Effect of some other elements and pH on the polarographic derermmation of arsenrc 

The elements m ferrotungsten which would interfere with the arsenic determination are Mn, Cu, Sb, Sn, Bi, 
Pb, Fe and W. Some of them (W, Sb, Pb) are separated in part by the preliminary treatment of the sample with 
acid mixture. Sb(III), Sn(II), Bi(III), Mn(II), Pb(II), W(VI) form weak complexes both with ascorbic and with citric 
acid.‘1~‘3 giving polarographic waves at other potentials than that for As(II1) and therefore might not affect the 
polarographic reduction of arsenic. I4 Nevertheless. the influence of Cu, Mn, Sn. Sb, BI and Pb was investigated 
for concentrations from 2 to 20 times that of the arsenic (5 x 10m5M). All experiments were carried out with 
samples prepared from 0.1 g of high-purity iron since we found that the shape and height of the wave depended 
on the presence of Fe(I1) in the supporting electrolyte. The presence of Fe(II), Mn(I1) and the ions of some other 
heavy metals has a considerable influence on the limiting current of arsenic. Further investigations would have 
to be made to determine the cause of this interesting effect. On the basis of these results we recorded all polaro- 
grams of arsenic at constant Fe(I1) and Mn(I1) concentrations. The maximum wave-height was found to depend 
on the arsenic concentration, at a given pH, under the following conditions: 0.25M citric acid, 0045M ascorbic 
acid, CFr = O.OlM, CM” = 4 x IO-‘M, and 0.59,; gelatine. Figure 1 gives some data showing that pH has a con- 
siderable effect: as the pH increases. the wave-height decreases. The solutions were therefore adjusted to be 0.25M 
in citric acid with pH = 3.00. Figure 2 illustrates typical waves for arsenic in the range 0.3s4.17 pg/ml (0.25M 
citric acid, 0.045M ascorbic acid, CMn = 4 x IOeJM. C,, = O.OlM, 0.05% gelatme and at pH = 3.0). 

Accuracy and presion 

From the average wave-heights of four individual determinations, the equation found for the calibration curve 
was 

I = -0.32 + (127 f 4).CA, 

where i is the current m pA and CA, the concentration of the arsemc in fig/ml, over the range 0.3-4.2 pg/ml. 

0 I 2 3 4 5 6 IO-’ 

AS 

Fig. I. The effect of pH on the calibration graph for arsenic 
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Table 2. Statistical analysis of the accuracy and the precision of the method 

t= 
As taken, % As found, % Confid. Relative 

No. (KJ n .Y S limit G95. I) error, % 

1 0.167 5 0.175 0.01095 0.014 1.55 2.78 f8.1 
2 0.111 2 0.129 0.01908 0.017 I .33 12.70 + 155 
3 0.083 6 0.065 0.01619 0.017 0.45 2.57 - 20.4 
4 0.070 11 0.064 0.01269 0+X)8 1.49 2.23 - 12.2 

* n = Number of individual measurements on several separately prepared solutions. 

06V 

Frg. 2. Polarograms for the calibration in the determination ofarsenic m ferrotungsten. CAs. pg/ml: 
l-4.17; 2-2.78; 3-2.08: G-1.39; G-0.695; 60.378. 

Table 3. Data for the arsenic analysis of ferrotungsten by the polarographic and the spectrophotometric Russian 
Standard method 

Polarographic method 

%As=w 

Photometric method 
E. 25 

%As = 4.3 v;W 

v ml V ml -5 
(aliquot 1. (aliquot absorb 

No. W*g from 100 ml) Wt %As W*s from 100 ml) ante %As 

1 0.5000 direct 
2 0.4986 direct 
3 0~5000 direct 
4 0.5000 direct 
5 0.4994 40 
6 04993 40 
7 0.5006 40 
8 0.4998 40 
9 0.5000 25 

10 0.4969 25 
11 0.5223 25 
12 0.5019 25 

1.65 0.0161 0.4763 
2.40 0.0222 0.5084 
2.90 0.0262 0.499 1 
2.90 0.0262 0.5005 
0.90 0.0249 0.4969 
1.00 0.0269 0.4975 
0.60 0.0187 0.5223 
0.55 0.0177 05019 
0.42 0.0215 
0.70 0.0334 
0.75 0.0334 
0.42 0.0240 

mean 0.0247% 

direct 
direct 

10 
10 
10 
10 
10 
10 

1.065 0.0136 
1.540 00188 
0.137 0.0166 
0.248 0.0300 
0.204 0.0249 
0.189 0.0230 
0.190 0.0220 
0.140 0.0169 
mean 0.0207% 

* W = sample weight. 
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Table 4. The test for systematrc errors 

No. W, 9 
1. 

PA 
%As taken, 

.Y 

“/LAS found = 
(1 + 0.43102 

12.7 W 
4; 

I 0.5070 7.00 0,164 
2 0.5070 6.50 0.164 
3 0.4945 5-85 0.169 
4 0.4945 560 0.169 
5 0.4934 2.90 0.084 
6 0.4934 3.20 0.084 
7 0.4983 3.45 0.084 
8 0.4983 3.10 0.084 
9 0.5062 I.80 0.034 

10 0.4932 140 0028 
11 0.5062 1.50 0,034 
12 0.4932 1 26 0.028 

0.235 
0.219 
0.203 
0.195 
0.106 
0.116 
0.123 
0.112 
0,068 
0.057 
0.059 
0052 

The coefficients of the regression line were tested by the F-criterton.” The test [F = 12.5 z F,95, II = ,, 12= 5j = 
6-611 shows that the intercept is not zero. 

The accuracy and the precision of the method were studied with samples prepared from 0.4 g of tungsten and 
0.1 of iron and different amounts ofarsenic added before the treatment of the samples with aqua regia. The statis- 
trcal analysts of the results is given in Table 2. The values in the t-table used for calculating the confidence limits 
were also used in the comparison of the mean with the standard value (,b). It can be seen that the values for 
tare smaller than those in the tables and so there is no significant difference between the values taken and found. 

Then samples of ferrotungsten (W = 72.1%. Si = I-25>& C = @189& S = 0087;. P = @003~~) were analysed 
by the proposed method. The results were compared with those obtained by the Russian Standard method’ (see 
Table 3). The F-test [F = 1-I 1 < Ftg5,,, = I,fa = , ,) = 3.OOJ discloses no sigmficant difference in the precision of 
the two methods. Then the two means were compared by the t-test [t = 1.68 < c,~,, I=l Hj = 2.101, which showed 
that the results obtained by the two different methods were in acceptable agreement. 

The accuracy of the method was studied by fitting the hne J’ = a + hr to the data, where x stands for the 
arsenic content, y for amount found (see Table 4) and a for the mitral content of arsenic in the ferrotungsten 
sample. Itwasfound that the line yL = 0.022 + 1.14.u, fitted the data and the t-test [t = 2.03 < r,,,5,1 = , Ii = 2.207 
showed that the intercept corresponded to the arsemc content m the ferrotungsten sample (see Table 3) 
0.0247 rt: 0.0029% As. The slope of the Ime was unity and therefore, except for random errors, the amounts found 
were equal to the amounts taken. 

The lower hmit OfdetermInation was 0+10320$, corresponding to an As concentratio~l of 0.32 pg/ml, calculated 
from the linear calibration curve.’ This lower hmit corresponds to the lowest measurable signal ii,,,, = 0.24 fi). 

Higher Institute of Chemrcal Technology 
~epart~~~t of Analytical Chemistry 
Sofia-56 Bulgaria 

N. G. ELENKOVA 
R. A. T~ONEVA 
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Summary-A simple and sensitive method for determmmg arsenic m ferrotungsten IS presented. 
The alloy is dissolved in aqua regia and the arsenic reduced with K,SZ05. The polarographic wave 
is recorded for an electrolyte at pH 3.0 and contaming Fe(II), Mn(I1). citric acid and ascorbic acid 
Levels of 0.2x, and OQO3p; As can be determined with errors of Ifr 8 and + 20% respectively. The 
limit of detection is 0.003?<. 
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SPECTROGRAPHIC DETERMINATION OF IMPURITIES IN ULTRAPURE 
TUNGSTEN AND TUNGSTEN OXIDE 

(Received 6 May 1974. Accepted 26 September 1974) 

During the last few years the interest in tungsten and tungsten compounds of high purity has been continuously 
rising, and new methods for the determination of the impurity elements in tungsten have been developed. These 
methods have to take account of the multiplicity of spectroscopic lines obtained with the tungsten matrix and 
the high melting and boiling points of tungsten. 

When the excitation occurs in the crater of a graphite electrode (and especially in the presence of graphite 
powder) involatile tungsten carbides are formed. In this way the interfering effect of the matrix element is 
removed to a considerable extent. All available methods for the direct determination of the impurity elements 
in tungsten and tungsten oxide are based on this finding.1-‘4 The carhurization usually occurs on the electrode, 
but it could be carried out in advance in a furnace. i” The preliminary carburization could be used to identify 
the optimal conditions for the vaporization of the impurities and for their separate excitation. The carburization 
on the working electrode offers the advantages of ease and rapidity of performance. 

In many cases, in order to enhance the sensitivity of the analysis, additives such as zinc oxide, sodium chloride, 
gallium and indium sesquioxides, barium chloride and potassium iodide, are introduced into the sample; they 
have been found to interfere with the formation of carbides of the impurity elements, but have no influence on 
the carburization of the matrix element.‘s5 

A preliminary separation of the impurities from the matrix is also possible.*-‘,i4 The advantages of these 
methods are the high sensitivity and simplified preparation of the standards. The possibilities offered by physical 
or chemical separation are limited by the selectivity and the permissible amounts of impurities introduced by 
the reagents. 

Another possibility of enhancing the sensitivity of direct spectrographic methods consists of using an external 
magnetic field. The magnetic field has been found’5* i6 to increase the spectroscopic line intensity of the impurity 
elements provided that substances of low ionization potential are not present in large amounts in the arc plasma. 
This condition is met when a carbon arc is used” and when impurities are determined in bases which are not 
easily vaporized.‘* 

In the present paper we report the effects of an external magnetic field and of the diameter of the anode on 
the spectroscopic line intensity of the impurity elements in ultrapure tungsten and tungsten oxide, and how they 
could be used to develop a new more sensitive method for the determination of these impurities. 

EXPERIMENTAL 

Preparation of standards and samples 

The basic standard was prepared by mixing in a “Teflon” grinder a weighed amount of spectroscopically pure 
tungsten oxide (Johnson Matthey) with salts or oxides of the impurity elements. The subsequent standards were 
obtained by dilution of the basic standard with pure tungsten oxide. To each standard, 20% of graphite powder 
was added, and this powder caused the reduction of the tungsten oxide to metallic tungsten and the formation 
of the involatile carbides, WC and W2C. ig Thus the intensity of the tungsten spectrum and the background was 
reduced and the detection limits of the impurities were lowered. The samples of tungsten oxide were prepared 
in a similar manner. The oxidation of the samples of metallic tungsten and the powdered tungsten has been de- 
scribed elsewhere.‘,” Consequently the method proposed in our paper is also applicable to the analysis of 
tungsten. 

The impurity elements and their concentrations in the standards are shown in Table 1. 

Choice of conditions for excitation and exposure 

In order to obtain lower detection limits we have used a d.c. generator and a grating spectrograph. The 
solenoid which is described elsewhere,*O was placed coaxially under the graphite electrodes. The samples and 

Table 1. Concentration of impurities (ppm) in the standards prepared 
with tungsten oxide as a base 

Standard no. Cu, Mg 
Mn, Fe, Ni, Cr, 

Si, Pb, Al, V MO 

1 10 100 1000 
2 3 30 300 
3 1 10 100 
4 0.3 3 30 
5 0.1 1 10 
6 0.01 0.1 1 
7 OGOl 0.01 0.1 
8 oGOO1 OGOl 0.01 

TAL 2214-K 
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the standards were always placed on the lower electrode (anode). The optimal arc current,” for anodes of 6 mm 
in diameter, is 9 A, and for anodes of 14 mm in diameter it is 18 A. 

We have chosen the method of fractional evaporation: owing to the carburization of tungsten an increase in 
the amount of the sample introduced into the crater of the electrode is followed by an increase in the spectro- 
scopic line intensity of the impurity elements and hence by an increase in the sensitivity of the analysis. If the 
anodic craters are deep the part of the sample which is at the bottom of the crater cannot react with the carbon 
and the impurities cannot be vaporized at the lower temperatures prevailing there. Consequently there IS an opti- 
mal depth of the anodic crater and an optimal weight of sample. Using graphite electrodes (external diameter 
6 mm, diameter of crater 3.5 mm) of 6, 8, 10 and 12 mm depth of crater with 60, 70, 80 and 90 mg weights of 
sample we have found that the time of total vaporization of the impurity elements is 40, 50,60 and 60 set respect- 
ively. The finding that the impurities are evaporated for identical times from electrodes havmg crater depths of 
10 and 12 mm shows that if fhe depth of the crater is more than 10 mm the sample m the crater cannot be suffi- 
ciently heated and for this reason it cannot contribute to the evaporation curves. This is confirmed by the values 
of the quantity AY = log 1,/I, shown in Table 2. As seen from this Table the optimal depth of the anodic crater 
is 8 mm and all subsequent experiments were carried out with electrodes of that crater depth. 

Table 2. AY = log Ii/Is as a function of the depth of the anodic crater 

Depth of Si Mn 
the crater, 251.6 279.5 

mm nm nm 

Pb 
283.3 

nm 

Fe 
259.9 

nm 

Ni 
305.1 
nm 

Al MO 
308.2 313.2 

nm nm 

6 1.32 1.62 0.78 1.21 0.92 1.22 1.57 
8 1.49 1.78 0.83 I .47 0.99 1.48 1.65 

10 1.40 1.74 0.86 1.37 0.85 1.30 1.59 
12 1.31 1.54 0.83 1.21 0.77 1.12 1.55 

The analytical sensitivity is considerably affected by the manner of illuminating the slit. As reported by Mann- 
kopfs the intensity of the lines is increased in the area of the d.c. arc near the cathode. We have shown in an 
earlier paper i’ that the effect of intensification of the line intensity in a magnetic field is greatest for this area. 

For tungsten oxide we found little difference in AYfor the intensity of the lines originating in the near-cathode 
and central areas of the arc. The accuracy of the analysis will be higher (but the sensitivity lower) if we use the 
central area of the arc. 

To achieve optimal line densities we had to use photoplates for which the density due to the background spec- 
trum is at the start of the linear part of the characteristic curve. 2* In the present work, when using photoplates 
ORWO-WU-3, a background density of 0.2-@3 could be obtained. 

Table 3. Conditions for excitation and photography 

Anodes 6 mm Anodes 14 mm 

Excitation source d.c. arc d.c. arc 
28OV. 9A 28OV, 18 A 

Electrodes Anode as sample Anode as sample 
carrier carrier 
Diameter of the crater Diameter of the crater 
3.5 mm, depth 8 mm 10 mm, depth 8 mm 
Cathode 6 mm Cathode 6 mm 
shaped as intersected shaped as intersected 
cone cone 

Weight of 
the sample 70 mg 200 mg 
Electrode gap 3mm 3mm 

Grating spectrograph type PGS-2 (VEB Karl Zeiss), grating 625 lines/mm blaze angle at 280 nm (second order) 

Exposure time 
Slit width 
Illumination 
of the slit 

Photoplates 
Distance between 
the solenoid and 
the electrodes 
Vertical component 
of the magnetic 
field 

60 set 
20 pm 
One lens with a quartz condenser (f = 30 mm) 
and projection of the centre of the 
interelectrode space 
ORWO-WU-3 9 x 24cm 

130mm 

60 gauss 
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The density of the significant lines of the recorded spectra was compared with that of the background close 
to the chosen analytical lines. As shown elsewhere 1 * this value correlates better with the analytical line intensity 
than the line intensities of internal standards. The calibration curves were plotted as AYus. log C. The condi- 
tions of excitation and photography are summarized in Table 3. 

Detection linuts 

Using the excitation and photography conditions specified above we have determined, by the 6-sigma cri- 
terlon,23 the detection limits for 9 elements excited in graphite electrodes 6 mm in diameter and for 7 elements 
excited m graphite anodes of 14 mm diameter. The reproducibility of the method is characterized by a relative 
standard deviation between 7 and 12% and the reproducibility for the larger anodes was found to be better. 

Table 4. Comparison of detection limits @pm) 

Our data 

Element line, 
nm Dyck’+ Kucharzewskl’ 

6-mm 14-mm 
Scholze” Lounamaa’ anode anode 

Si 256.1 1 3 1 
Mn 279.5 @08 0.03 0.07 0.01 
Pb 283.3 2 2 @5 0.1 0.1 0.02 
Fe 259.9 0.4 3 0.2 0.3 01 0.02 
Ni 305.1 0.4 2 0.5 3 4.5 0.2 
Al 308.2 0.09 1 0.04 
MO 313.2 8 7 1000 15 4 
V 318.5 0.8 7 - 9 0.6 
Cu 327.4 0.1 1 0.07 0.3 @OQ6 
Cr 284.3 0.2 1 7 3 3 0.1 
Mg 279.5 0.1 1 0.03 0.1 

RESULTS 

We have summarized our results in Table 4 together with the results obtained by other authors. The impossibi- 
lity of finding the detection limits for silicon and magnesium is due to contamination, and that for aluminium 
and copper to the high concentration of these elements in the graphite electrodes. As seen from Table 4 in both 
cases our results are superior to those thus far obtained. The substantial increase in sensitivity found for anodes 
of the larger diameter we attribute to (a) the greater weight of sample, (b) greater intensification of the line inten- 
sity in a magnetic field because of the larger diameter of the anode and (c)the ease of vaporization of the impurity 
elements owing to the larger free surface in the anodic crater. The detection limits obtained for anodes of 14 mm 
in diameter may not be the best-we have not determined the optimal depth of the anodic crater and the corre- 
sponding weight of sample. Nevertheless the data clearly show the benefit of using anodes of larger diameter 
for an arc with an applied external magnetic field. 
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Summary-The effects of an external magnetic field and of the diameter of the anode on the spec- 
troscopic line intensity of the impurity elements in ultrapure tungsten and tungsten oxide have been 
studied. The results obtained are used for the development of a more sensitivie method for the 
determination of these impurities (Mn, Pb, Fe, Ni. Al, MO, V, Cu. Cr). 
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Summary-Xylenol Orange and mercury(I1) react in the presence of various bases, such as hexamine, 
pyridine and ammonia, to form ternary complexes, which conform to Beer’s law. The 1: 1: 1 Hg(II)/XO/ 
base complex at pH 6.1 has an absorption maximum at 59Onm and a molar absorptivity of 2.2 x 10s 
l.mole-r.cm-r. In the absence of the base the Hg(IIXXO), complex at pH 7.5 and 580nm has 
a molar absorptivity of 1.7 x 10’ l.mole-’ .cm- r. Interferences are discussed. 

The characteristics of the reaction of the Hg(I1) ion 
with Xylenol Orange (X0) in various media have 
been reported. ‘9 ’ Of the systems studied, two have 
been chosen as being most suitable for the spectro- 
photometric determination of traces of Hg(II), and 
are reported on here. These are Hg(II)/XO/citric acid/ 
Na2HP04 and Hg(II)/XO/hexamine, at wavelengths 
of 580 and 590nm respectively, and at pH 7.5. 

EXPERIMENTAL. 

Reagents 

Xylenol Orange solution, 10e3M. 
Mercury(l1) nitrate solutio&‘10-3M in 5 x lo-*M nitric 

acid. 
Citric acid solution, 0.2M. 
Disodium hydrogen phosphate solution, @4M. 
Hexamethylenetetramine (HMTA), saturated aqueous 

solution. 
Sulphuric acid, 3.5M. 

o.b- 

0.0 1.0 2.0 3.0 4.0 5.0 
ml. lip (Ill 103 

Fig. 1. Graph of continuous variations in amine-free 
media. pH 75 (citratcphosphate); 1 = 580nm; @ 

Hg(II)/XO = 1.55:3.45 = 1:2. 

Composition of the complexes 

The composition of the possible complexes formed by 
Hg(I1) and X0 in the buffered media was studied by the 
continuous variations and mole-ratio methods (Figs. 1 and 
2). Both methods showed that when citrate was the buffer 
a 1:2 ratio of Hg:XO ,was observed. However, when 
HMTA was used two phenomena were observed by the 
method of continuous variations. (1) A sharp maximum 
corresponding to a 1: 1 Hg(II)/xO composition; (2) a series 
of maxima and minima not clearly differentiated, corre- 
sponding to complexes with a higher mercuric ion content, 
but with compositions which were difficult to determine 
(Fig. 2). By contrast the mole-ratio method indicated three 
different complexes with Hg(II)jXO ratios of 1: 1, 1:2 .and 
1: 3. The last two showed less absorbance than the X0 
reagent blank, but the 1: 1 complex was strongly coloured. 
This 1: 1 complex was the only one that followed Beer’s 
law over the range 512 ppm Hg(II), thus providing a sensi- 
tive method of determination. 

Since it had been assumed that this 1: 1 complex was 
ternary,’ solutions of constant concentration of Hg(II) and 
X0 were titrated spectrophotometrically with HMTA in 
order to find the ratio at which the latter participates 
in the formation of the complex at pH 7.5. Two spectropho- 
tometric blanks were used, one of them saturated with 

A I 

0.0 10 2.0 3.0 4.0 SO 

ml. Hg l1lllO%l 

Fig. 2. Graph of continuous variations in media contain- 
ing amines. pH 7.5 (HISO*-HMTA); I = 59Onm; @ 
Hg(II)/XO = 2.5:2.5 = 1: 1; 0 complex or 

formed in X0 excess. 
complexes 
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“.. 

6.5 7.0 7.5 ptl 

Fig. 3. Influence of pH (citrate-phosphate buffer); 1 = 580 
nm. 

HMTA. By this method the composition of the complex 
was found to be 1: 1: 1 Hg(II)/XO/HMTA. 

Identical results were obtained when pyridine was pres- 
ent in the buffer. 

Influence of pH on the complexes formed 

Citric acid-phosphate medium, pH 6.1-1.2. Within this 
pH range the absorbance of the reagent is higher than 
that of the complex, with a practically constant minimum 
at pH 7.1 (Fig. 3). The p&a of X0, HeR, is 6.4, hence 
in this medium it exists mainly as H3R3- and H2R4- 
with the latter predominating.’ 

Sulphuric acid--HMTA medium, pH 59-7.0. When work- 
ing with the 1: 1: 1 Hg(II)/XO/HMTA complex, a maxi- 
mum of absorbance was obtained at pH 6.1 (Fig. 4). At 
this pH HsR3- is the major species of X0, but the 590-mn 
band indicates the reacting species to be H2R4-, which 
is responsible for the strong hyperchromic elect observed. 

The other two complexes of composition 1:2 and 1:3 
Hg(II)/XO are not considered suitable for the determina- 
tionof Hg(I1). These are less coloured than the reagent, 
exist over a very limited pH range, and offer very little 
analytical sensitivity. 

Stability of the complexes 

Stability VS. time studies were performed with the two 
types of complexes, 1: 2 and 1: 1: 1. At room temperature 
and in the dark the absorbance of both complexes 
remained constant for more than 48 hr. When the com- 
plexes were placed in a thermally insulated chamber and 
subjected for 30min to radiation of wavelengths between 
340 and 800nm no change was observed in the absor- 
bance. The effect of different temperatures (25”, 30”, 50” 
and 1oOq on the complexes was studied. Only at 100” 
was total destruction of the complexes observed. 

Calibration surves 

Citric acid-phosphate medium. At pH 7.1 and 580nm, 
Beer’s law was obeyed over the Hg(I1) concentration range 

A 

O?!5 
Fig. 4. Influence of pH (H,SO,-HMTA); I = 590nm. 

A 

1.7 - 

1.6 - 

1.5 - 

1.4 - 

1.3 - 

1.2 - 

ppm Ho 1111 

Fig. 5. Hg(I1) determination; pH 6.1; I = 590nm; l-cm 
glass cells. 

0.59 ppm (l-cm glass cells). For the range 02-2 ppm 
4-cm cuvettes were used. In both cases the molar absorp- 
tivity was found to be 1.7 x 1051. mole-L.cm-l. 

Sulphuric acid-HMTA medium. Two RH values were 
used in the determination, 6.1 (Fig. 5) and 7.5.’ For 5-12 
ppm Hg(II), l-cm cuvettes, and a wavelength of 590nm 
the molar absorptivity was 2.2 x lo5 1. mole-‘.cm-* at 
pH 6.1 and 2.05 x lo* 1. mole’ ‘.cm- ’ at pH 75, indicat- 
ing that the same 1: 1: 1 complex is formed at both pH’s. 

Accuracy and precision 

Accuracy may be affected by systematic and/or random 
errors. Statistical treatment of random errors by the 
method of Ringborn gives the relative concentration error. 
The values thus obtained for 1% error in transmittance 
(or scale reading) for the 1:2 Hg(II)/XO complex are 
presented in Table 1. 

This method is not valid for the 1: 1: 1 Hg(II)/XO/ 
HMTA complex, which does not obey Beer’s law over 
the whole concentration interval. 

Individual measurements of the accuracy obtainable 
with both complexes are shown in Table 2. 

Table 1. Errors in measurement of absorbance of Hg(XO), 

Concentration 
interval, 

ppm 
Errors in the analytical 

measurements of absorbance,% 

0.2-20 30 
O+4.0 2.1 
0.55.0 1.9 
06-6.0 1.7 
0.88.0 1.7 
1%10.0 1.7 
1.2-12.0 1.8 
1.414.0 1.9 
1.616.0 2.0 
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Table 2. Errors in determination of Hg as Hg(XOh and 
Hg(XO)HMTA 

HgW% Iig(XO)HMTA 

HgWA PP~ Relative Hg(IIX PP~ Relative 
present found error, % present found error, y0 

25 2.55 + 2 5.5 5.5 0 
2.3 2.3 0 60 6.0 0 
5.0 5.0 0 68 6.7 - 1.5 
6.5 6.4, -1 7.5 7.5 0 
8.0 7.9 -1 8.0 8.1 +1 
9.0 90 0 8.3 8.3 0 
0.5 0.55 + 10 9.1 9.1 0 
4.2 4.25 + 1 9.3 9.4 + 1 
4.8 4.8 0 10.0 9.9 -1 
3.1 3.15 + 2 10.5 10.6 +1 

The precision was determined by analysing 20 solutions 
containing 6.0 ppm Hg(I1) for the 1:2 complex and 7.0 
ppm for the 1: 1: 1 complex. The standard deviations were 
found to be 0.02 and 001, ppm Hg(II) respectively. 

DISCUSSION 

Structure of the complexes 

I:2 Hg(ZZ)XO complex (citric acid-phosphate 
medium). The X0 species in solution at pH 7.1 are 
mainly H3R3- and H2R4- in equilibrium. When the 
reaction with Hg(I1) takes place, a shift in the equilib- 
rium causes the total conversion of the system into 
the more ionized species of the two. It is this species 
which is responsible for the formation of the chelate 
ring. The Hg(I1) ion in solution exists as a solvated 
ion, either simply hydrated or in a polynuclear 
form.4-7 Presumably, the Hg(I1) takes the form of 
the polynuclear cation cHg(HgO)J2+, even though 
it is not very stable, for if a higher quantity of the 
solvated ion were present at the pH used, it would 
precipitate as HgO. It may be assumed then that 
the complex cation is destroyed when it reacts with 
X0, thus liberating the Hg(I1) to form the complex. 

From the stoichiometry 1:2 Hg(II)/XO, a 
mechanism for the reaction is proposed. This can 
be visualized with the aid of atomic models (Fig. 6). 

The X0 active group capable of forming the che- 
late is a zwitterion. The Hg(I1) ion replaces the pro- 
ton, which may then migrate towards the central car- 
bon atom of the reagent’s phthalein skeleton, a possi- 
bility that exists for dil the triphenylmethane deri- 
vates. The quinonoid ring becomes phenolic and 
forms the chelate ring with the mercury atom through 
a co-ordinate bond with the nitrogen atom and an 
ionic bond with the oxygen atom. 

As can be seen from molecular models, the two 
Xylenol Orange molecules must be oriented in such 
a way as to make coplanar the -CH, groups located 
ortho to the oxygen atoms participating in the bond. 
This forms a hole between the two molecules, capable 
of accommodating the mercury atom in a tetrahedral 
co-ordination by its d” electronic structure. 

I: 1: 1 Hg(ZZ)/XO/HMTA complex (sulphuric acid- 
HMTA medium). At pH 6.1 the main reagent species 

.Hgllll ‘“=” : 

Fig. 6. Mechanism of formation of 1:2 complex, pH 7.1. 

are H3R3- and H2R4-, with the latter predominat- 
ing. The X0 active group capable of forming the 
chelate with Hg(I1) must be the one that has not 
yet formed the zwitterion at pH 61. Hg(I1) may bond 
with the nitrogen atom of the complexing group 
located in an ortho position with respect to the -OH 
group of the phenolic ring, displacing the proton from 
the nitrogen atom and forming an ionic bond. The 
imino nitrogen atom will thus be converted into a 
positively charged quaternary nitrogen atom. At the 
same time, the mercury atom forms a co-ordination 
link with thet oxygen atom from the -OH group, 
since this group does not lose its proton in the forma- 
tion of the chelate. 

-The other ionic charge on the Hg(I1) can be neutra- 
lized by bonding nitrogen atoms through a similar 
mechanism. The nitrogen atom adopts the quaternary 
ammonium configuration and the hexamine becomes 
positively charged. 

The Hg(I1) ion can form only linear, tetrahedral, 
or octahedral complexes. The linear configuration is 
not possible in this case. Neither is the octahedral 
because the tetrahedral is favoured when the crystal 
field stabilization energy of the ion is zero and, in 
this case, the ion possesses a d” electronic structure 
with a lOD, value of zero. Since HMTA forms com- 
plexes with mercury compounds, similar to those 
obtained with ammonia, it is possible to substitute 
one of the HMTA molecules by one of X0 (Fig. 
7) in such a way as to form a tetrahedral complex. 
In order to achieve co-ordination saturation, a water 
molecule is needed to form a co-ordinate bond with 
the mercury atom through its oxygen atom. 

It is concluded that the Hg(I1) atom occupies the 
middle of an irregular tetrahedron. The resulting dis- 
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Fig. 7. Mechanism of formation of 1: I: 1 complex, pH 6.1. 

tortion may make it very sensitive to the action of 

competitive complexing agents. 

Det~~~~t~n of the apparent ~i~~~iation constants 

The continuous variations and molar-ratio 
methods were used for the determination of the 
apparent dissociation constants. For the 1: 2 complex, 
at pH 7.1, the average value of Ki obtained is 3.65 x 
10-12. Since the 1: 1: 1 complex does not follow 
Beer’s law, only the continuous variations methods 
was used. A Ki value of 9.9 x lo-l3 was obtained 
at both pH 61 and 7.5. 

A study was conducted of atoms, ions, ionic groups 
or molecules that may influence the reaction, either 
by inhibiting it or by altering it through salt effects 
(ionic strength), or through competition in the forma- 
tion of the complexes. 

The effect of ionic strength on the analysis was 
studied with sodium perchlorate, sodium nitrate and 
potasium nitrate as added electrolyte. Neither nitrate 
had any effect on the reagent or the 1~2 complex 
at 580 nm, for ionic strength between 0401 and @l&f. 
However, in the presence of the perchlorate, the 
absorbance values for the complex increased, 
although for the reagent they remained constant. 
Perchlorate must therefore be absent. 

The 1: 1: 1 complex was found to be much more 
sensitive to variations in ionic strength. For a solution 
of ionic strength DlM and pH 6.1, there was an 
increase in the absorbance of the reagent and a con- 
siderable decrease in that of the complex, regardless 
of the nature of the added electroylte. The effect de- 
creased with decreasing electrolyte concentration, and 
disappeared at fi < ~~1~. 

The interference due to the presence of foreign sub- 
stances was studied by mixing Hg(J1) solution, foreign 
substances, reagent and buffer, in that order, and then 
diluting. The readings were made 30min after the 

preparation of the Samples and an X0 solution was 

used as spectrophotometric blank. The foreign sub- 
stances were added in concentration 103, lo2 and 
10 times that of the Hg(I1). 

I : 2 complex. The follow~g anions showed no inter- 
ference at all concentrations: Cl-, NO;, F-, C&O:-, 
tartrate, AsO;, HAsO:-, IO;, SO:-, C&COO-, 
ClO;, BrO;, NO;, MOOS-, HMTA, BO; and 
S20i- ; NJ32 did not interfere in lOO-fold amounts 
and WOi- in tenfold amount. 

Tenfold concentrations (relative to Hg) of the fol- 
lowing cations did not interfere: Pb, Tl(I), Cu(II), 
Cr(IHX Ce(III), Ce@‘t, b, Th, UfvR, Be, Ca, Sr, 
Ba, Mg, K and Na. The results for the other ions 
studied are presented in Table 3. 

It can be seen that several anions show strong 
interference, possibly by a competitive mechanism in 
the formation of the complex. The interference due 
to Sz- is important whether the anion comes from 
a fresh solution of NazS or from ~turating the solu- 
tion of the complex with H2S. 

The interference due to some species arises because 
they cannot coexist with free Hg(JI) [e.g., Sn(II), S-1. 

Table 3. Interferences with 1:2 complex 

..I -0550 -0m-J -0 550 
S-,0:- +0.010 -0915 -O@O 
so:- -0030 -0.025 -@030 
Se0:- -0.430 -0420 -0490 
S’-(Na,S) + 0.840 
s-(&S) - 0.665 
CN- +0170 +oWo -0,010 
SCN- +ooos +0,087 -0160 
Br- +0+40 -0045 -0425 
I- -PO12 - 0,060 
EDTA +0+X -6.065 

CO:- f@lSO -a450 -0.500 
F&N):- -0010 -0020 -0~130 
Fe(CNg- +0150 + 0.017 -0275 
MnO; > + 2.0 - 1.8 -oGsoo 
VO; - I45 - I 45 -145 

Ag -Q430 
WI) -0730 
BI -1.4 

&I) -13 -0225 

WI) -14 
Fe(III) -I 26 
Al -@830 
Zr -13 
N1 +e227 
Co(I1) +e350 
Mn(II) -0027 
Zn +@lW 
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Table 4. Effect of interferences with Hg(XO)HMTA 

FonlSn 
10” (X) 

CX1/~$sl 
Absorbance 

CW/CHsl 
= 10’ 

CXl/CBsl 
= 10 

S’- (N&3) 
S’- (H,S) 
SCN- 
BI- 
1. 
EDTA 
AsO; 
Fe(CN):- 

Fe(CN# - 
MllOi 
vo; - 
I-W) 
Pb 
Bi 
CU 
Cd 
SbjIII) 
Sn(I1) 
Al 

f0.964 
+ 1.02 
- 0.025 
- 0.030 

O+XQ 
+0.017 
-0.!62 
+@I75 
-0115 

-0097 
> 2.0 
+O%O 

ww 
C&VI 

I 

La 
Th 

WI) 
Zr 
N1 
Co(I1) 

Mn(II) 
Be 

+a960 +a960 

-0025 
-0010 
+ 0030 
-0042 
+0300 
-Of!90 

-0.021 
+0182 
+ 0460 

+0325 

+WXO 
+ O-070 
-0+32 
+0,500 
- 0.050 

-0010 
+ 0020 
+0160 
+ I.7 
+ 1.35 
+0050 
+1Q4 
+15 
+0650 
+ 0470 
+c-540 
+ 1.45 
+ 1.22 
+ 1.12 
+ 0.950 
+ 0,960 
+ 0.960 

+17 
+15 
+o 970 
fO.550 

The interferences due to certain cations may be eli- 
minated by addition of convenient quantities of fluor- 
ide, oxalate and tartrate as masking agents. The use 
of a complexing buffer solution also facilitates their 
elimination. 

1: 1: I complex. There was no interference at any con- 
centration from BO;, F-, C,O:-, BrO;, ClO; and 
NO; or from tenfold concentrations of NH:, S20i-, 
C&COO-, SeO:-, Cl-, citrate, HAsO:-, CrO:-, 
WO:-, MOO:-, Ag, Tl(I), Fe(III), Cr(III), Zr, Zn, 
Ca, Sr, Ba, Mg, K and Na. The effect of other ions 
is shown in Table 4. 

CONCLUSIONS 

The complex formed by the reaction between 
Hg(I1) and X0 depends on the nature of the sub- 
stances used as buffers. If the buffer does not contain 
amine-type nitrogen compounds, one only complex 

of stoichiometry Hg(II)/XO = 1: 2, is formed. This 
complex is less strongly coloured than the reagent 
and makes possible the determination of Hg(I1) traces 
in the range 1690 ppm (lcm cells). The mercury 
atom is totally locked within a tetrahedron formed 
by active complexing groups of the X0, but with 
no effect on the geometry of the molecule. 

On the other hand, in the presence of amine-type 
nitrogen atoms, and more so when they belong to 
a cyclic molecule like hexamine, three complexes are 
formed with Hg(II)/XO molar ratios of 1: 1, 1: 2 and 
1: 3. Only the 1: 1 is suitable for the determination 
of Hg(I1) traces and in fact is a ternary complex 
with HMTA/Hg(II)/XO = 1: 1: 1. Although this com- 
plex does not obey Beer’s law, it permits the deter- 
mination of Hg(I1) traces with great sensitivity in 
the range 5612.Oppm Hg(I1). 

It is possible that a water molecule from the solvent 
takes part in the formation of this complex. The mer- 
cury atom is locked within a distorted tetrahedron, 
the vertices of which are formed by two nitrogen 
atoms, from the reagent and the hexamine, and two 
oxygen atoms, from the reagent and the water mole- 
cule. 

Both complexes seem to be suitable for the deter- 
mination of mercury and are superior, in regards to 
sensitivity and ease of handling (no extraction is 
necessary), to those accepted by IUPAC, and in 
general to the dithizone method. The media used 
are slightly basic, or of very low acidity, which pre- 
vents the interference of high concentrations of a 
great number of cations. 
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Summary-The progress of analytical chemistry during the period 1910-1970 is reviewed. Topics 
considered are: the volume of the relevant literature, the countries in which the work was done, 
the language in which the papers were written, the literature of analytical chemistry, broad trends 
in the subject, methods used, and the analytical chemistry of individual elements. Some tentative 
conclusions are made about future short-term trends. 

The progress of analytical chemistry during the 20th 
century has been much greater than in all of its pre- 
vious history. This progress has closely followed the 
general field of chemistry and during the past decade 
has become so great that there’ obviously needs to 
be an evaluation of what has been achieved during 
the past sixty or so years in order to use hindsight 
to look a little into the future and try to predict 
the probable course of this branch of chemistry in 
the 1970’s. 

Histories of analytical chemistry are fairly 
numerous,-I6 but are in the main confined to three 
types: pre-1900 accounts,‘-3 single-country his- 
tories 10-12~14 or modern trends confined to a limited 
period of five or ten years. &* Perhaps the best known 
attempt at a general coverage of the history of ana- 
lytical chemistry is a book by Svabadviiry’ which 
gives an excellent account of the pre-1900 period, 
but unfortunately ends at 1960, before many of the 
exciting newer developments in analytical chemistry. 

Analytical chemists, both in the educational and 
applied fields, are vitally interested in the progress 
of their discipline. The educationalist needs to know 
what new developments are taking place in order 
to tailor his courses accordingly. He also needs to 
know the most important languages of scientific com- 
munication. The applied analytical chemist needs to 
know past and future trends in order to make the 
best choice of scientific equipment, and he also needs 
to know about the most important journals which 
will publish his manscripts or which will give him 
the necessary scientific information. 

Perhaps the best publications to serve the require- 
ments of analytical chemists have been reviews for 
1946,6 1955,’ and 1965.* These papers have sought 
to answer some of the questions above, but there 
is clearly a need for a much wider survey, paying 
particular attention to the 1960’s when so much new 
progress was made in analytical chemistry. Such a 
survey would also need to extend back in time at 
least to the early 1900’s in order to evaluate some 
of the long-term trends of this century. We have 
attempted to undertake such a history and our data 

are presented in this paper. We have tried to broaden 
the scope of the 1946-1965 reviews,6-s but acknow- 
ledge with gratitude their contribution towards our 
own efforts. A large number of journals was used 
to obtain information for this history. These included 
Chemical Abstracts, Analytical Abstracts, Current 
Contents, and the major journals of analytical che- 
mistry. The period of study chosen was front 1910 
to 1970, i.e., from just after the start of Chemical 
Abstracts to the latest date for which data were fully 
and easily available. 

THE VOLUME OF LITERATURE ON 

ANALYTICAL CHEMISTRY 

Procedure 

The volume of literature on analytical chemistry 
was derived largely from study of Chemical Abstracts 
and Analytical Abstracts. These studies were made 
for five-year intervals for the period 1910-1970. It 
was a comparatively simple matter to obtain the total 
number of abstracts for each year by multiplying the 
average number of entries per column by the number 
of columns. 

The determination of the total number of papers 
for analytical chemistry was a considerably more diffi- 
cult problem. For a study of this magnitude it was 
hardly practicable to count all the analytical entries 
in all sections of Chemical Abstracts. Fischer* esti- 
mated that 48% of all analytical abstracts would be 
found in the “Analytical Chemistry” section of Chemi- 
cal Abstracts for the year 1965. One solution to the 
problem would therefore be to assume that this ratio 
has remained constant for the 60yr period, and to 
multiply the “Analyticai Chemistry” section figures 
by 2.1. We were, however, able to form a more accu- 
rate estimate in the following way. All entries for 
25 common elements were counted for the entire 
years 1955, 1960, 1965 and 1970 in both Chemical 
and Analytical Abstracts. On this basis, Analytical 
Abstracts contained only 54% of the total for these 
elements in Chemical Abstracts. Entries for Analytical 
Abstracts (which were easily counted) were therefore 

495 



496 R. R. BRWKS and L. E. SMYTHE 

multiplied by 1.86 to give values which in turn were 
found to be 2.49 times the total number of entries 
in the “Analytical Chemistry” section of Chemical 
Abstracts. To obtain an estimate therefore, for the 
total number of analytical papers in any one year, 
the total number of entries for the “Analytical 
Chemistry” section of Chemical Abstracts was 
counted and multiplied by 25. The values for the 
years 1955 and 1965 were found to be 6610 and 
12,750, respectively, compared with 5460 and 10,100 
given in the surveys of 1955’ and 1965,s or about 
25% higher. 

Results and discussion 

Figure 1 shows “analytical” and “total” chemical 
abstracts as a function of year. The analytical plot 
also shows the data as a percentage of the total. 
There is obviously a close similarity between the two 
plots, particularly after 1935. Total abstracts show 
a slight decline in 1915, as might be expected because 
of World War I; thereafter there is a rise in 1920 
and an exponential increase for 1920-1930. The 
exponential increase is not maintained for 1930-1935, 
probably because of the influence of the Great 
Depression. An expected decrease for the war years 
is followed by an exponential increase from 1950 
onwards. 

The pattern for analytical abstracts differs slightly 
for the period 1910-1950. In 1915 there was an overall 
increase in numbers, perhaps because wartime condi- 
tions tended to encourage the more applied sciences, 
and in 1920 there was a very high increase in analyti- 
cal papers. This big increase was probably a result 
of the accumulation of a backlog of German papers 

I Procedure 

I I I I I I I I 
19cv.l ,910 ,920 19x) 1940 4 950 ,960 19x) 

YeOr 

Fig. 1. Totals for analytical and all chemical papers for 
the period 191&1970. 

during the war and these papers tended to have a 
higher analytical content then those from other coun- 
tries because of the preeminence of Germany in this 
field at that time (see Fig. 2). 

During the Great Depression, the analytical papers 
increased from 5.6% to a total of 6.5%. Once again 
this is probably due to the effect of periods of adver- 
sity which tend to encourage the more applied discip- 
lines to the detriment of the purer “luxury” studies. 

In 1950 there was no evidence for a surge of ana- 
lytical papers similar to that of 1920. This is because 
of the combination of several factors. German publi- 
cations were more available during World War II 
than World War I so that the relative backlog was 
less. Moreover, as will be seen later, Germany was 
not as preeminent in analytical chemistry in 1945 
as she was in 1918. In any case any backlog had 
probably been accounted for in the issues for 1946 
1949. 

The percentage of analytical papers was reasonably 
constant and apart from 1920, never fell outside the 
limits of 5&7:5%. The post-1945 years were even 
more consistent, with values ranging only between 
6.5 and 7.3%. There is also very good agreement 
between our data and those of other workers. For 
example, our value of 6.5% for 1965 compares with 
6*00/,’ whereas our values of 7.3% for 1955 agrees 
well with a figure of 7.2%.’ Overall it appears that 
analytical chemistry is at least maintaining itself in 
relation to chemistry as a whole. 

COUNTRIES IN WHICH ANALYTICAL CHEMISTRY 
WAS CARRIED OUT 

In order to determine the countries in which ana- 
lytical chemistry was carried out, the last five issues 
of Chemical Abstracts were examined for each year. 
This amounted to about 25% of all ‘issues. Only 
the section entitled “Analytical Chemistry” was stud- 
ied. This survey therefore involved a visual inspection 
of loo/, of all analytical abstracts for the year con- 
cerned, because the analytical section contains only 
about 40y0 of all analytical entries. The total number 
of entries studied was about 100 for 1910 and 1500 
for 1970. Each abstract was assigned to a particular 
country on the basis of the author’s address. The 
address is given for the early and late issues but 
not for those published in the 1920’s and 1930’s. In 
such cases, the assignment was done according to 
the country of origin of the journal. This procedure 
was fairly unambiguous for all languages except Eng- 
lish. In such cases, assignment was done according 
to the author’s method of writing his name, i.e., 
Joseph S. Smith (USA) or J. S. Smith (UK). In cases 
of doubt, authors were assigned to country of publica- 
tion, i.e., doubtful cases in The Analyst were assumed 
to be British, whereas in Analytical Chemistry they 
were assumed to be American. 
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Table 1. Percentage of analytical work carried out in various countries 

Country 
Year 

1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 

U.S.S.R. 1.0 - - 08 5.7 29.4 30.8 18.2 17.8 13.0 22.9 25.4 28.4 
U.S.A. 28.9 304 25.3 13.4 18.8 14.6 25.0 48.3 19.9 18.0 20.7 15.8 17.7 
Japan 1.0‘ 1.0 - 3.2 2.6 3.1 2.9 - 50 12.3 7.7 11.0 7.7 
Germany* 31.9 30.4 19.9 39.7 26.3 16.4 10.5 2.5 6.7 12.1 4.8 6.4 6.1 
U.K. 17.6 20.2 12.3 11.9 10.5 6.4 7.1 12.4 12.0 8.2 6.0 4.3 5.9 
Czechoslovakia - - - 48 3.5 2.8 1.7 - 6.0 8.1 3.8 5.3 5.6 
France 10.3 4.5 21.0 7.1 14.5 7.6 3.8 2.5 9.2 4.7 3.1 3.5 2.6 
India - - - - 1.3 1.8 0.8 2.1 0.6 4.3 5.0 3.5 2.6 
Scandinavia l-l 1.8 3.9 1.8 0.8 2.1 2.6 3.3 2.4 1.0 0.7 2.1 
Romania - 2.3 3.5 4.8 - 08 0.4 - - 0.8 2.0 3.5 2.0 
Poland - - - - 2.2 2.0 - - - 1.6 1.5 4.1 1.8 
Spain 2.1 1.1 1.8 0.8 2.2 2.1 2.5 1.6 4.2 1.8 1.7 1.8 l-5 
Netherlands - 3.4 8.8 3.2 1.3 1.5 2.9 0.5 0.8 0.8 08 0.8 1.3 
Italy - 1.1 - 4.0 1.8 4.1 2.5 - 2.3 4.2 2.5 1.7 1.0 
China - 2.6 - - 0.8 - 5.6 3.1 - 
Rest of the world 7.2 4.4 5.1 2.4 7.7 4.0 7.0 9.3 11.4 7.7 10.9 9.1 11.1 

* Includes both East and West Germany. 

Results and discussion 

The data are shown in Table 1, which expresses 
numbers of analytical papers for various contries as 
a percentage of the whole. The data for six leading 
countries are also given in Fig. 2. The pattern for 
the United States vis-a-vis the Soviet Union is some- 
what illuminating. There is a general impression in 
the West that the Soviet Union lagged a long way 
behind the United States in analytical papers before 
1945, and finally overtook that country about 1960. 
This impression is supported by the data of the 
reviews of 1946,6 1955,’ and 1965.’ These reviews 
do not, however, tell the full story. As will be seen 
from Fig. 2 the Soviet Union took the lead in analyti- 
cal papers as early as 1935 and lost it again only 
in 1945, no doubt owing to the effects of the war, 
when many well-known publications such as Zamds- 
kaya Laboratoriya temporarily ceased publication. 
Part of the apparent drop in publications for 1945 
may also be due to non-availability of journals for 
abstracting. The pre-eminence of the Soviet Union 
in numbers of publications is, however, partly due 
to Russian papers being in general shorter than in 
the West. 

Data for the United States and the United 
Kingdom show similar trends. Both show a fairly 
steady decrease in analytical publications relative to 
the rest of the world, and with an accelerated decrease 
during the Great Depression of 193%1935. In both 
cases the immediate prewar years and the years of 
the war itself stimulated the publication of analytical 
papers. In the former period, rearmament and the 
easing of the effects of the Great Depression may 
have been responsible. The war years produced an 
enormous relative increase, particularly in the United 
States. This is probably partly because more English 
and American journals may have been abstracted 
relative to others because of easier availability during 
wartime conditions, and partly because of the stimu- 
lus to analytical research by joint US-UK undertak- 

ings such as the Manhattan Project. Another factor 
may have been the fact that American was the only 
country during the war able to afford the “luxury” 
of extensive research into analytical chemistry. 

Britain and France show a fairly similar pattern 
of a steadily decreasing percentage of world public& 
tions. Unlike the case of Britain the French publica- 
tion rate was severely reduced by World War II. 

The early preeminence of Germany in analyti,cal 
chemistry is reflected in Fig. 2. Apart from 1920, 
when the war years had affected publication rate (or 
possibly abstraction rate which is an entirely different 
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Fig. 2. Numbers of analytical papers published in six lead- 
ing countries for the period 191tL-1970. 
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Table 2. Languages in which analytical papers are published, % 

Language 
Year 

1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 

English 50.6 51.7 @4 26.1 32.8 23.8 34.1 64.9 35.4 32.3 34.2 248 30.3 
Russian 1.0 - - @8 5.7 29.4 30.8 18.2 17.8 13.0 22.9 25.4 28.4 
German 329 31.5 21.7 39.7 27.6 16.7 126 3.0 9.2 14.0 6.7 9.8 8.1 
Japanese 1.0 1.1 - 3.2 2.6 3.1 2.9 - 5.0 12.3 7.7 11.0 7.7 
Czech - 4.8 3.5 2.8 1.7 - 6.0 8.1 3.8 5.3 5.6 
French 12.4 5.6 21.0 7.9 16.7 8.4 4.2 2.5 11.7 5.2 3.5 4.2 36 
Spanish 2.1 2.2 2.3 1.6 4.0 2.9 5.4 78 5.9 3.1 3.7 1.8 2.6 
Scandinavian - 1.1 1.8 3.9 1.8 0.8 2.1 2.6 3.3 2.4 1.0 0.7 2.1 
Romanian - 2.3 3.5 4.8 - 0.8 0.4 - - 0.8 2.0 3.5 20 
Polish - - - _ 2.2 2.0 - - - 1.6 1.5 4.1 1.8 
Hungarian - 0.8 - - 0.8 02 1.9 1.0 1.8 
Dutch - 3.4 8.8 3.2 1.3 1.5 2.9 0.5 0.8 0.8 0.8 @8 1.3 
Italian - 1.1 0.5 4.0 1.8 4.1 2.5 - 2.3 42 2.5 1.7 1.0 
Chinese - 2.6 - - 0.8 - 5.6 3.1 - 
Other - 0.3 @4 0.5 1.0 20 2.2 2.8 3.7 

matter), the German percentage of the world total 

of analytical papers was the highest of all countries 
until it was overtaken by the Soviet Union in 1935. 
After a low point in 1945 (again possibly because 
of the low abstraction rate rather than low publica- 
tion rate), there was an appreciable increase until 
1955 and thereafter a gradual relative decrease. The 
course of Japanese publications followed that of Ger- 
many. Before the Second World War Japan’s percent- 
age of the world total was fairly constant at about 
3%. Alter zero abstracts in 1945, the percentage 
climbed rapidly, overtook Germany in 1955, and has 
now stabilized at around 9% of the world total. 

From Table 1 it can be seen that one of the world’s 
major publishers of papers in analytical chemistry 
is Czechoslovakia, which was eminent in this field 
even as far back as 1925. The Czech percentage (apart 
from the war years) has been fairly constant at around. 
5% of the world total. Other important countries 
are India, Scandinavia, Romania, Poland, Spain, the 
Netherlands and Italy. *The Netherlands had a flour- 
ishing school of analytical chemistry at Leyden Uni- 
versity in the early years of this century and this 
is reflected in a high publication rate for the period 
1915-1925. China has an erratic record. In the imme- 
diate period before the “China Incident” of 1936, this 
country was publishing analytical papers. The long 
war with Japan resulted in a very low abstraction 
rate. By 1960, under a new government, analytical 
papers were starting to appear in greater numbers 
but apparently none appeared in 1970. It may be 
that this was a result of the “Cultural Revolution” 
or it may be because of lack of availability of journals 
for abstracting. 

The total for the “Rest of the World” shows a 
steady increase. This is not unexpected, owing to 
rapid industrialization since World War II. In pre- 
vious review&&s percentage values have been 
assigned to individual countries on the basis of a 
single publication. Such a procedure is not mean- 
ingful since only about 25% of all abstracts were 
examined, and if a certain country had only a single 
publication for the year, there would only be a 1 

in 4 chance of its being reported in the Survey. For 
this reason, no individual data are given for the ap- 
proximately thirty countries classified under “Rest of 
the World”. 

LANGUAGE OF PUBLICATION 

Procedure 

The data obtained above for countries in which 
the work was done were rearranged to provide infor- 
mation concerning the language of publication. The 
“English” category included the United States, United 
Kingdom, Canada, Australia, India, and countries of 
Southern Africa. The “French” category included 
Fsance and Belgium and the “German” group in- 
cluded East and West Germany, Switzerland and 
Austria. As before, the data were expressed as a per- 
centage of all analytical publications. A large part 
of the Japanese total is published in an English edi- 
tion, but this unknown quantity remains in the “Jap- 
anese” section and has not been added to the “Eng- 
lish” category. The “Spanish” entry included South 
America, except Brazil. 

Rh-ults and discussion 

The data are shown in Table 2. It is evident that 
English has remained the most important language 
for scientific communication. It was surpassed only 
by German in 1925, and possibly by Russian in 1965, 
although if half of the Japanese category is added 
on, English was still preeminent even in 1965. The 
high percentage for English in 1945 (@9x) was prob- 
ably partly due to the easier availability of English 
journals for abstracting during the war years. With 
one or two exceptions, English has yearly contributed 
about 30-35x of the literature of analytical chemistry. 
The Russian share has been steadily increasing since 
1955, and if this trend is maintained, it is likely to 
become the most important language in the future 
for the field of analytical chemistry. In 1970, the or&r 
of importance for the various major languages was: 
English, Russian, German, Japanese, Czech, French 
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and Spanish. About half of the “Spanish” share is 
due to countries of South America. 

If foreign language courses are tailored to the needs 
of the analytical chemist, it is clear that the traditional 
English, German, and French of “reading-knowledge” 
courses would be far better &placed by English, Ger- 
man, and Russian, since even Czech is a more widely 
used language than French among the languages of 
analytical chemistry. 

THE LITERATURE OF ANALYTICAL CHEMISTRY 

Procedure 

The most important journals catering exclusively 
or almost exclusively for analytical chemistry were 
selected by making a short list of journals abstracted 
by Analytical Abstracts, and the number of papers 
for 1970 was wunted for each. In the case of Chemist- 
Analyst, which ceased publication in 1967, entries for 
what year were recorded. 

The number of books on analytical chemistry pnb- 
lished each year was obtained from Chemic$ 
Abstracts, but was only complete up to 1966 because 
books were not listed together after that date. 

A number of leading journals were also studied 
to obtain an indication of the volume of papers in 
each over a period of time. 

Results and discussion 

In Fig. 3, the number of analytical books published 
is plotted as a function of year in which abstracted. 
Predictably enough, there is a sharp drop during the 
years of the two World Wars. The general trend is 
towards an arithmetic increase rather than the geo- 
metric increase of analytical publications in general 
(see Fig. I).. The inference of this observation is that 
textbooks on analytical chemistry are perhaps in- 
creasing in size to allow for the geometric increase 

Year 

Fig. 3. Numbers of books on analytical chemistry pub- 
lished in the period 1910-1966. 

Year 

Fig. 4. Cumulative total of journals catering exclusively 
(or almost exclusively) for analytical chemistry. 

of analytical knowledge. Although we have not inves- 
tigated this subject in detail, it is well known that 
a standard textbook such as Vogel’s A Textbook of 
Quantitative Inorganic Analysis increases progressi- 
vely in size with each new edition. 

The cumulative total of major journals catering 
exclusively (or almost exclusively) for analytical che- 
mistry is shown in Fig. 4, expressed as a function 
of year. The pattern’is quite clear. There is a slight 
arithmetic progression until the end of World War 
II in 1945, and thereafter there is a much sharper 
increase which nevertheless is still arithmetic rather 
than geometric. There can be only three explanations 
for the arithmetic increase hi jourhals as coupled with 
a geometric increase in analytical papers: (a) specialist 
journals are increasing in size to allow for the geo- 
metric increase., or (b) the size of the papers is being 
reduced, or (c) papers in analytical chemistry are 
appeaiing in greater numbers in journals not specifi- 
cally analytical in: scope. 

In order to investigate this problem more closely, 
four analytical journals of the United States, Britain, 
Germany and the Soviet Union (Analytical Chemistry, 
The Analyst, Zeitschrijit fir Analytische Chemie, 
Zuvodskayu Luboratoriya), were examined for the 
1955-1970 period’by counting the number of articles 
and pages. The results are shown in Table 3. 

The overall pattern is that all four journals have 
stabilized their numbers of pages and the number 
of articles which they contain. Presumably this has 
been achieved either by a more selective editorial 
policy or by the diversion of articles into more 
specialized analytical journals or into journals not 
catering exclusively for analytical chemistry. 
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Table 3. Numbers of articles and pages for leading analytical journals in the period 1950-1970 

Year 

Anal. Chem. The Analyst 

Articles Pages Articles Pages 

Z. Anal. Gem.* 

Articles Pages 

Zavodsk. Lab. 

Articles Pages 

1950 499 1593 142 693 58 I loo0 - - 
1955 690 2026 151 912 200 3200 - 
1960 782 1930 184 928 220 3250 620 1400 
1965 624 1812 128 760 252 3000 710 1450 
1970 539 1880 163 1048 244 48oot 705 1500 

* The major part of this journal is devoted to abstracts. 
t Allowance made for larger page sire in 1970. 

A question of great concern to all analytical che- 
mists is the identity of the world’s major analytical 
journals, the percentage of the total world’s articles 
which they carry, and the language in which they 
are published. 

It is found that some 26 journals accounted for 
35% of the world total of papers in analytical che- 
mistry in 1970 (assessed at 18,475). Of these journals, 
the oldest were Zeitschrijtfir Analytische Chemie and 
2% Analyst. It is interesting to observe that the 
Czech journal Chemicke Listy first appeared in 1906 
(thirteen years before the foundation of Czechoslo- 
vakia). 

The major journals (each containing more than 
l-00/, of the world total), arranged .alphabetically, are 
as follows: 

Analytica Chimica Acta, Analytical Biochemistry, Ana- 
lytical Chemistry, Japan Analyst, Journal of Elec- 
troanalytical Chemistry, Journal of the Association of 
Oflcial Analytical Chemists, MUochimica Acta, Nuk- 
leonika, Talanta, The Analyst, Zavodskaya Luborator- 
iya, Zeitschrif fir Analytische Chemie and Zhurnal 
po Analiticheskoi Khimii. 

These 13 journals together accounted for about 30% 
of the world total. 

The language in which the 26 journals were written 
was predominantly English (25”/,), followed by RUS- 
sian (9%), German (35%) French (2%), Japanese 
(1.4x), Polish (1.3%) and Czech (0.6%). 

It is interesting to observe that the major journals 
of analytical chemistry carry nearly half the world’s 
total analytical papers, and about half of all analytical 
abstracts appear in the “Analytical Chemistry” SAC- 
tion of Chemical Abstracts. The more applied papers 
found elsewhere in Chemical Abstracts are probably 
found mainly in applied journals. 

Although the Russian language accounted for only 
8.7% of the papers in the major analytical journals 
in 1970, it accounted for 28.4”/, of all analytical papers 
in that year. The conclusion that can be reached 
from this is that Soviet apalytical papers are much 
more dispersed outside the leading journals. This is 
to be expected since all of the 16 republics of the 
Soviet Union support a fairly comprehensive range 
of scientific publications, many of which are in the 
local language. 

BROAD TRENDS IN ANALYTICAL CHEMISI-RY 

Procedure 

The June and December issues of Analytical 
Abstracts for each year of the period 1955-1970 were 
examined to evaluate trends in seven broad categories 
of analytical chemistry. The data were expressed as 
a percentage of all entries in the issues studied. It 
was assumed that the results were indicative of trends 
for the entire year. 

Results and discussion 

The data are shown in Fig. 5. They show a surpris- 
ingly constant level for “agricultural analysis”, “food 
analysis” and “pharmaceutical analysis”. 

There is an appreciable increase in the relative pro- 
portion of “biochemical analysis” and “technical 
apparatus”, and a smaller increase in analysis of 
“water, air and effluent”. These trends appear to be 
at the expense of “inorganic” and “organic analysis” 
which both show signiticant downward trends except 
for the last three years of “inorganic analysis”. These 
trends were not unexpected because of the pheno- 
menal rise of biochemistry during the past 15 yr. 
Because of the increasing use of instrumental methods 
of analysis, it is not surprising that there has been 
a significant increase in the proportion of papers in 
analytical chemistry dealing with this subject. 

It is somewhat surprising that the proportion of 
papers dealing with “environmental” analytical che- 
mistry by 1970 had only increased slightly. It may 
be that a different pattern will emerge in a few years 
time. However, the slight rise in “inorganic analysis” 
during the past 3 yr may also be due to an increase 
in environmental analysis. 

METHODS USED IN ANALYTICAL. CHEMISTRY 

Procedure 

The main source for the evaluation of methods 
used in analytical chemistry was the biennial reviews 
in Analytical Chemistry. There were certain pitfalls 
in the use of these reviews. The main problem was 
that, although the reviewer often started out with 
the admirable intention of giving a comprehensive 
review, after a few years his task often became so 
enormous that his reviews became selective in their 
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Fig. 5. Broad trends for eight categories of analytical chemistry for the period 1955-1970. Data 
expressed as percentage of total number of analytical papers. 

coverage, and were no longer useful for estimating 
the total n~ber of papers for any one method. The 
journal Atomic Absorption Newsletter was used to 
determine the number of entries for atomic-absorp- 
tion and atomic-fluorescence spectrophotometry. 

Results and discussion 

The results are shown in Fig. 6, and have been 
collected under six groupings. 

Among electrometric methods, organic polarogra- 
phy shows the greatest number of entries and the 
technique is maintaining its percentage of all analyti- 
cal papers, as can be seen by comparison with the 
graph for all analytical papers. Other methods such 
as general polarography are decreasing in favour 
relative to all analytical papers. 

The group of absorption and emission methods 
shows that atomic-Abelson and atomic-fluores- 
cence spectrophotometry papers have the sharpest 
rate of increase, and are increasing exponentially at 
a rate which is greater than for the total of all analyti- 
cal papers. X-Ray fluorescence continues to be very 
popular, but shows a rather characteristic pattern for 
most newer methods, At first, in the enthusiasm of 
the early days, there is a scramble to publish, but 
after a decade or so, the increase slows down to 
a rate similar to that for ail anaIytica1 papers, This 
“surge” is characteristic for many new techniques and 
can be seen in several cases in Fig. 6. 

Among the spectrometric methods reported, NMR 
appears to be in the lead, and has not yet reached 
the top of the “surge”. Mass spectrometry has been 

in existence too long to show the “surge effect” and 
is now well established with a rate equal to those 
for the total of all analytical papers. Raman spectro- 
scopy is an interesting, case. Although it is a long 
established technique its popularity dropped to a low 
point in 1956 but has now recovered strongly. 

The “classical” titrimetric and gravimetric tech- 
niques have, as might be expected, failed to maintain 
their popularity in the face of so many new instru- 
mental methods. The same fate is obvious for inor- 
ganic and organic microchemistry, which have some- 
what arbitrarily been assigned to the same analytical 
group of methods, although titrimetry and gravimetry 
are a somewhat small component of the methods 
used in microchemistry. Although the number of 
papers appearing, each year is fairly constant, this 
represents a decline relative to the total of all analyti- 
cal papers. 

Among the group classified as “other methods”, 
nucleonics exhibits the typical “surge” pattern, and 
is now increasing at the same rate as “all papers”. 
The early popularity of thermal analysis appears also 
to be waning slightly. 

Separation methods in general continue to be 
popular except for distillation techniques which show 
a classical case of a “death”. The predominance of 
~st~ation as a separation method dates back well 
into the 19th century. It is no accident that the great 
decline of the technique occurred when gas chromat- 
ography began its development. Most other separ- 
ation methods seem to have been able to binge 
themselves in spite of the competition from the new 
instrumental methods. 
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To summarize, there appear to be three main cate- 
gories of techniques of analytical chemistry: classical 
methods such as titrimetry and gravimetry which are 
in relative decline; newer techniques such as atomic 
absorption and NMR which are in the critical stages 
of the typical “surge” pattern; well-established tech- 
niques such as nucleonics and X-ray fluorescence 
which have passed the “surge stage” and are now 
increasing at a rate about equal to those of the total 
of all analytical papers. 

THE RELATIONSHIP BETWEEN NUMBERS 
OF INSTRUMENTS AND 
PUBLICATION OUTPUT 

Procedure 

For any one instrumental method, it is very difficult 
to establish the relationship between publication out- 
put and the number of available instruments, because 
of the lack of precise information on instruments sold. 

It was, however, possible to obtain reliable informa- 
tion on numbers of atomic-absorption spectro- 
photometers, because all these instruments are pro- 
duced under licence to C.S.I.R.O. in Australia, and 
the relevant data were readily available.13 Precise 
figures were also available for the number of atomic- 
absorption publications from annual reviews in Ato- 
mic Absorption Newsletter by W. and S. Slavin. 

Results and discussion 

Figure 7 shows a logarithmic plot of numbers of 
existing atomic-absorption spectrophotometers for 
any one year, expressed as a function of total atomic- 
absorption papers published in the same year. The 
sigmoid shape of curve can be explained quite easily. 
At first there is a rush for scientists to publish in 
the new field. This may be referred to as the “band- 
waggon effect”. Later in time when the method 
becomes well established, the ever-increasing number 
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Fig. 6. Methods used in analytical chemistry during the period 1950-1970. Data expressed as percentage 
of total numbers of papers. Electrometric method-AM, amperometry; OP, organic polarography; 
P, polarography; PO, potentiometry. Absorptiometric and emission method-AA, atomic absorption; 
AF, atomic fluorescence; F, fluorimetry; I, infrared spectroscopy; SP, spectrophotometry; X, X-ray 
fluorescence. Spectrometric methods--R, Raman spectrometry; M, mass spectrometry; NMR, nuclear 
magnetic resonance. Grauimetric, titrimetric and microchemical methods-IGT, inorganic gravimetry and 
titrimetry; IM, inorganic microchemistry; OGT, organic gravimetry and titrimetry; OM, organic micro- 
chemistry. Other methods-E, electron microscopy; N, nucleonics; T, thermal analysis, Separath 
methods-c, chromatography; D, distillation; EP, electrophoresis; EX, extraction; G, gas chromat- 

ography; IE, ion-exchange. 
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Fig. 7. The relationship between the total number of 
atomic-absorption spectrophotometers in existence in any 
one year and the total number of atomic-absorption 

papers published in the same year. 

of instruments are used more and more for routine 

analysis rather than for “publishable” research topics. 
There is no reason why this pattern should not apply 
equally well to other new instrumental techniques, 
and it is only lack of reliable data which has discour- 
aged us from investigating this topic further. 

THE ANALYTICAL CHEMISTRY OF 

INDIVIDUAL ELEMENTS 

Procedure 

The total number of entries listed under “Analysis” 
were compiled for 25 elements in Chemical Abstracts 
for 5-yr intervals from 1910 to 1970. The results were 
expressed as a percentage of all analytical abstracts 
for the year concerned. 

Results and discussion 

The data are summarized in Table 4. The most 
important elements used in heavy industry, such as 
aluminium, chromium, cobalt, copper, iron, lead 
manganese, nickel, silver, tin and zinc, show a surpris- 
ingly constant percentage of all analytical abstracts. 
For example, copper varies only between 1.95 and 
3.97% during the entire 60-yr period. Other elements, 
however, show a sudden increase or decrease of atten- 
tion at certain specified periods of time. For example, 
interest in arsenic determinations dropped sharply in 
1945, owing perhaps to an unusual interest in the 
forensic chemistry of this element before World War 
II. 

There is a sharp increase in determinations involving 
germanium (from 0.12 to 0.32%) in the period 19% 
1955, due no doubt to the emergence of the transistor 
industry and its associated electronics. A similar in- 
crease in lithium determinations is apparent during 
the same period. This may reflect the increased use 
of lithium in medicine and (along with germanium) 
in the electronics industry as, for example, in lithium- 
drifted germanium detectors. 

An enhanced interest in environmental problems 
is reflected in an increase of the level of mercury 

Table 4. Distribution of analytical papers among different elements (percentage of all analytical papers) 

Element 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 

Aluminium 
Arsenic 
Beryllium 
Cadmium 
Chromium 
Cobalt 
Copper 
Germanium 
Gold 
Iron 
Lanthanum 
Lead 
Lithium 
Manganese 
Mercury 
Molybdenum 
Nickel 
Platinum 
Selenium 
Silver 
Tin 
Titanium 
Tungsten 
Uranium 
Zinc 

036 0.68 0.77 1.35 1.87 2.29 1.90 1.95 1.86 1.52 2.30 1.22 1.97 
1.16 2.23 1.41 1.35 1.67 2.02 164 0.65 104 0.98 0.68 0.70 0.79 

0 0 006 0 034 0.29 D34 0.45 0.72 0.40 092 0.50 0.40 
0.36 026 035 0.98 059 0.83 0.91 0.95 1.19 1.30 0.91 0.96 1.42 
1.08 0.34 1.12 0.55 0.98 0.56 1.10 1.41 1.58 1.19 0.74 0.80 1.37 
1.16 060 047 0.80 1.57 1.19 1.33 1.10 1.46 1.75 1.40 1.09 1.79 
232 1.97 1.95 3.68 3.54 3.42 3.97 3.86 3.47 3.35 3.47 2.30 3.61 

0 0 0% 0.18 0 0.20 019 0.25 0.12 0.42 @49 0.35 0.33 
0 060 0.24 0.43 069 0.86 0.68 0.50 0.50 0.45 0.41 0.55 1.01 

1.79 1.89 2.54 3.12 3.69 3.48 3.43 4.36 4.71 3.58 3.51 2.58 3.46 
0 0 006 0 0.09 0.03 0.08 0.05 0.05 0.18 0.27 0.28 0.66 

1.43 1.20 1.36 1.78 231 2.79 2.94 2.40 1.86 2.32 2.16 1.30 2.05 
009 DO8 1.20 0.12 025 036 0.30 0.25 0.14 0.55 0.43 1.12 0.20 
1.16 1.37 1.29 1.41 1.57 2.02 2.49 2.45 2.38 1.70 095 1.39 1.89 
1.34 0.34 1.18 @98 1.33 0.99 1.08 0.80 0.91 1.07 1.05 0.80 1.48 
0.63 0.17 0.71 0.61 064 073 0.84 1.15 1.21 0.81 1.21 0.82 1.21 
1.52 0.51 083 1.28 1.48 1.36 1.75 2.61 2.35 2.01 1.42 1.27 2.03 

0 0.68 011 0.12 0.20 0.46 0.11 0.15 0.39 0.18 0.82 0.33 0.53 
018 0.51 0.11 018 0.15 039 0.42 0.40 0.17 0.27 0.58 0.58 0.49 
0.89 060 0.59 067 1.33 076 0.91 0.80 0.89 1.01 0.94 0.73 1.15 
071 0.60 1% 1.28 0.98 I.09 1.14 I.30 1.16 1.01 1.07 0.65 0.89 
0.53 0.08 041 0.55 059 1.03 0.57 1.05 1.11 0.84 1.19 0.94 1.22 
@71 0.43 0.36 0.31 064 0.36 0.49 0.60 0.37 0.48 0.39 0.56 0.74 

0 0,08 0.24 0.31 019 0.13 0.53 0.35 0.69 0.68 2.65 1.17 1.21 
1.07 1.11 1.12 1.84 1.38 1.89 1.90 2.20 2.23 2.36 1.79 1.70 2.01 
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~term~a~ons in the period 1965-1970, probably as 
a result of development of flameless atomic absorp- 
tion during this period. 

Selenium is another element which shows an in- 
crease in analytical papers (during the 1955-1960 per- 
iod). This is probably because of the increasing use 
of this element in industry (e.g., photocells and recti- 
fiers) and because of the discovery of the important 
role played by selenium in animal and plant nutrition. 

Apart from general interest in the transuranic ele- 
ments, interest in uranium has increased sharply in 
recent years. An increase in the years 1935-1955 can 
be attributed to the great importance of this element 
in the production of nuclear energy and in military 
applications. A further substantial increase is evident 
for the period 19X-1970, due no doubt to the ever- 
increasing number of analytical methods which are 
being developed for this element (e.g., gamma spectro- 

metrY)* 
Surprisingly enough, only a few elements show 

a strong trend in Table 4, and there appears to be 
a general tendency for interest in most elements to 
proceed at a steady level unaffected by external trends 
and events. Some care must be taken in assuming 
too literally that interest in a particular element is 
due to the influence of external factors. Very often 
this interest is due to the “bandwaggon effect”. When 
a new technique, e.g., atomic fluorescence, is devel- 
oped, there is a tendency for many workers to enter 
the field in order to achieve prominence and 
dominance before the end of the surge of interest. 
For this reason there will be a tendency to work 
only on those elements which are easily determined 
by the new method but not by ,other techniques. 
Hence an additional reason for interest in mercury 
(flameless atomic absorption) and selenium (atomic 
fluorescence). 

FUTURE PROSPECZS 

It is notoriously difficult to predict the future. For 
example, who would have imagined in 1945, or even 
in 1950, that we were on the threshold of tremendous 
new advances? Who could have predicted in 1955 
that in ten years time the technique of atomic-absorp- 
tion spectrophotometry would replace so many of 

, the classical “wet” methods of analysis? If the trends 
of the past twenty years are to be maintained, how- 
ever, we can expect a continuation of the present 
exponential growth of analytical papers, which should 
exceed 40,000 per year by 1980. This growth will 
probably be achieved by increasing the number of 
specialist journals, and by the diversion of analytical 
papers into other non-specific journals. 

The present lead of the Soviet Union may or may 
not be maintained. The growth rate of the Soviet 
economy has slackened in recent years, and this may 
have an effect on output of analytical papers. It is 
probable that English will continue to be the most 
impor~nt language of analytical chemistry until the 
end of the 1970’s. 

We may expect a further relative decline in the 
classical techniques of titrimetry and gravimetry, as 
well as a relative decline in some separation methods 
such as extraction or ion-exchange due to the con- 
tinual development of an err-in~r~sing number of 
new instrumental methods. 

Whatever the future holds, it seems certain that 
analytical chemistry will maintain its importance in 
the coming years and will remain a repository of 
many new and exciting ideas, particularly in the field 
of ~s~rnen~i methods of analysis. 
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Summary-Tin(W) very readily hydrolyses in solution, and forms hydrous tin oxide SnO,.nH,O 
even in rather strongly acidic solution. In spite of a lack of reliable data on the hydrolysis of. 
tin(W) a consistent picture of the behaviour of tinlIV) in solution has been constructed. Some . I 
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data. In agreement with more or less qualitative remarks by other investigators a value of log 
Ks, = -3 has been found for the solubility constant. For the stability constant of tin(IVbEDTA, 
log Z&,x 7 345 was found experimentally. A survey is given of the pitfalls which exist in handling 
tin solutions. A back-titration procedure is presented that provides for the complexometric determina- 
tion of tin(IV) at concentrations down to 3ppm, with an error of 1% or better. Thorium is used 
as back&rant with Semi-Xylenol Orange as indicator. The method has successfully been applied 
to the analysis of organotin compounds. 

The behaviour of tin(IV) in solution renders special 
precautions necessary in the complexometric deter- 
mination of this element. The more important factors 
to be taken into account can be summarized as 
follows. Tin(IV) readily forms an insoluble hydrous 
oxide (SnO, .nH,O), even in lo-*M solution at pH 
0. Its solubility decreases sharply with increasing pH 
and is minimal between pH 3 and 7. The precipitate 
is rather unreactive at pH above 15. It is not con- 
stant in its properties.’ The oxide can occur in two 
varieties. The u-form is amphoteric and can rapidly 
be dissolved in strongly acidic or alkaline solutions; 
the &form (metastannic acid), which is formed by 
the action of nitric acid on metallic tin or by the 
hydrolysis of stannic salts in hot solutions, can scar- 
cely be dissolved in strongly acidic media. The X-ray 
diffraction patterns, however, are identical. Therefore 
it is ,,“” . . . ..- A ,L,, ,,,L,-...“L l J., -,,,.*:..:*.. AZer,“” c(JJUIIIFLl L,,&aL a,n,vlLg;l1 L11G Iul~nvlry u,,,Gl* 
the solubility product is the same for both com- 
pounds. 

It will be shown that a consistent picture of the 
behaviour of tin(IV) in solution can be constructed 
in spite of a lack of reliable data. In turn this has 
resulted in a procedure for an accurate determina- 
tion of tin by back-titration. The procedure has been 
applied to the microanalysis of organotin com- 
pounds, with favourable results. An estimation of 
the stability constant of the tin(IV)-EDTA complex 
has also been made. 

An attempt has also been made to estimate the 
equilibrium constants of the hydroxo- and chloro- 
complexes in order to determine the partial side- 
reaction coefficients. 

Hydroxide formation 

The following normal potentials are known from 
the literature2-4 

Sn2+ + 2eeSn Ey = -0.136V (1) 

Sn4+ + 2e+SnZf E: = +0154V (2) 

At pH < 0 and concentrations of tin < lo-‘M the 
interaction between tin(IV) and hydroxide ions can 
be neglected;2-4 this meansS 

log %@V)(OH) = 0 (3) 

For the calculation of ~~~~~~~~~ the constants of 
the hydroxo-complexes should be known. In the case 
of tin(IV) only the constant of the highest complex 
can be deduced from electrochemical data. Both hyd- 
rous tin(IV) oxide and tin(I1) hydroxide dissolve in 
strongly alkaline medium. The stannate and stan- 
nate(I1) ions formed can be written as Sn(OH)g- 
and HSnO; [= Sn(OH);]. The normal potentials 
for the two half-reactions involving these compounds 
are.1.2,4 

2e z$ Sn + 3OH- Eg = -0.91 V (4) 

Sn(OH)a- + 2e+ 

HSnO; + Hz0 + 30H- Ei = -0.9OV (5) 

The following equilibrium constants are defined in 
agreement with IUPAC notation? 

*BzH = CWW~-1 . @'I6 
[Sn4+] 

and 

*r”z+_ = CHSnO;l. 13+13 
[SnZ+] 

By combining the normal potentials of reactions (l), 
(2), (4) and (5) with equation (6) and the Nernst equa- 
tion for the electrode reactions (l), (2), (4) and (S), 
the following values have been found: 

log *&&, = - 15.8 (7) 

log */I$& = - 22 (8) 

so5 
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The value in equation (7) agrees with the value 
- 166 calculated from the stepwise constants’ which 
are found from solubility measurements. The step- 
wise constants for Sn(IV) are unknown. The con- 
stants should follow from measurements in the pH 
range 2-7, but in this range the solubility is too 
small for reliable measurements. However; as the 
analytical procedures for tin in solution are applied 
in either highly acidic or highly alkaline solution, 
knowledge of the intermediate constants is not of 
analytical importance. 

Chloride formation 

Tin(I1) and tin(IV) have such a strong tendency 
to form chloride complexes that in 1M chloride 
only the highest complexes SnCl$- and SnCl:- are 
formed.‘,” The formal potentials for pH = 0, which 
excludes the formation of hydroxo-complexes, and 
a chloride concentration of 1M are:’ 

SnCl:- + 2e+Sn + 4Cl- E: = -019V (9) 

SnClg- + 2e z$ SnCl:- + 2Cll Ez = +0.14 V (10) 

It is not certain that the bivalent tin compound 
actually is SnCl:-, but it does not matter here, as 
it has no influence on the calculation of the equilib- 
rium constant 

p, = csna-1 
[Sn4+]. [Cl-l6 

(11) 

for the reaction Sn4+ + 6Cl- $ SnCli- in which we 
are interested. 

Similarly to the procedure for the hydroxocom- 
plexes this constant can be calculated by combining 
the normal potentials in (1) and (2) and the formal 
potentials in (9) and (10) with equation (11) and 
the Nernst equation: 

log /I:;, = 2.0 (12) 

Huey and Tartar9 found that the formal potential 
given in (10) decreases with decreasing chloride con- 
centration; it approaches the value Ei for 
[Cl-] 2: 0.2M and remains constant at lower chlor- 
ide concentrations. This suggests that S&l;- also pre- 
dominates at chloride concentrations lower than 1-M; 
which means that the partial side-reaction coefficient 
CQ~(~,) can be approximated by 

LQ”(C,) = 1 + /I:;,. [Cl_]6 = 1 + lOO.[cl-]6 (13) 

7Jre solubikty constant of tin(lVJ oxide 

Generally the formation of a precipitate depends 
on the solubility constant, which for tin(IV) can be 
written as6 

*KsO = [Sn4+]/[H+14 (14) 
From this equation and the definition of the side- 

reaction coefficient it follows that the maximum con- 
centration of tin(IV), [Sn’lmax, is determined by 

log CSn’l,,, = log*& - 4pH + logcrs, (15) 

Only a few data for *KS, are in the literature. 
Latimer4 reports log *KS- - 1 and Ringbom’O log 

Ks, = 0, without information about the way the data 
were found. 

From procedures for the preparation of stock 
solutions11~‘2 we know that a 10W3M tin(IV) solu- 
tion can be kept for a long time if its sulphuric 
acid concentration is greater than 1.5M. From a 
series of experiments with decreasine sulohuric acid 0 ----r--- ~~~ 
concentrations we found that mg amounts of tin 
precipitate at the glass wall when the sulphuric acid 
concentration of the 10e3M Sn(IV) stock solution 
is below 075M. This acidity corresponds to pH = 
00.r3 Substitution in equation (15) together with 
log c+” = 0 [equation (3)] leads to 

log *KS, = - 3.0 (164 

Although from potential measurements under these 
conditions no measurable interaction between Sn(IV) 
and OH- in solution can be found, precipitation 
of tin(IV) oxide still occurs because of the extremely 

__.._~_... sill solublity consranr. j. i3. 3~iii!’ reports that 

tin(IV) is precipitated from a 10e2M solution when 
the hydrochloric acid concentration is less than 
0~7M. According to Michaelis and Granick,13 and 
Bates,” this acidity corresponds to pH 0.14; the 
chloride concentration leads to log czs. = log xsn(cIj = 
1.2. Substitution in equation (15) gives 

log *KS, = -2% Mb) 

From a paper by A. E. Smith’6 it can be deduced 
that tin is precipitated when the pH of a solution 
lo- 5M in Sn(IV) and 1%2M in chloride exceeds 
1.5. According to equation (8) the chloride con- 
centration leads to a log c(~,,(~,) value between 3 and 
4. Substitution in equation (15) leads to a value 
for log *KS, between -2 and - 3. 

There is some uncertainty about the reliability of 
the values deduced, but 

log*Ks. = -3 

can be regarded as a useful estimation. 

(17) 

The solubility region 

In this section a consistent system of equations 
will be derived which describes the solubility of 
tin@V\ in aoneonn solution and with which the beha- ,-----l----- 
viour of tin(IV) can be explained. Later it will be 
used for the development of a titration procedure 
in the same way as was done for aluminium.” 

As we are dealing with dilute solutions the exist- 
ence of polynuclear hydroxo-complexes has been 
neglected.“~” The remaining reactions are 

Sn4+ * Sn(OH)3+ e Sn(OH)$+ z$ Sn(OH): + 

Sn(C)r)4 z$ Sn(OH); e Sn(OH),2- 

(solid Sn02. nH,O) (18) 

The corresponding side-reaction coefficient is 

c&“( n) = 1 + 10’pH-p*fl” + 
10’2pH-p’flZ’+ . . . . . . . + 1()(6PH-P*86) (19) 

in which p*Bi represents - log*/?&. 
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There are distinct pH regions in which one of 
the complexes predominates, and then c(s~(~~) can 
be approximated by the corresponding term 

log GLS~(OH) = (~PH-p*Bi) 
(i = 0,1,2,. . . . . . .6; p*&, = 0) (20) 

Substitution of equation (20) together with 
log *Kso = - 3 in equation (15) leads to the follow- 
ing equation for a chloride-free medium: 

pCSn’L = (3 + p*&) + (4- i)pH (21) 

In the graphical representation of p[Sn’],,,_ us. pH 
equation (21) leads to six straight lines. The overall 
curve is the rounded-off line connecting the line seg- 
ments corresponding to the smallest values. Just as 
in a previous paper on aluminium,” this boundary 
curve surrounds the region of precipitation. 

From the literature little is known about the dif- 
ferent p*ji values for tin(IV). It happens, as will 
be shown hereafter, that the boundary curve is only 
known for strongly acidic and strongly basic 
medium. However, this does not cause complica- 
tions, as the missing intermediate part is not of prac- 
tical importance for the purpose of this paper. 

From equation (3) we know that ~(s~(~u) = 1 at 
pH 0. If equation (19) is compared with this result 
it follows that the pH-dependent terms must be neg- 
ligibly small at pH 0. This can only occur if the 
constants p*j?, in equation (19) are >l. It may be 
supposed that tin resembles other metals in that 
the constants p*j?i, p*& and p*/& should increase 
consecutively. More information is not available, but 
this is sufficient. It can be concluded that up to 
pH 1 logczSn~oH~ remains small enough to be neg- 
lected (in comparison with the uncertainty of 
log *KS for instance). Hence up to pH 1 the precipi- 
tation region will be bounded by the first line (i = 0) 
of the series given by equation (21): 

p[Sn’]_= 3 + 4pH (22) 

For the second line p*B1 > 1; substitution in equa- 
tion (21) with i = 1 shows that this line will not 
contribute to the actual curve below pH 1. Analo- 
gous considerations hold for the other lines. This 
also means that below pH 1 the hydroxide formation 
is negligible. 

As this paper deals with photometric titrations, 
we are only interested in concentrations of tin(IV) 
larger than about lo-‘M. From the solubility prod- 
uct (17) this means that we can restrict ourselves 
to pH values smaller than 1, provided, that logas” 
is negligibly small in this pH region. The last condi- 
tion is satisfied, as we know from the foregoing. 
Hence in the region of practical interest, featured 
by [Sn] > 10V7M and pH < 1, only equation (22) 
needs to be considered; it corresponds to line a 
in Fig. 1. 

When chloride is also present in the solutions, 
equations (21) and (22) have to be extended with 

-1 0 1 2 3 L 5 6 7 8 9 10 

Fig. 1. The conditional constant I&v, and the con- 
centration limit p[Sn’],., for tin oxide precipitation us. 
pH at different chloride concentrations. [Cl-]: a, <02M; 
b, 0.7M; c, IM; d, 2M. The region of precipitation lies 
under the curve. Boundary curve e corresponds to a 50% 
excess of EDTA. The dotted line through P indicates the 

penetration of the precipitation region on dilution. 

LX~+,,. For acid medium the equation for the bound- 
ary line then becomes 

PCWmax = 3 + 4pH - log as,(a) (23) 

The lines b, c and d were calculated by using this 
formula in combination with equation (13) and cor- 
respond to chloride concentrations of 0.7, 1.0 and 
2-OM respectively. Below a chloride concentration 
of 0.2M the line coincides with line a. Only at chlor- 
ide concentrations above 0.2M does the solubility 
increase. 

At high pH values only the line corresponding 
to Sn(OH), needs to be considered in the con- 
centration range of practical importance (pSn’ < 7). 
As p*j& = 22 [equation (B)], the boundary line can 
be estimated for this area by 

p[Sn’]max= 25 - 2pH (24) 

The last part of the curve in Fig. 1 corresponds 
to this equation. 

The curves represented in Fig. 1 are much less 
accurately known than in the case of aluminium.i7 
Nevertheless sufficient information has been obtained 
for consideration of the complexometry of tin(IV). 

The properties of tin(ZV)-EDTA 

In acid medium tin(IV) and EDTA react quickly, 
forming a 1: 1 complex. Numerous back-titration 
procedures have been worked out.19*20 All the 
papers warn that the results will be inaccurate if 
the neutralization, necessary for the titration of the 
excess of EDTA, is not performed carefully. The 
main origin of the errors is that Sn(IV)-EDTA disso- 
ciates in the vicinity of the added base, forming 
a colloidal tin oxide, which is partly unreactive with 
respect to EDTA. In the presence of EDTA, tin 
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oxide precipitates quanti~tively between pH 8 and 
9; below pH 7 and above pH 10 no precipitation 
occurs,“*” so the original precipitation region is 
appreciably diminished on the low-pH side. In this 
range %n is made several orders of ~~i~~ Iarger 
by the presence of EDTA [equation (15)-J; asn can 
be approximated by asno) 

us” = @slI(Y) = cy'l ’ ~S~Y/~Y~~~ cm 

where cy’] is the total concentration of EDTA not 
bound to tin. 

Substitution of equation (25) in equation (15) gives 

log C~KI,,, = log *I& - 4pH i- log Ksay 

+ log WI - 1% EY(H) (26) 

which leads to curve e in Fig. 1. 
This equation can be used to estimate Ksny. The 

idea is that if the precipitation region is entered, 
a subsequent titration will show a negative error 
as unreactive tin oxide is formed. The experiments 
are performed a~logously to the procedure in the 
next section. EDTA is added in excess to the acidic 
tin solution, after which the pH is increased homo- 
geneously by adding hexamine and boiling.17 The in- 
crease in pH can be stopped by cooling. The solu- 
tion is acidiied and the back-titrations performed 
at pH 2. In our experiments the concentration of 
EDTA was 2 x lo- 5M; the concentration of tin was 
lo-%f. No negative error was encountered until 
the pH was increased to 7-O. Increase to pH 7.2 
led to an error of 10%. At pH 75 and 7.7 respect- 
ively 6 and 0% of the tin was left in solution. Substi- 
tution of these data in equation (23) leads to an 
estimate of 

log f&y = 345 (27) 

(see corresponding points in Fig. .I). The reliability 
of this value is mainly dependent on the ~~r~inty 
in log *&, for which f 1 is suggested. In calculating 
the value in equation (27) no allowance has been 
made for the possible existence of mixed complexes 
with hydrogen and hydroxyl ions. 

The conditional constant for the tin(IV)-EDTA 
complex has been calculated by means of the value 
in equation (27). Log Ks,,v. us. pH is represented in 
Fig. 1. The lines a’, b’, c‘ and d correspond to the 
same chloride concentrations as the lines a, b, c 
and d. 

The complexometric titratiun of tin(W) 

A direct titration of metal ions is only possible 
under conditions where log (CM&&) exceed a certain 
minimum value, In the case of a photometric end- 
point determination by means of an indicator the 
value is 3.8.23-25 

The solubility of tin oxide sets a stringent maxi- 
mum value to log (CK). From the vertical distance 
between the corresponding lines (cc-d) in Fig. 1 it 
follows that this ~imum is about 95 The differ- 
ence between maximum and minimum is sufficiently 
large to make a direct titration theoretically possible. 

In practice a hydrogen-ion ~n~ntmtion of at least 
1M is required to prevent the formation of unreac- 
tive oxide. At this acidity, however, a suitable indi- 
cator could not be found. Other suitable end-point 
detection methods could not be found either, so our 
attention has been directed to the development of 
a back-titration procedure. 

From the equilibrium condition it can be de- 
rivedi that the con~n~ation of flee metal remain- 
ing in solution is determined by 

log[Sn’] = -log K,., CY’I 
- log ESnY J (28) 

Usually the excess of EDTA is about 5OD/, making 
the last term in equation (25) zero. Anyhow, this 
term is commonly negligible with respect to the 
other terms, which makes the curve for the equilib- 
rium concentration us. pH approximately coincident 
with the curve for the conditional constant. From 
the curves in Fig. 1 it can be concluded that tin 
is quanti~tively bound at pH < 0 even at a can- 
centration of lo- 5M. 

After the addition of EDTA, the pH generally 
has to be changed as dictated by the back-titrant 
used, The pH adjustment was carried out homo- 
geneously for the reasons mentioned in the previous 
section. When the starting solution is strongly acidic, 
considerable amounts of hexamine are necessary. 
Although commercially available hexamine contains 
only trace amounts of metals, systematic deviations 
were found in these cases. When chloride is added 
to the solution in order to prevent precipitations 
of tin oxide, the starting pH can be higher and 
~n~quendy smaller amounts of hexamine can be 
used for the pH adjustment. The +systematic devia- 
tions can be kept negligibly small in this way, even 
in the titration of micro-amounts of tin(Iv). 

A cogent should be made concerning the dilu- 
tion of tin(N) solutions. If for instance, 1OOmg of 
tin are dissolved in 1 ml of sulphuric acid (1+ i), 
the solution roughly corresponds to point P in Fig. 
1. Whemthis solution is diluted with water this “con- 
ditional” point will shift along the dotted line. Even 
a tenfold dilution causes a penetration of the precipi- 
tation region. This shows that if EDTA is not pres- 
ent in the solution, care should be taken with the 
addition of water during the preparation of stock 
solutions and titration media. Even the EDTA solu- 
tion should be acidified. It is generally recommended 
to dilute tin (IV) solutions with a solution at Ieast l&f 
in hydro~~o~c acid 

The conditional constant for tin(N)-EDTA is so 
extremely large compared with the conditional con- 
stants for other metals, that there are no restrictions 
on the choice of the back-titrant.” For larger con- 
centrations of tin, thorium (with Xylenol Orange as 
indicator) was found very suitable both for visual 
and for photometric end-point detection. Other tech- 
niques were not tried. For smaller inundations 
this couple cannot be applied because of the 2:2 
complex-formation between thorium and Xylenol 
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Orange (X0), which causes systematic errors.24925 
Bismuth cannot be used because of the chloride pres- 
ent. The combination cerium (111)-X0 has been tried 
and gives acceptable results; a disadvantage of this 
couple is that appreciable amounts of hexamine have 
to be added in order to reach the required pH of 
5.5. Very accurate results were obtained with a 
photometric procedure at pH 162.0 with thorium 
and Semi-Xylenol Orahge (SXO). The procedure for 
this titration will be outlined in the next section. 

Apparatus 

EXPERIMENTAL 

The photometric titrations were carried out in a Zeiss 
PMQII spectrophotometer with a titration assembly for 
lO- and 20-ml cells (2-cm path-length). The titrant solu- 
tions were added with Met’rohm microburettes, Type E 
457. The tips of the 0.5~ml assemblies were bent upwards 
in order to prevent gravitational losses when immersed 
in the fluid. 

The water was purified by sub-boiling demineralized 
water in quartz distillation apparatus” (Quartz and 
Silice, Paris). 

Reagents 

All solutions were prepared from analytical-reagent 
grade chemicals and sub-boiled water. 

Ethylenediaminetetra-acetic acid disodium salt solution 
(5 x lo-“M brought to pH 0 with cont. hydrochloric 
acid). The EDTA solution was standardized against cop- 
per with purified l-(2-thiazolylazo)-2-resorcinol (TAR) as 
indicator. (PAR and P.AN cannot be used because their 
Km values are too large.)23 

Thorium(W) standard solution (5 x IO-‘M thorium 
nitrite brought to pH 2 with colic. hydrochloric acid). 
This solution was standardized by photometric titration 
against EDTA with SXO as indicator. 

Table 1. Photometric back-titration of tin 

series I 
Taken, pole Found, pm& 

Series II 
Taken, wle Found, wle 

I.190 I 189 0.968 0.965 

(141.3 MB) I.190 (114.9& 0962 
1.193 0960 
1,191 0969 
1.193 0965 
1.191 0963 
1.197 0,970 
I.193 0.962 

x, = 1.192 i, = @965 
sx = 0002 SX=OOO4 

Hexamine solution. Hexamine (24g) dissolved in about 
20ml of water and brought to pH l-3 with hydrochloric 
acid, and prepared fresh daily. 

Indicator. A solid mixture (1: 100) of SXO and potas- 
sium nitrate. The indicator is prepared by Mannich con- 
densation of Cresol Red, formaldehyde and iminodiacetic 
acid and purified by extraction. The preparation and puri- 
fication procedures will be published in detail by Dr. 
C. J. C. Pijpers. 

7ln solution. Pure tin (50-100 mg) dissolved in 15 ml 
of hydrochloric acid (1+ l), and the solution diluted to 
1OOml with 1M hydrochloric acid. Portions were taken 
from this solution either directly by means of a microbur- 
ette (2504), or with a pipette after 20-fold dilution. 

Procedure 

Introduce the sample, containing 1 pmole of dissolved 
tin(IV) into a 20-ml titration cell containing about 1Oml 
of 1M hydrochloric acid. Add 2%3OOfl of 5 x 10e3M 
EDTA, which corresponds to a 2550% excess, and 3 ml 
of the acidiied hexamine solution. Heat for 10min at 
almost 100” and then cool. The pH should lie between 
1.8 and 2.1. Finally add 10-20 mg of the indicator mixture 
and titrate the excess of EDTA with thorium(IV) solution. 
The optimum wavelength is 530nm. 

It must be emphasized that as long as EDTA is not 
present in the solution all liquids which have to be added 
for rinsing (e.g., of the glass electrode) or for diluting, 
should be 1M hydrochloric acid. Once EDTA is present 
the liquid added may be less acid (pH c 6). 

RESULTS AND DISCUSSION 

Some results for different amounts of tin are given 
in Tables 1 and 2. From the series I-IV it follows 
that the titrations can be performed with high preci- 
sion. The standard deviation is about OGO4~mole 
(04pg) for a single titration (Table 1) and about 
the same as the approximate value 0005 wale that 
follows from the correlation coefficient (r) of series 
III (Table 2) (r is an indication of the accuracy 
of fit). . 

In series III-V the slopes deviate by only @3% 
from the theoretical values. The maximum amounts 
of impurities stated in the specifications of the rea- 
gents used correspond to 0~002~ole, which corre- 
lates with the values found for the procedural error 
b and a, in series III and IV. 

The less accurate values in series V are due to 
the fact that in this case tin metal was dissolved 

Table 2. Linear increase procedure in the photometric back-titration of tin 

Series III Series IV Series V 
Taken, pmole Found, pmole Taken, pmole Found, pmole Taken, pmole Found, pnwle 

0.387 0.394 0.534 0.535 0.464 0.480 

b”:;‘6”) 0.398 0.778 1.068 0.534 1.069 0.928 0.479 0.900 
0.780 1.069 0.906 

1.161 1.169 1603 1.604 1.392 1.383 
1.168 1.602 1.384 

1.548 1.559 2.137 2.139 1.856 1.870 
1.557 2.136 1.868 

Correlation coefficient 
r = 099999 r = 0.99999 r = 0.99943 

Procedural error 
b = +@006j4mole b = OGOO wale b = - OGO5 qole 

Slope = 0.388mole per step Slope = 0534, pmole per step Slope = 04655 mole per step 
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Table 3. Tetracyclohexyltin analysis 

Taken, ,umoie 

0.363 

0,727 

1+91 

1.454 

Found, wie 

0,360 
0,361 
0725 
0.724 
1.092 
1.085 
1.444 
1.445 

Correlation coefficient (r) = 099996 
Procedural error (b) = 0.0009 &mole 
Slope = 0.361, pmole/step. 

in a mixture of sulphuric and nitric acid, the solution 
evaporated to dryness and the Snot residue dis- 
solved in 5ml of cont. hydrochloric acid after heat- 
ing. This procedure was introduced in order to inves- 
tigate the possibility of using this titration technique 
for the determination of tin in organotin compounds 
which are commonly decomposed with these acids. 
Nitric acid (and perchloric acid) do not interfere; 
sulphate ions interfere in concentrqtions above 
OGO5M. The increased uncertainty in series V is not 
caused by the acids, but by the evaporation to dry 
ness. During the drying stage SnOl precipitates, and 
in the dry state is tinsformed into the unreactive 
j&form. As small amounts of sulphate are permissible 
it is advised to evaporate till nearly dry; the wet 
residue can easily be dissolved in concentrated hy- 
drochloric acid. 

Tetracyclohexyltin was used as a standard in or&r 
to check the destruction and titration. Its theoretical 
tin content is 2630%. Some results are given in 
Table 3. An 82.05~mg sample was decomposed with 
0.5 ml of cont. sulphuric acid and 0.5 ml of nitric 
acid. The solution was made up to 5O.Oml with 
1M hydrochloric acid. Multiples of 100 fl were taken 
from this solution. According to the ~nufacturer’s 
specification, the tin content is 990% of the theoreti- 
cal value, which agreed with our gravimetric results 
(99.1%). The result in Table 3 (99.4%) agrees with 
the actual content within the standard deviation of 
0.7% (calculated from r). 

As the procedure seemed rather promising for the 
microanalysis of organotin compounds, some techni- 
cal samples were analyzed. In all cases 65-80mg 
amounts were destroyed, leading to about @4mole 

Table 4. 

Compound 

Tributyltm chloride 
(ttn content’ 36 5%) 

Tttbutyltrn acetate 
(tm content: 36 6% 
Trxbutyltin fluoride 
(tin content’ 385%) 
Trlphenyltm acetate 
(tm content. 29 0%) 

Procedural Standard sy.enmc 

error (b), % dev&on,% dev!stmn,“% 

+6 1.5 -3.5 

t3 I -28 
t4 a5 -2.8 

0.2 05 -45 
I32 08 - 4.0 

02 I - 5.0 

0,s I -30 

1.0 08 - I.3 

0.6 10 -1.5 

*All percentages given are relative to the tin content 
found. 

of tin in the lOO+ portions used. The results are 
presented in Table 4. 

As far as is known the procedure presented here 
is the only method in which tin can be determined 
with a precision of better than 1% in concentrations 
down to 60 ,ug in 20 ml (3 ppm). A drawback is that 
a separation usually has to precede the tin deter- 
mination. Another drawback for the microdetermina- 
tion is that the indicator SXQ is not commercially 
available. 
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ACID-BASE EQUILIBRIA IN ETHYLENE GLYCOL-II 

AUTOPROTOLYSIS CONSTANTS AND ACID-BASE PROPERTIES OF ETHYLENE 
GLYCOL AND ITS MIXTURES 
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Summary-The acid-base behaviour of ethylene glycol and its mixtures with water (1, 5 and lo%), 
methanol, ethanol, isopropanol, nitromethane (each 10%) and ethyl methyl ketone-chloroform (5 + 5%) 
have been investigated by potentiometric titration, in a cell without liquid Junction, equipped with a 
glass and a silver-silver chloride electrode. The autoprotolysis as well the protolysis constants of 
phthalic acid were determined for each mixture. The added solvents improve the properties of ethylene 
glycol, decreasing the viscosity without changing the acid-base behaviour of the ethylene glycol itself, 
which is favourable for the titration of weak bases. Water increases the basic, and nitromethane 
the acidic, properties of the mixture. Small quantities of water (ca. 1%) do not impair the titration 
conditions. 

Ethylene glycol (EG) and its mixtures with other 
solvents have been used as solvent medium mainly 
for acid-base titrations of basic substances.’ The mix- 
tures are preferred because of the high viscosity of 
pure ethylene glycol. In most cases, the titration con- 
ditions in EG medium have been selected empirically, 
because of the scarcity of data which characterize 
the acid-base behaviour of the solvent,’ as well as 
the behaviour of protolytes dissolved in this 
medium.*s3 

The aim of the present work was to investigate 
EG and some mixtures containing it, by means of 
a potentiometric titration technique and to establish 
their applicability as media for non-aqueous 
titrations. The autoprotolysis constant of a solvent 
has a great significance for every titration in that 
solvent, because it defines the length of the pH-scale. 
That is why, in the present investigations the autopro- 
tolysis constants for EG with additions of other sol- 
vents with various acid-base properties and different 
dielectric constants have been determined. The second 
aim was to investigate the influence of the added 
solvents on the acid-base behaviour of the EG, for 
which purpose phthalic acid was chosen as a reference 
standard. The protolysis constants of the latter were 
determined potentiometrically in each EG mixture. 
From the change in the pK-values of phthalic acid 
and its conjugate base conclusions are drawn about 
the change in the acid-base behaviour of EG caused 
by the added cosolvent. 

The EG mixtures are treated as separate solvents 
with their own acid-base properties and dielectric 
constant, not excluding the possibility of a protolysis 
reaction between the two solvents. According to this 
concept, the thermodynamic (K,) and concentration 
(KP) autoprotolysis constants of the solvent SH are 
given by the following equations: 

2SH = SH; + S- 

K” = {SH,+}{S-} ; K: = [SH:][S-] (1) 

The protolysis, and the protolysis constant 
phthalic acid (H,Ph) are given by the equations: 

HzPh + SH = HPh- + SH2+ 

&izph = ISH:}({HPh-}/{H,Ph}); 

K&P~, = W:I(CHPh-I/CW’hl) 
The protolysis, and the protolysis constant for 

for 

(2) 
the 

conjugate base, the biphthalate ion (HPh-), are repre- 
sented by the equations 

HPh- + SH = HzPh + S- 

&Fh- = {~-I({H,Ph~/W’h-~) = &&ph (3) 

Reagents 

EXPERIMENTAL 

Ethylene glycol (reagent-grade solvent) was purified as 
described before.3 Reagent-grade potassium chloride and 
potassium biphthalate were dried before use. The solvents 
methanol, ethanol, isopropanol, nitromethane, ethyl 
methyl ketone and chloroform were also purified.4 Water 
was freshly redistilled. The EG mixtures were prepared 
by mixing measured volumes of EG and solvent. The 
titrants were prepared by dilution of a concentrated (ca. 
0.2M) solution of hydrogen chloride in EG3 and standard- 
ized by potentiometric titration of potassium biphthalate 
in the same solvent. The sodium glycoxide solution was 
prepared in the titration vessel in situ by dissolving sodium 
metal (pro amdysi) in the solvent and standardized by 
potentiometric titration with hydrochloric acid in the same 
solvent. 

Apparatus 

The autoprotolysis constants were determined with a 
cell of type (I): 

g1ass 11 O.lM(Na glycoxide + electrode 

HCl + KCl), SHI A&l-Ag (1) 

For determination of the protolysis constants of phthalic 
acid a cell of type (II) was used: 

glass II electrode 01M (KHPh + HCl + KCl, 

SH I A&-Ag (II) 

511 
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The cells (I) and (II) do not contain a liquid junction, 
which provides advantages discussed earlier.3 

The experimental arrangement consisted of a thermo- 
stated titration vessel, a Radiometer glass electrode type 
202 B, a silver-silver chloride reference electrode prepared 
according to Brown5 an automatic burette, Radiometer 
type ABU 12, a digital pH-meter, Radiometer PHM 52, 
accurate to k 0.1 mV, and a magnetic stirrer. 

Titrations 

Both the room and the titration vessel were kept at 
25” + 0.2” and the ionic strength of all the solutions was 
maintained at 0.1 by addition of potassium chloride (see 
footnote on p. 488 of ref. 3). The standardized O.lM hydro- 
chloric acid was used to titrate sodium glycoxide solutions 
(cu. O.OlM) for the determination of the autoprotolysis 
constants, and potassium biphthalate solutions (cu. 
0.025M) for the determination of the protolysis constants 
of phthalic acid.‘In both cases the titrations were continued 
past the equivalence point to yield dam which were used 
to calibrate the electrochemical cell in terms of the E”’ 
value for the particular experiment. 

RESULTS 

Autoprotolysis constant of EG and its mixtures 

The emf. of cell (I) at 25” is given by the following 
equations : 

E = E,O’ - O.O5916log[SH:] (4) 

E = E,O’ + @059161og[S-] (5) 

where [SH:] and [S-] are the molar concenfitions 
of the lyonium and lyate ions of the solvent, and 
Ez’ and EE’ are specific constants of the cell for the 
acidic and alkaline ranges, and include the standard 

electrode potential of the glass electrode, the potential 
of the reference electrode and activity factors. From 
(I), (4) and (5) the concentration autoprotolysis con- 
stant is obtained: 

E;’ - E,O’ 
pK: = ~ 

0.05916 

The determination of EE and Eg by means of equa- 
tions (4) and (5) is not difficult because both the 
hydrochloric acid and the sodium glycoxide are com- 
pletely dissociated in both EG and the mixtures as 
indicated by the constancy of Ei’ and EE’ throughout 
the whole experiment. 

The thermodynamic autoprotolysis constant was 
calculated from the concentration constant: 

PK, = PKP - 2logf, 
where the activity coefficient was calculated by the 
extended DebyeHiickel equation 

AzLv’p 
-logf+ = 7 _ 

l+wP 
In the calculations of the constants A = 1.825 x lo6 
(ET)_ 3’2 and B = 50.29(eT)- ‘1’ the dielectric constant 
(see Table 2) was estimated by assuming the values 
to be additive. The ionic strength ,u was taken as 
@l and the ion size parameter a as 5. 

The experimental data from a potentiometric 
titration and their treatment for the calculation of 
the concentration autoprotolysis constant of EG are 
shown in Table 1. The calculation of Et’ by means 

Table 1. Experimental data and their treatment for the calculation of pKS of ethylene glycol 

la. Calculation of Et 

via, E, 4 - log [S-] x 59.16, EC, 
ml ml/ x 10-s -log [s-l mV mV 

0.200 
0400 
0.600 
0.800 
1QOO 
1.200 

280.9 
216.3 
271.0 
264.3 
255.2 
241.1 

1.12 
093 
0.78 
0.60 
0.43 
0.25 

6.19 
5.34 
4.32 
3.32 
2.33 
1.37 

2.19 
2.21 
2.36 
248 
2.62 
2.86 

129.84 
134.43 
139.88 
146.66 
155.71 
169.43 

Mean EE’ = 410.8 mV 

410.74 
410.73 
410.88 
41098 
41091 
410.53 

lb. Calculation of .I?:’ 

V HCIY E> f#J CSH:I -log[SH:] x 59.16, I$?‘, 
ml mV x lo-’ x 103 -log [SH:] mV mV 

2ooa -312.0 0.40 1.11 2.95 174.71 -48671 
2200 - 326.8 0.71 2@0 2.70 159.61 -48641 
2.400 - 336.1 1.07 2.88 2.54 150.31 -486.41 
2700 - 345.4 1.52 4.16 2.38 140.84 - 486.24 
3.000 - 352.5 2.08 5.14 2.27 134.09 - 486.59 
3.500 - 360.7 2.83 I.42 2.13 125.97 - 486.67 
4+lOo - 366.8 3.80 935 2.03 120.04 - 486.84 

Mean E” = -486.5 mV a 

pK: = 
410.8 + 486.5 

= l5 168 
59.16 

pK, = 15.168 + 0554 = 15.72 

Conditions: 20 ml of 7.46 x 10e3M sodium glycoxide titrated with O.lOOlM hydrochloric acid in ethylene glycol 
@lM in potassium chloride. The sodium glycoxide was neutralized with 1.490 ml hydrochloric acid, and the sodium 
glycoxide and basic impurities with 1.755 ml (the volumes are determined by extrapolation of the C$ and do’ functions.) 
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Table 2. Autoprotolysis constants of ethylene glycol and its mixtures 

Er, mV Ez’, ml/’ PKS E - 2 lwf, PK, 

w 
EG-W (10%) 
EG-W (5% . ,“, 
EG-W (1%) 
EG 
EG-EMK-Ch 
EG-iPrOH 
EG-EtOH 
EG-MeOH 
EG-NM 

4977 f 0.3 
4195 f 0.2 
4153 f 0.3 
4120 + 0.3 
41@8 f 0.2 
414.5 f 0.1 
415.9 + 0.2 
418.8 f 0.2 
415.2 + 0.2 
316.9 f 0.1 

-319.0 + 0.1 
-408.3 f 0.2 
-432.7 f 0.3 
-468.9 + 0.3 
-486.5 k 0.1 
-484.7 + 0.3 
-488.8 f 0.4 
-488.2 f 0.1 
-488.6 f 0.4 
-487.3 f 0.2 

13,805 + 0.005 78.3 0.213 14.02 
13.992 f 0.004 41.8 0.485 14.49 
14334 + 0005 39.7 0.518 1485 
14891 + 0005 38.1 0546 1544 
15.168 f 0.003 37.7 0.554 15.72 
15.200 f 0.005 35.1 0607 15.81 
15.292 k 0006 35.8 @593 15.88 
15.331 + 0003 36.4 0.580 15.91 
15.276 + 0.006 37.2 0.563 15.84 
13.594 f oQO3 37.5 0.558 1415 

* Symbols: EG-ethylene glycol, W-water, EMK-Ch--ethyl methyl ketone-chloroform (5 + 5x), iPrOH-isopro- 
panol (lo%), EtOH-ethanol (lo%), MeOH-methanol (lo%), NM-nitromethane (10%). 

of equation (5) is shown in Table la. The molar 
concentration of the lyate ions [S-] at every titration, 
point was calculated by the difference between .their 
total concentration and the molar concentration of 
the added hydrochloric acid in the course of the 
titration. The total concentration of the lyate ions 
in the solution was determined from a Gran plot’ 
of the potentiometric titration data before the equiva- 
lence point. In Table lb the determination of Er 
by equation (4) is shown. The molar concentration 
of the lyonium ions in the solution [SH:] is calcu- 
lated from the volume and the molarity of the hydro- 
chloric acid added after the neutralization of the 
sodium glycoxide and the impurities of basic charac- 
ter. The equivalence point was again found from a 
Gran plot of the titration data. 

The values of the autoprotolysis constants for EG 

and its mixtures are summarized in Table 2. 

Protolysis constants of phthalic acid in EG and its 
mixtures 

The e.m.f. (E) of cell (II) at 25” is given by equation 

(4). After Er of the cell has been determined, the 
value of pcH = -log[SH:] for each titration point 
can be determined according to the equation: 

E - E:’ 

“” = 0.05916 

From (2) and (7) the following equation is obtained 
for the concentration protolysis constant of phthalic 
acid: 

@%Ph = PCH + 1% w 
In practice, pK& for each titration point is calcu- 

lated from the relationship 

pK&Ph = PC, + 1% 
IWJI 

CHPh- lm - IWJI 

where [HCl] is the molar concentration of the added 
acid and IJ-IPh-I,,, is the total concentration of the 
biphthalate ions as determined by a Gran plot; pen 
is calculated from equation (7) after determination 
of Ez’ from measurements made after the equivalence 
point (see Table lb). 

The thermodynamic protolysis constants are calcu- 
lated by correcting for the activity coefficients: 

PKHzPh = PG*Ph - 2 logf, 

where fk is calculated from equation (6). 
The experimental data from the potentiometric 

titration and their treatment for the determination 
of the concentration protolysis constant of phthalic 

acid in EG are given in Table 3. The values for 
pure EG and the mixtures are summarized in Table 
4, which also includes the protolysis constants of the 

Table 3. Experimental data and their treatment for the calculation of pKb,r, in ethylene glycol 

Vi,,, 

ml 
E, 7 CW'hl 
mV x lo* x 103 

cHxqhg;1 
1% KW’hYCHPh-I) PCH PG*Ph 

1.500 125.7 1.13 6.98 16.29 - 0.368 
2000 137.0 0.97 9.10 13.65 -0.176 
2.500 147.0 0.81 11.12 11.12 * 00ZlO 
3.000 157.7 @65 13.06 8.70 0.176 
3.500 169.1 0.48 14,91 6.39 0.368 

- 4@Jo 183.0 0.32 16.68 4.17 0.602 
4.500 203.8 0.16 18.39 2.04 0.954 

pKHlph = 5.728 + 0.554 = 6.28 

6.095 5.727 
5.904 5.728 
5.725 5.725 
5.554 5.730 
5.361 5.129 
5.126 5.728 
4.775 5.129 

Mean PK&, = 5.728 

Conditions: 20 ml of 2.50 x lo-‘M potassium biphthalate were titrated with O.lOOlM hydrochloric acid in ethylene 
glycol Oliw in potassium chloride. The biphthalate ions were neutralized with 5.00 ml of hydrochloric acid (volume 
determined by extrapolation of the 7 function). The value of E, ” is -486.3 k 0.3 mV, calculated from the data 
of the same titration after the equivalence poinfas shown in Table lb. 
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Table 4. Protolysis constants of phthalic acid in ethylene glycol and its mixtures 

Solvent* Ez’, mV PG*PL P&i*Ph pKHPh- 

W 
EC&W (10%) 
EG-W (5%) 
EC&W (1%) 
EG 
EG-EMK-Ch 
EG-iPrOH 
EG-EtOH 
EG-MeOH 
EG-NM 

-408.8 f 0.5 4472 + OGO9 
-433.4 * 0.3 4.864 + 0.005 
-468.5 + 0.2 5.436 k 0.003 
-4863 + 0.3 5.728 f 0.007 
-486.3 f 0.4 5.661 + 0006 
-489.8 f 0.2 5778 f 0038 
-488.5 + D2 ,5.818 + 0.003 
-488.5 k 0.1 5.834 + 0.002 
-486.3 f 0.2 5.827 + 0.011 

2.957 11.05 
4.96 953 
5.38 9.47 
5.98 9.46 
6.28 944 
627 9.54 
6.37 9.51 
640 9.51 
6.40 944 
6.38 7.77 

* Symbols are the same as in Table 2. 
t See ref. 7. 

conjugated base of phthalic acid calculated from the 
relationship. 

PKWh- = P& - P&Ph 

The agreement between the constants determined 
in the present work and those reported by Kundu 
and Das? is good: those determined in the present 
investigation at 25” being pKs = 15.72 and pKHzPh = 
6.28, while the reported values for 30” are pKs = 
IS.60 and pKnzPh = 6.42. Good agreement is also 
observed between the autoprotolysis constant for 
water at 25” determined in the present work 
(14.02-the thermodynamic value and 13%&in O.lM 
potassium chloride) and the corresponding values 
(1400 and 13.78) determined by using a hydrogen 
electrode.’ 

DISCUSSION 

From the data in Table 2 it can be seen that most of 
the added solvents investigated alter the pKs-values 
of pure EG, i.e., the length of the pH-scale, negligibly. 
Only water and nitromethane cause a significant 
shortening of the pH-scale of EG, and this can be 
attributed to the more basic properties of water and 
the more acidic properties of nitromethane in com- 
parison with EG. 

Conclusions concerning the acid-base behaviour of 
EG and its mixtures can be drawn from the protolysis 

constants of phthalic acid and its conjugate base 
(Table 4). The protolysis of the base (the biphthalate 
ion) HPh- + SH = HzPh + S- involves no charge 
separation. The equilibrium constant for this reaction 
represents the basic strength of the anion HPh- ; there- 
fore it may be expected that this constant reflects the 
intrinsic acidic strength of EG and its mixtures. The 
comparison of these values with those of water shows 
that the biphthalate ion is a stronger base in EG. 
Hence, EG is a more acidic solvent than water, and 
its acidic properties do not change when other sol- 
vents (with the exception of nitromethane) are added. 
Nitromethane renders the mixture more acidic. 
Phthalic acid is weaker in EG than in water, but 
becomes stronger as water is added to the mixture, 
partly owing to the greater acidity and partly to the 
lower dielectric constant of EC. 

The final effect of the added solvents on the acid- 
base properties of EG is illustrated in Fig. 1 where 
the pH-scales of the investigated solvents, (and the 
pKs-values) are plotted on a relative scale, with their 
mutual disposition determined by the relevant proto- 
lysis constant of phthalic acid. Thus the added sol- 
vents methanol (lo”/,), ethanol (10%) isopropanol 
(10%) and ethyl methyl ketone-chloroform (5 + 5%) 
do not significantly affect the acidity or the length 
of the pH-scale of EG, which is undoubtedly advan- 
tageous for titrations in EG medium because the 

Water 

I 

PK H~IJ~ -Ilk’- pK, 

Fig. 1. Disposition of pH-scales of ethylene glycol and its mixtures us. protolysis constants of phtbalic acid. 
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viscosity of the solvent may be lowered without 
changing the other favourable properties. It is inter- 
esting to note that this effect concerns added solvents 
of different nature (alcohols, ketones, chlorinated hy- 
drocarbons). From this point of view, the presence 
of various added solvents extends the applicability 
of a particular medium while preserving the positive 
attributes of the EG itself. Water, owing to its more 
basic properties, shortens the pH-scale of EG at its 
acid end and for this reason has an unfavourable 
influence on the titration of bases. As this effect is 
negligible at low water concentrations (ca 1%) the 
removal of traces of water from EG is not as critical 
as it is for other solvents commonly used in non- 
aqueous titrations. Nitromethane is more acidic than 
EG, and therefore shortens the pH-scale of EG at 
its basic end. This is of little consequence however, 
because EG and its mixtures are used mainly for 
titrations of weak bases. 

The present investigation has shown that the added 
solvents methanol, ethanol, isopropanol, nitrometh- 

ane and ethyl methyl ketone-chloroform improve tne 
properties of EG as a medium for the non-aqueous 
titration of weak bases. 
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EIN SCHNELLER KONTINUIERLICHER 
FLijSSIGKEITSEINLASS ZUR MASSENSPEKTROMETRIE* 

WALER WALISCH?, GUNTHER BECKER und DIETER HEISE 

Organische und Instrumentelle Analytik, Universitit des Saarlandes, 66 Saarbrttcken, B.R.D. 

(Einwangen am 19. September 1974, Angenommen am 6. November 1974) 

Zusammenfassu~Es wird ein zweistufiges EinlaDsystem beschrieben, welches einen schnellen, kon- 
tinuierlichen und quantitativen Transfer von Fliissigkeitsgemischen in em Massenspektrometer ermijg- 
licht. Hierzu wird der mit konstanter Geschwindigkeit in eine Mischkammer einstriimenden Probe 
ehva die zehnfache Menge eines inerten Trlgergases zugesetzt, welches die Fltissigkeit mit hoher 
Geschwindigkeit als Film durch eine gektihlte Kapillare in eine geheizte Verdampferkammer (473 K, 
SOmb) treibt, wo eine schnelle und vollstindige Verdampfung auf einer Glasfritte erfolgt. Vom Ver- 
dampfer fuhrt eine Kapillare viskos unmittelbar ins Massenspektrometer. Totzeit und Einstellzeit 
des gesamten Systems (eins&lielllich des langsamen Elektrometerverst;irkers) betragen zlZi. 08 6zW. 
99 s; die Nachweisgrenze liegt mit einem kleinen Massenspektrometer ohne SEV bei O,l% und die 
relative Genauigkeit bei der Gemischanalyse betriigt *2x. An Anwendungsbeispielen wird gezeigt, 
in welcher Weise das System zur Prozegkontrolle oder zur LC-MS-Kopplung eingesetzt werden 
kann. 

Zur massenspektrometrischen Untersuchung von 
Fliissigkeiten verwendet man iiblicherweise die indi- 
rekte Probeneinftihrung,’ bei der die fliissige Probe 
in einen aufgeheizten und evakuierten Vorrats- 
behlilter gebracht und verdampft wird. Die 
eingebrachte Probenmenge ist so zu bemessen, dal3 
sich im Vorratsbehllter ein Totaldruck de,r 
Grijljenordnung 0,l mb einstellt. Durch das moleku- 
lare Leek, das den VorratsbehPlter mit dem Mas- 
senspektrometer verbindet, strijmt dann die Probe 
als Gas gemal den Gesetzen der molekularen 
Strijmung in das Massenspektrometer. Dort erfolgt 
bei abnehmendem Druck die Aufnahme des Spek- 
trums. Die je nach Molgew.icht verschiedene 
Einstromgeschwindigkeit der einzelnen Kom- 
ponenten flit zu einer Anreicherung der “schwere- 
ret?’ Komponenten im Vorratsbehiilter. 

Neben dem hier kurz skizzierten mdirekten 
Fltissigkeitseinlal3 mit diskontinuierlicher Probenzu- 
gabe und Massendiskriminierung setzt man insbe- 
sondere bei hiiher siedenden Fliissigkeiten den di- 
rekten Schubstangeneinlafl’ ein, bei dem die Fliissig- 
keit mittels einer Einschubstange unmittelbar vor die 
Eintrittsoffnung der Ionenquelle geschoben und dort 
kontrolliert in die Ionenquelle hinein verdampft 
wird. Auch hier ist bei Gemischen die Dampfzusam- 
mensetzung in der Regel nicht mit der Zusammenset- 
zung der Fliissigkeit identisch. Dies gilt gleicher- 
mal3en fur den DirekteinlaR mittels einer. Feldde- 
sorptions- oder einer Feldionisationssonde.2’3 

* Diese Arbeit wurde als Projekt des Sonderforschungs- 
bereichs Analytik durchgeftit. Wir danken der 
Deutschen Forschungsgemeinschaft fti die Bereitstellung 

- _ der Mittel. 
t Reide Systeme sind Notlosungen; der indirekte Einlal.3 

ist eiaentlich ein Gaseinlag und die Schubstange ist fti 
feste %toffe konzipiert. Der fltissige Zustand der Probe 
wirkt sich in beiden Fallen eher storend aus und wird 
nicht ausgenutzt. 

Reide gebrauchlichen EinlaBsysteme sind also dis- 
kontinuierlich und lassen eine stetige, repdsentative 
Probenzufuhr zur Quelle aus einer zeitlich vergnder- 
lichen fltissigen Probe nicht zut. Damit sind dem 
Einsatz der Massenspektrometrie in der Fltissig- 
keitschromatographie enge Grenzen gesetzt, und eine 
direkte LC-MS-Kopplung erscheint unm6glich.4 
Vielmehr wird iiblicherweise von Zeit zu Zeit eine 
Probe entnommen und mittels eines der beschrie- 
benen Verfahren dem Massenspektrometer 
zugeftihrt.4 Dieser Vorgang wurde von Lovins und 
Mitarbb.’ weitgehend automatisiert. Damit wahrend 
der Probeneinftiung und Spektrenaufnahme keine 
Information verloren geht, wird der Flul3 im Chro- 
matographen w&rend dieser Zeit unterbrochen. 

Einen viillig anderen Weg sind Tal’roze und 
Mitarbb.6-‘2 gegangen. Sie versuchen erstmals die 
kontinuierliche Verdamphmg der Fltissigkeit in das 
Massenspektrometer hinein. Hierzu taucht man einen 
extrem engen Spalt, der durch Zusammenpressen des 
Endes eines Rohres, das unmittelbar zum Massen- 
spektrometer flirt, in das Rohr, durch das die zeitlich 
veriinderliche fliissige Probe stromt. Durch Unter- 
druck und Oberfl%henspannung steigt die Fliissig- 
keit im kapillaren Spalt hoch und verdampft beim 
Ubergang zum grogeren Querschnitt. Die Herstel- 
lung reproduzierbarer Spalte ist offenbar extrem 
schwierig, die in der EinlaRsonde “gespeicherte” 
Fliissigkeitsmenge produziert groRe Tot- und Ein- 
stellzeiten, die Kapillarkrlfte best&men wesentlich 
den Flul3 und eine Massendiskrnnmierung ist nicht 
auszuschlieI3en. Damit ‘scheidet dieses sehr langsame 
System u.E. fti viele Problemstellungen aus. Trotz- 
dem wurde der Einsatz als Detektor in der Fltissig- 
keitschromatographie versucht.g 

Auch der Einsatz12 einer extrem engen, langen 
Kapillare fuhrt zu Tot- und Einstellzeiten der 
Gr33enordnung 10 s, und ein Gleichgewichtszustand 
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wird oft erst nach 200s erreicht. Lediglich bei der 
2H/‘H-Analyse von Wasser13 hat sich dieser einstu- 
fige, direkte Transfer offenbar bewlhrt. Fiir die 
quantitative Analyse von Fliissigkeiten mit schnell 
veranderlicher Zusammensetzung ist er jedoch 
keinesfalls geeignet, und es fehlt immer noch em 
EinlaDsystem fti Fliissigkeiten, das: die Probe kon- 
tinuierlich in das Massenspektrometer gelangen 1IDt; 
mit geringen Tot- und Einstellzeiten behaftet ist; 
einen repdsentativen Teil der Probe in der Quelle 
garantiert und damit quantitative Messungen ermog- 
licht; unanfallig gegkniiber Verstopfungen und wenig 
abhangig von Oberflachenspannung, Polaritiit und 
Viskositlit der untersuchten Fliissigkeit ist. 

Ziel dieser Arbeit ist es, den ersten Schritt in Rich- 
tung auf einen derartigen schnellen, kontinuierlichen 
und quantitativen FliissigkeitseinlaD zu tun. 

PRINZIP DES EINLASS-SYSTEMS 

Wie die Arbeiten der Gruppe Tal’roze gezeigt 
haben, ist ein kontinuierlicher, einstufiger Fliissigkeits- 
einlal.3 nur dann zu realisieren, wenn man hinsicht- 
lich des Zeitverhaltens (Tot- und Einstellzeiten), der 
Betriebssicherheit (Verstopfungsgefahr bei extrem 
dtinnen Kapillaren) und der Abhangigkeit von 
Fltissigkeitseigenschaften (Oberfkichenspannung, 
“PolaritU”, Viskosit;it) sehr groI3e Zugest;indnisse 
rnacht. Den eingangs erhobenen Forderungen kann 
ein solches System offenbar grunds&lich nicht ent- 
spreehen, da ein schnelIer und quantitatiuer Transfer 
eines reprasentativen Teils der zu untersuchenden 
Fliissigkeit einstufig nicht miiglich ist. Dagegen ist 
das in Abb. 1 dargestellte zweistujge System durchaus 
in der Lage, den wichtigsten Erfordemissen zu ent- 
sprechen. 

Dieser FhissiakeitseinlaB besteht aus der Mischkam- 
mer MK, dem Terdampfer VD und der EinIaBsonde EK. 
In die Mischkammer wird aus der Druckflasche DF ilber 
das Feinreduzierventil FRV, das auf den Gasdruck pc 
eingestellt ist, durch den Gaskapillarschlauch GK ein 
konstanter Tritgergasstrom (Stickstoff oder Helium) 
eingeblasen. Dieser Tragergasstrom ist so dimensioniert, 
da8 ein Teil bei GA ins Freie tritt, wodurch einerseits 
gewlhrleistet wird, da8 in der Mischkammer der kon- 
stante AuBendruck p,, herrscht und andererseits sicherge- 
stellt ist, dal3 keine atmospharischen Verunreinigungen in 
die Mischkammer gelangen kiinnen. Nach unten strijmt 
das TrLgergas durch die Vorvakuumkapillare VK in den 
Verdampfer VD. Die Stahlkaniile VK (I 150~ 4, = 
0,4mm) ist so dimensioniert, daB bei einem Trlgergas- 
Strom von 8 Nml/s (Nml = Normal-ml bezogen auf po) 
in der Verdampferkammer VDK ein Druck p0 = 50 bis 
60mb entsteht, wenn die Membranpumpe MP (Type NV 
725.3 der Firma Neuberger KG., Freiburg) eingeschaltet ist. 

In das untere Ende der Verdampferkammer VDK ragt 
die zvlindrische EinlaBkanillare EK hinein, die aus Pv- 
rexglas gezogen ist. Sie ist in den Teflondoppelkonus TDK 
eingebettet, der durch Anziehen der Uberwurfmutter ‘fiM 
eine ausgezeichnete Abdichtung des Hochvakuuman- 
schlusses HVA gegeniiber EK und der Atmosph;ire gewlhr- 
leistet. Bei geschlossenem Hochvakuumventil HW kann 
die EinlaBkapillare EK schr leicht ausgewechselt werden. 
Die Einlagkapillare EK ftihrt tlber das Ventil HVV direkt 
in die Ionenquelle des Massenspektrometers MS, die 

PK 

Abb. 1. A&au des EinlaBsystems. 

HVP 

durch das Hochvakuumpumpensystem HVP auf einem 
Druck von etwa 1Onb gehalten wird. In dieser Betriebs- 
we&e zeigt die Ausgangsspannung U’ des Elektrometer- 
verstiirkers EV ausschlie&lich das Spektrum des Trager- 
gases an, das vom ,Registriergerlt RE registriert wird. 

Die zu untersuchenden Fliissigkeiten werden durch FE 
oder FL beifin die Mischkammer eingespritzt. Ein kon- 
stanter Fhissigkeitsstrom wird entweder durch den kon- 
stanten Uberdruck pr tlber der Losungsmittelflasche LF 
bder mit der Kolbenbiirette KB, die vom Motor MO 
angetrieben wird, erzeugt. Die Kapillarschllauche PK und 
LK gewilhrleisten kurze Laufzeiten zwischen den Flilssig- 
keitsreservoirs LF oder KB und der Mischkammer. Bei 
f wird der Flllssigkeitsstrom vom Trlgergasstrom mitge- 
rissen, in Form eines “gewellten” Fllissigkeitsfilms schnell 
durch die Vorvakuumkapillare VK getrieben, auf die 
Glasfritte GF gesprliht und dort nahezu momentan ver- 
dampft, so dag ein Tr%gergas/Probendampf-Gem&h an 
EK vorbei zur Membranpumpe strirmt. Verdampferkam- 
mer VDK und HochvakuumanschluB HVA sind so hoch 
geheizt (wegen des Teflondoppelkegels diirfen vorerst 
493 K nicht liberschritten werden), dal3 die eintretende 
Fliissigkeit mit Sicherheit vollslndig verdampft wird und 
keine Kondensation in der EinlaBkapillare erfolgt. 

Wie in einer frilheren Arlxit’4 gezeigt ist, wird, wenn 
Druck pv und Temperatur Tv der Verdampferkammer 
konstant sind, der in das Massenspektrometer gelangende 
Gasstrom nur noch von der ViskosiCit des Gasgemisches 
bestimmt. Da einerseits die meisten organ&hen Dampfe 
im fraglichen Temperaturbereich Viskosimten haben, die 
denen der verwendeten TrLgergase vergleichbar sind und 
da andererseits Probendampfkonzentrationen von 10% 
nicht tiberschritten werden, sind die friiheri4~” ftir quanti- 
tative Messungen genannten Bedingungen weitgehend 
erfiillt. Die in der Ionenquelle entstehenden Partialdrucke 
pi der in der Fltlssigkeit enthaltenen Komponenten i ent- 
sprechen den jeweiligen Partialdrucken im Verdampfer, 
und diese sind wiederum der molaren Zusammensetzung 
proportional. 

Der beschriebene FlilssigkeitseinlaB hat als neuralgische 
Punkte die Mischstelle Gas/Fliissigkeit bei fund die Aus- 
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trittstiffnung der Vorvakuumkapillare VK. Die Mischstelle U5’ 
besteht aus einer alatten Bohruna fdr = 0.5 mml in die five 
die ~~sigkeit~~f~~ durch eine &&%e ‘&r&g (4 = 
42 mm) erfolgt. Ein Grat darf nicht vorhanden s&n, da 
sonst der stetige Abflul3 der Fliissigkeit, der allein ein 
stabiles Signal garantiert, in ein pulsierendes Strijmen mit 
entsprechenden Folgen iibergeht. 

Zur Vermeidung einer zu weitgehenden Verdampfung 
in der Vorvakuumkapillare ist diese in einen wasser- 
gekiihlten Messingzylinder MZ eingesetzt, der gleichzeitig 
den Verdampfer nach oben abscMie6t.’ Zwischen MZ und 
VD ist eine Teflonbiichse TB ge~~aub~ die sowohl den 
hohen Tem~ratur~adienten zwischen MZ und VD auf- 
nimmt als such einwandfrei abdichtet. Die bis dahin 
gekiihlte Kapillare VK schliei3t genau mit dem unteren 
Boden von TB ab. An dieser Stelle erfolgt der Tempera- 
tursprung von K~was~r~mpera~r (283 K) auf Ver- 
~mpfertem~atur. Auch der Druck nimmt besonders 
steil am Ende der Kapillare ab; dort herrscht dementspre- 
chend eine sehr hohe lineare Trlgergasgeschwindigkeit 
(80 m/s) und eine extrem kurze Verweilzeit. Eine starende 
Ver~mp~ng innerhafb der Kapillare wurde von uns 
nicht beobachtet. 

Das zeitliche Verhalten des Fliissigkeitseinlasses 
wurde mit der in Abb. 1 wiedergegebenen Anord- 
nung gemessen. Hierzu fli&t aus der Liisungsmittel- 
vo~a~ffa~he LF ein konstanter M0~nols~orn 
(330&/s). Diesem L&ungsmittelstrom wird aus der 
Kolbenbtiette KB durch Ein- und Ausschalten des 
Motors (Anlaufieit 30ms) ein Probenstrom mit der 
einstell~~n Ge~hwindigkeit u als Ko~n~ations- 
impuls zugemischt. 

In allen von uns untersuchten Ftillen erhielten wir 
in etwa das gleiche Ergebnis wie es in Abb. 2 fti 
Propanol wiedergegeben ist. Die Totzeit to zqvischen 
Au&&en des Konzentrationsirnpulses und Beginn 
des Anstiegs der entsprechenden Ausgangsspannung 
U’ (im Falle von Propanol wurde Us9 registriert) 
betrggt 48 s; die Anstiegszeit t. (l@-QoO/ liegt bei 
1,l s, wshrend die Abfallzeit ta (SO-10%) mit 0,7s 
deutlich kiirzer ist. Dieser leicht unsymmetrische 
Kurvenverlauf ist reproduzierbar. Eine Erkkirung 
haben wir vorerst nicht. 

Die Totzeit result&t aus den La&&en in der 
Mischkammer, der Vorvakuumkapillare, der Ver- 
dampferkammer, der EinlaBkapillare und der Hoch- 
vakuumleitung zwischen EK und MS. Die beiden 
letzteren tragen mit etwa 1OOms dazu bei; die Lauf- 
zeit in der Mischkammer bet&@ htjchstens 120ms. 
Damit bleiben fti die schwer fal3baren Laufieiten 
in VK und VDK noch etwa SOOms. Da das 
Volumen von VK 7 ~1 und der gesamte Fliissigkeits- 
Strom nur O,4 ~1,‘s betrllgb muB der FltisigkeitsElm 
in VK sehr diinn sein. Dies wird durch zeitgedehnte 
Filmaufnahmen best&t&t, die zeigen, da0 sich an der 
Innenwand der Kapillare ein ~~i~keit~ mit ! 
spitzen Maxima und flachen Minima ausbildet, der 
vom Trlgergas mit so groljer Geschwindigkeit vor- 
angetrieben wird, dal3 wir davon ausgehen kiinnen, 
daB die gemessene Totzeit zum Teil ihren Ursprung 
in der Ver~mpferka~er selbst hat. 

Abb. 2. Einstellverhalten bei Zugabe eines Propanol- 
impulses von 5 s. 

Die gemessene mittlere Einstellzeit (te = 99 s) ist 
sicher zu einem Teil durch Vorglinge in der Ver- 
dampferkammer begriindet, denn die ersten Modelle 
unseres Einl~systems, die ein griif3eres Volumen 
hatten, zeigten Einstellzeiten von einigen Sekunden. 
Eine weitere Verkleinerung der Verdampferkammer 
(jetzt 2,5ml) ist vorerst nicht angebracht, da der 
Elek~o~~r~rs~ker EV des f& die Versuche 
bent&ten Massenspektrometers WARIAN-MAT, 
GD 1.50 mit Permanentmagnet von 6700 Gauss) 
selbst eine Einstellzeit von 0,s s be&t und damit 
erheblieh zum Kurven~rlauf in Abb. 2 beitriigt. 

Die quantitativen Eigenschaften k&men ebenfalls 
mit der in Abb. 1 dargestellten Anordnung unter- 
sucht werden. Hierzu wird die in der Kolbenbiirette 
~fin~iche Pro~~~ssi~eit mit ver~~edenen 
Geschwindigkeiten in die Mischkammer gespritzt 
und die Intensitit u’ des ausgewPhlten Peaks in 
Abhsingigkeit von der Zugabegeschwindigkeit v 
gemessen. Wie aus Abb. 3 be:vorgeht, ergibt U’ (v) 
bei den untersuchten Proben Athanol und Propanol 
jeweils eine Gerade, die durch den Nullpunkt geht. 
Ein entsprechendes Verhalten zeigten alle unter- 
suchten Proben; die Intensitlit des fiir die Probe 
repriisentativen Massenpeaks war der jeweiligen 
Zugabegeschwindigkeit proportional und damit such 
der Konzentration im konstant striimenden 
“Liisungsmittel” Methanol. 

Die Untersuchung der Bmuchbarkeit des Systems 
zur ProzeDkontrolle erfolgt mit der in Abb. 4 &rge- 
stellten Anordnung am Beispiel der Veresterung von 
Essigsiiureanhydrid mit Methanol. Diese Reaktion 
lguft in einem ~~r~hu~ von Methanol ohne Kata- 
lysator nach erster Ordnung ab und kann tiber die 
Zunahme der Essigsliuremethylesterkonzentration, die 
iiber die Molektilpeakintensitt U74 zu&ngig ist, 
beobachtet werden. 

Die ReaktionslGsung RL (etwa lOMoi% Anhydrid 
in trockenem Methanol) befindet sich im thermosta- 
tisierten (313 K) Reaktionsgefti RG. Eine nahezu 
stoDfreie, chemisch resistente U~u~urn~ UP 
(ISMATEC pmp-10) pumpt die Reaktionslijsung mit 
etwa O,2 ml/s durch eine diinne, kurze Schlauchlei- 
tung (Teflon) zum Dreiwegstiick DW und von dort 
zuriick zum ReaktionsgeftiB. Der an DW ange- 
brachte Drosselhahn DH wird so gestellt, da13 ein 
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Abb. 3. Kontrollergebnisse; Ia = Ethanol: KJ4’ = f(u); 
lb =,Propanol: Us9 = f(o); II: y = log(U:2,,6 - Uz4) 

- 

konstanter ijberdruck von 1OOmb entsteht. Dieser 
cberdruck reicht aus, urn etwa 0,2pl/s durch die 
feine Kantile KA in die Mischkariimer MK zu 
fdrdern, von wo die Fltissigkeit mit dem Tragergas- 
Strom N, in die Verdampferkammer VD gelangt, 
die iiber die EinlaBkapillare EK mit dem Massen- 
spektrometer MS in Verbindung steht. Auf diese 
Weise erhiilt man fortlaufend einen reprlsentativen 
Anteil der Reaktionslosung als Gasgemisch in der 
Ionenquelle und kann durch period&he Aufnahme 
von Massenspektren die Vorgange im Reaktions- 
gefti qualitativ beobachten (bspw. zur Feststellung 
kurzlebiger Zwischenprodukte). 

In unserem Falle bleibt das Massenspektrometer 
auf dem Peak der Masse 74 eingestellt, und U74 = 
f(t) wird registriert. Die Auswertung dieser Mes- 
sungen nach Guggenheim ergibt fur log(U:~,,s - 
U:*) =f(t) die in Abb. 3 gezeichnete Gerade II, aus 

deren Anstieg sich die Ge’schwindigkeitskonstante 
kl = 4e10m3 min-’ ergibt. Caudrir6 hat unter sonst 
analogen Reaktionsbedingungen bei 298 K fti k, den 
Wert lJ+lO- 3 min- ’ gefunden. Die ubereinstimmung 
ist ausreichend. 

SCHLUSSBETRACHTUNG 

Der heschriehene kontinuierliche Fliissigkeits- 

einld stellt keinesfalls das Ende, sondern eher den 

Abb. 4. MeDanordnung fti kinetische Untersuchungen. 

Anfang einer Entwicklung dar, und wir sind uns 
der noch vorhandenen Schwachen sehr wohl bewuk. 
Diese Schwiichen beginnen bei den fti die Proto- 
typen verwendeten Materialien (Plexiglas fti die 
Mischkammer, Messing fti den Verdampfer und Tef- 
lon zur Dichtung). 

Fur die Mischkammerversuche wurde das durch- 
sichtige Plexiglas gewlhlt, weil nur unter dauernder 
visueller Beobachtung die Priizision in den Boh- 
rungen erreicht werden konnte, die fti eine pulsfreie 
“Filmstriimung” der Fhissigkeit erforderlich ist. Das 
durchscheinende “Voltalell”, das chemisch sehr resi- 
stent ist, bietet sich als Alternative an. 

Ftir die Kapillaren VK (Abb. 1) und KA (Abb. 4) 
haben sich rostfreie Stahlkaniilen, wie sie beispiels- 
weise von Hamilton in reicher Auswahl angeboten 
werden, gut bewlhrt. Das gilt such fti die Einlagka- 
pillare EK, die aus Pyrex- oder Quarzglas in langen 
Stticken gezogen (& ca. 0,05 mm) und dann auf die 
benotigte Lange von 20 bis 30mm geschnitten wird. 
Selbstverstlindlich ware such eine entsprechend enge 
Metallkapillare als EinlaDkapillare einsetzbar. 

Die Verdampferkammer mit den Dichtungen TB 
und TDK bereitet die gr6Bten technologischen 
Sorgen. Durch die Verwendung von Teflondich- 
tungen ist die Verdampfertemperatur nach oben bei 
493 K begrenzt. Bei dieser Temperatur erreichen aber 
noch nicht alle interessierenden Fltissigkeiten den fti 
eine vollstandige Verdampfung erforderlichen 
Dampfdruck von Smb. Andererseits sind viele feste 
Verbindungen so fliichtig, daB sie ohne weiteres in 
gelijster Form zugegeben und in die Anwendung mit 
einbezogen werden konnen. Da Messing gegen agres- 
sive DLmpfe anfallig ist, haben wir die letzte Ver- 
dampferkammer aus rostfreiem Stahl angefertigt. 
Erfahrungen liegen mit dieser Kammer noch fiicht 
vor, doch ist zu beftichten, dal3 such die tiblichen 
rostfreien Whle nicht vollig resistent gegen manche 
S&rre- und Halogendampfe sind. Die Herstellung des 
Verdampfers aus Glas bereitet aber so grol3e tech- 
nische Schwierigkeiten, dal3 wir vorerst davon abge- 
sehen haben. Insbesondere ist das schnelle Auswech- 
seln der EinlaBkapillare dann nicht mehr gewahrlei- 

!stet. Inwieweit die bei einem metallischen Verdampfer 
zu befiirchtende katalytische Zersetzung stiiren wird, 
bleibt abzuwarten. 

Das zeitliche Einstellverhalten ist mit einer Totzeit 
‘von 0,8 s und einer Einstellzeit von 99 s bereits 
zufriedenstellend. Eine Verbesserung erscheint 
moglich; sie sollte aber nur in Verbindung mit einem 
schnelleren Verst;irker oder einem SEV betrieben 
werden. Da die mit Sekumlarelektronenvervielfa- 
chern ausgestatteten groBen Massenspektrometer in 
der Zuleitung und im Hochvakuum selbst Einstell- 
zeiten von etwa 1OOms auliveisen, ist die untere 
Grenze absehbar. Fiir die meisten F;ille (such fti 
die LC-MS-Kopplung) sind Tot- und Einstellzeiten 
von einigen 1OOms noch tragbar. 

Die quantitative Genauigkeit ist bei der beobach- 
teten Unruhe des Peakmaximums von j, lo/, die 
sowohl durch eine ungleicbrn&Bige Striimung durch 
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die Vorvakuumlcapillare als such durch unregel- 
tnlioiges Verdampfen verursacht sein lcann, noch ver- 
besserungsftihig, wenngleich betont werden mu& da13 
die Ausgangsspannung schon jetzt wesentlich ruhiger 
ist, als beim SchubstangendirekteinlaS. Dagegen 
reicht die Empfindlichkeit fti einige Zwecke noch 
nicht aus. 

Wenn das Massenspektrum der zu bestimmenden 
Komponente einen ungestiirten, intensiven Peak auf- 
weist, kijnnen mit der beschriebenen Einrichtung 
Probenkonzentrationen von .0,1x nachgewiesen 
werden. Mit Helium als Trlgergas und einem SEV 
zur Ionenstrommessung diirfte die Ansprechempfind- 
lichkeit jeweils urn eine Zehnerpotenz gesteigert 
werden k6nnen. Eine Nachweisgrenze von 10ppm 
(bezogen auf die fliissige Probe) scheint demnach 
ohne besondere Schwierigkeiten erreichbar, und 
1 ppm ist irn Rahmen des Miiglichen. Damit kann 
in geeigneten fillen der “on line-Betrieb” eines Mas- 
senspektrometers zur Detektion in der Fliissigkeits- 
chromatographie in Erw8gung gezogen werden. Hierzu 
wird der Auslauf der !%ule an das Dreiwegstiick 
DW (Abb. 4) angeschlossen. Mittels des Drossel- 
hahns DH wird der benatigte fiberdruck eingestellt, 
der in Verbindung mit der Kapillare KA den be- 
niitigten konstanten Flul3 zur Mischkammer bewirkt. 
Selbstverstindlich sind vorerst nur Fltissigkeitsge- 
mische analysierbar, die riickstandsfrei verdampfen. 

Die Bedienung des EinlaDsystems ist auberordent- 
lich einfach. Zur Aufnahme des Spektrums einer 
fliissigen Probe wird diese in eine Mikrokolben- 
biirette gesaugt und mittels eines Motorantriebes mit 
konstanter Geschwindigkeit in die Mischkammer 
geleitet. Bei sehr viskosen Proben empfiehlt sich der 

Zusatz eines geeigneten LGsungsmittels (wie in 
Abb. 1 gezeigt). Die Probenfliissigk+t kann aber 
such dadurch in die Mischkammer getrieben werden, 
da8 eine mit Probe gefiillte Kantile als “An- 
schlul3nippel” auf die Mischkammer gesteckt word. Der 
konstante Liisungsmittelstrom treibt dann als “Kol- 
ben” die Probe in die Mischkammer. Dieses Ver- 
fahren ist wenig aufwendig, ermiiglicht einen 
schnellen Probenwechsel und spiilt-nach Durch- 
laufen der Probe-das ganze System. 
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Summary-It is shown that the coloured species formed between TiO’+ and salicylic acid in concen- 
trated sulphuric acid may be a x-complex rather than a chelate. Similar species are formed by 
other hydroxybenzoic acids where chelating sites for TiO’+ are not available. The ultraviolet and 
NMR spectral characteristics of hydroxybenzoic acids in water, concentrated sulphuric acid and deutero- 
chloroform are presented as evidence for the n-complex formation. The reaction of V02+ with 
salicylic acid in concentrated sulphuric acid is shown to be due to increasing electron-donation 
in the x-component of the V-O bond of VO(H,O):+ as the concentration of sulphuric acid is 
increased, and not to the presence of salicylic acid. 

Titania, TiOl, a principal constituent of ilmenite and 
rutile, is usually brought into solution as the titanyl 
ion TiO’+, by fusion with potassium hydrogen sul- 
phite and extraction with sulphuric acid. Ilmenite 
sands containing titania combined or associated with 
ferrous and ferric oxides have been beneficiated by 
leaching with sulphuric acid. This “sulphate process” 
is controlled by the formation of soluble TiOS04 
and crystallizable sulphates of iron from the resulting 
leach liquor. 

Hulquist’ has reported the formation of a 1: 1 com- 
plex of TiO’+ with salicylic acid in a concentrated 
sulphuric acid medium, the complex being character- 
ized by La,,, at 410 rmr. The use of thymol to charac- 
terize Ti(IV) in concentrated sulphuric acid medium 
was reported by Lenher and Crawford2 as early as 
1913. The use of phenolic compounds such as chro- 
motropic acid (1,8-dihydroxy-3,6_disulphonic acid),3 
and gallic acid4 for the calorimetric determination 
of Ti(IV) has also been reported. As in many colori- 
metric procedures, little attention has been given to 
the nature of the coloured species formed. The reac- 
tion of salicylic acid in concentrated sulphuric acid 
medium has also been utilized for the estimation of 
V02+ and more recently by de Salles et ~1.’ for 
the estimation of niobium. Hulquist’ observes that 
the coloured species formed with Ti02+ or V02+ 
is obtainable only in the presence of a large excess 
of salicylic acid and concludes that the species is 
appreciably dissociated. In view of the behaviour of 
Ti02+ in sulphuric acid media, the reported reaction 
with salicylic acid has been reexamined, to elucidate 
the nature of the coloured species formed. 

EXPERIMENTAL 

Reagents 

Analytical-grade chemicals were used throughout. Sol- 
vents and pyridine were redistilled. 

Titanium(W) solutions. Prepared from 996% pure TiOr 
by fusion with potassium bisulphate andleaching with 5% sul- 
phuric acid, and standardized by the Jones’s reductor and 
tannin methods, then diluted accordingly, or prepared 
from air-dried potassium titanyl oxalate by heating with 
concentrated sulphuric acid until all the reaction products 
had been removed and then diluted with water and suffi- 
cient sulphuric acid to give the required concentration. 
Aliquots of the stock solution were then standardized by 
the Jones’s reductor method. 

Vanadium(W) solutions. Prepared from vanadyl sulphate 
and standardized by photometric titration with potassium 
bromate.6 

RESULTS AND DISCUSSION 

The absorption spectra of solutions of Ti(IV) in 
concentrated sulphuric acid in the presence of sali- 
cylic or sulphosalicylic acid (where the ligands are 
close enough for chelation) as well as in the presence 
of m- or p-hydroxybenzoic acid (where the ligands 
are remote from each other) were similar (Fig. 1). 
The observation of such similar spectral character- 
istics with phenols but not with benzoic acids indi- 
cates that this behaviour is characteristic of phenolic 
compounds. 

Eflect of reagents 

The variation of absorbance at 420 nm for a series 
of solutions containing Ti02+ and differing amounts 
of salicylic acid in a concentrated sulphuric acid 
medium (Fig. 2) showed that a minimum, mole-ratio 
of reagent to Ti02+ of 25: 1 is required for maximum 
absorbance, thus confirming the findings of Hulquist. 
The effect of added water on the absorbance at 420 
nm (Fig. 3) indicated that water could be present 
up to about 20% without causing appreciable change, 
but more than this decreased the absorbance. 

The effect of increasing sulphuric acid con- 
centration on absorbance at & of aqueous solutions 
containing titanyl sulphate and sulphosalicylic acid 
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I I I I I 

Wavelength, nm 

Fig. 1. Absorption spectra of solutions in concentrated 
H,SO.,. 

(a) TiO’ + (4.00 x 10e4M) + o-hydroxybenzoic acid 
(5.70 x IO-‘M), I,,, = 420nm. 

(b) TiO*+(400 x 10m4M) + m-hydroxybenzoic acid 
(570 + 1f-zA4), &, = 412 nm. 

(c) TiOZ+ (4.00 x~:;~;)~+ sulpbosalicylic acid (5.70 x 

(d) TiOZ+ (400 x 10-4kf~~ T-?yzoxybenzoic acid 
(5.70 x 10wZMX I,,, = 410nm. 

0.21 0 7.25 1460 21.75 29.0 36.25 

[Salicyllc acid]: [TiO*+] 

Fig. 2. Effect of reagent on absorbance at 420nm of solu- 
tions containing TiO’+ (2.50 x 10e4M) and varying 

amounts of salicylic acid in concentrated H,SO,. 

I I I I I 

0.3 - 

*a- 
\ 

0.2 - \ 
0.1 - 

I I I 
,I\. 

0 IO 20 30 40 50 

H,O. % 

Fig. 3. Effect of Hz0 content on absorbance at 420nm 
of solutions containing TiOzf (1.30 x 10e4ivf) and sali- 

cyclic acid (570 x 10-‘&f) in concentrated H,S04. 

showed a progressive increase in absorbance at 400 
nm. The stoichiometry of the coloured species formed 
by TiO’+ with salicylic acid or with p-hydroxyben- 
zoic acid in solutions of concentrated sulphuric acid 
was found, by Job’s method,’ to be 1:l (Fig. 4). The 
complexes obeyed Beer’s law from 1.28 to 12.8 ppm 
(absorbance 01-1.0). 

Similar experiments with V02+ showed that an 
aqueous solution of V02+ [characterized by A,, 775 

nm (enI,, = 209 1. mole- 1 .cm- ‘)I gave a greenish blue 
solution with salicylic acid in concentrated sulphuric 
acid medium, accompanied by a hypsochromic shift 

of L,X to 695 nm(& = 33.5). However, the addition 
of >200/, of water restored I,, to 775 nm. A 1: 1 
species was found to be formed in the concentrated 
acid medium; it obeyed Beer’s law ,at 695 nm. 

Arris and Duffy’ showed that the &,a, of V02+ 
at 770 nm in aqueous solution shifts to shorter wave- 
lengths as the concentration of sulphuric acid in the 
medium is increased, a phenomenon which occurs 
even in the absence of reagents such as salicylic acid. 
The spectral characteristics of a solution of vanadyl 
sulphate in sulphuric acid of various concentrations 
in the presence and absence of salicylic acid are 
shown in Table 1. 

This observation has been interpreted in terms of 
the molecular orbital scheme for V02+ by Ball- 
hausen.’ All the spectral bands given by the ~-CO- 
ordinated VO” ion are assigned to transitions which 
involve bonding or antibonding n-orbitals of the V-O 
bond. Any factor which increases the extent of elec- 
tron donation from 0 to V in the n-component of 
the V-O bond would have the effect of lowering the 
energy of the e, bonding m.o. and raising that of 
the e$ m.o. and thus increase the energy of transition 

0.2 0.4 0.6 0.6 

[MO*‘] / [MO*‘] + [Reagent] 

Fig. 4. Composition’by Job’s method 
(a) pi02’] = [salicylic acid] = 2.0 X 10_3M; 

1= 420nm. 
(b) [VO”] = [salicylic acid] = 5.0 x 10-2M; 

I = 695 nm. 
(c) [TiO”] = Cp-hydroxybenzoic acid] = 2.0 x 10m3M; 

d = 410nm. 
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Table 1. Spectral characteristics of aqueous solutions of VO*+ and aqueous solutions of V02+ containing salicylic 
acid in varying concentrations of H2SOh 

vo2+ (4 x 10_2M) 

Medium, I, 
%H,so4 IDaX’ nm 

%l,f~ 
1. mole- . cm-’ 

Medium, 
m2so4 

to2+ (1 x lO_ZM) + 
salicylic acid (1.25 x lo- ‘M) 

t Inax, 
nm 1. mok? cm-’ 

0 770 20.9 0 - 
20 760 21.6 25 750 24.5 
30 755 22.8 40 750 24.0 
50 ‘.750 240 60 735 26.0 
70 710 26.5 75 695 29.2 
90 695 32.5 95 685 40.5 

and cause the shift of the J.,,,_ of these bands to 
shorter wavelengths. Hence it would appear that the 
change of solvent from water to sulphuric acid alters 
the co-ordination sphere and increases the electron 
donation in the x-component of the V-O bond. 

Shnaidermanand Pleskonos’” studied the vanadium 
(IV)-pyrogallol system in concentrated sulphuric 
acid and reported that the absorption maximum at 
500 nm shifted progressively to longer wavelengths 
on addition of water, finally giving a blue solution 
characteristic of VO’+ in water. They also found 
that this shift was accompanied by a decrease in ab- 
sorptivity, a phenomenon similar to that observed 
in this study for the salicylic acid system. However, 
the possibility of reduction of V(IV) to V(III) and 
V(I1) in the pyrogallol system cannot be overlooked 
and this aspect is currently. being studied by us. 

Similar measurements with TiO’+ in water with 
progressive increase in sulphuric acid concentration 
showed a line spectrum (expected for a d” system) 
that moved to longer wavelengths as the acid content 
increased (Fig. 5), a phenomenon which was very 
unlike that for VOz+ and could be attributed to 
the replacement of the water ligands around TiO’+ 
by SO:- and HSO; which give weaker crystal fields, 
thus causing the shift to longer wavelengths as 
observed. Adeer and Hisky” observed a similar trend 

I I I I I I I 

~avclength. nm 

Fig. 5. Absorption spectra of solutions containing Ti02+ 
(2.50 x IO-%4) in H2S04. m2S0,]: (a) 3N; (b) 1ON; (c) 

20N; (d) 30N. 

in the ultraviolet line-spectra of solutions of Nb205 
in sulphuric acid. 

Nature of the Ti02 ’ species formed 

That the species formed between Ti02+ and sali- 
cylic acid in concentrated sulphuric acid medium is 
not a chelate is demonstrated by the formation of 
similar species with m- and ,p-hydroxybenzoic acid, 
where chelation is improbable or impossible. The 
absorption band in the visible region for the titanyl/ 
salicylic acid/cone. H$O.+ system has higher absorp- 
tivity, A,,, at a wavelength longer by about 65nm, 
and a broader absorption band than the titanyl sali- 
cylate cheIate in aqueous solution. These are features 
characteristic of weak binding in the complex in the 
ground-state. 

In an attempt to identify the nature of the complex 
species, ultraviolet absorption spectra of the reagent 
in water and in sulphuric acid were compared with 
those of sulphuric acid solutions containing the metal 
ion and reagent. 

Figure 6 indicates that the reagent shows bands 
at around 238 and 300 nm in water, which shift with 
increasing sulphuric acid concentration to 260 and 

I I I I I 

Wavelength, nm 

Fig. 6. Absorption spectra. 
(a) Aqueous solution of salicylic acid, 1.45 x 10e4M. 

(b) Gone. H,SO, solution of salicylic acid, 1.45 x 10~*M. 
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Table 2. Variation of A_ of aqueous solutions of salicylic 
acid in varying concentrations of &SO4 

Cont. 
wzso4, % 0 20 40 60 80 85 90 95 98 

i rrm max, 297 302 303 303 305 315 320 323 328 

330nm respectively in the concentrated acid (Table 
2); the 330 um band for the acid medium (300 nm 
for aqueous medium} could be attributed to intramo- 
lecular hydrogen-bonding in salicylic acid. 

The absorption bands observed in the ultraviolet 
region for solutions of salicylic acid in both water 
and sulphuric acid are found to be retained when 
TiO*+ is also present. 

These observations would suggest the formation 
of the coloured species only at sulphuric acid con- 
centrations greater than 80% and are compatible with 
the effect of water on the stability of the coloured 
species as shown in Fig. 3. 

Schubert and Quaccbialz have studied the equilib- 
rium carbon protonation of p~oro~~inol and its 
methyl ethers in 40-65x perchloric acid by ultraviolet 
spectrophotometric methods and report that the spec- 
trum of 1,3,5-trimethoxyben in 95% ethanol is 
characterized by a strong band at ~230 nm and 
a weakly absorbing peak at 266 mn, and that as\ 
the perchloric acid concentration increases, these are 
replaced by strong peaks at 247 and 347 nrn, corre- 
sponding to the conjugate acid: 

R” OR+ “+ 

I +I 
OR bR 

It therefore appears probable that salicylic acid 
might exist in a protonated form stabilized by intra- 
molecular hydrogen-bond~g in a medium such as 
concentrated sulphuric acid: 

” . . OH a ” n P” 
--1 

H + : + \ =\ 
..__.j P- 

ti a \ &i 
P 

In that case it is also probable that the protonated 
form of the reagent is retained in the presence of 
Ti02+. The protonated reagent could thus bind with 
the Ti02+ to form a n-complex: 

NMR studies 

In an attempt to obtain additional evidence for 
the formation of a protonated species in concentrated 
sulphuric acid, the NMR spectra of a solution of 
saiicylic acid in concentrated sulphuric acid with and 
without Ti02+ present and of a solution of salicylic 

I 
I I I I 

8.0 70 
6, PPM 

Fig. 7. NMR spectrum of a solution of salicylic acid in 
CDClj . 

acid in deuterochloroform were obtained, with a 60- 
MHz NMR spectrometer (Figs. 7 and 8). The spectra 
obtained showed the following characteristics. 

(i) The NMR spectrum of salicylic acid iu CDCl, 
was grossly different from that obtainable in concen- 
trated sulphuric acid. The former was characterized 
by four aromatic protons in the region 7G--8-O ppm 
with multipl~ts in the ratio 1:1:2, but the latter sug- 
gested the presence of three protons in the region 
7.95-9.2 ppm with a singlet and two doublets in the 
ratio 1: 1: 1. This would suggest the loss of an aro- 
matic proton and hence the possible presence of a 

IO.0 9.0 8.0 7-o 
8. PPM 

Fig. 8. NMR spectrum of a solution containing salicylic 
acid and TiOz in concentrated H2S04 (. . . . . .), super- 
posed on the NMR spectrum of a solution of salicylic acid 

in concentrated H2S04(-). 
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protonated species of salicylic acid in concentrated spectra and Mr. D. A. T. A. Senarat Yapa for having 

sulphuric acid as suggested. checked some of the absorption spectra. 

(ii) The NMR spectra of the sulphuric acid solu- 

tions of salicylic acid with and without TiO’+ were 
similar, suggesting that this protonated species is 
retained in the presence of Ti02+, but in the presence 
of TiO' + there was a high-field shift from 7.95-9.2 
ppm to 75-8.75 ppm. 

These characteristics lend further support for the 
suggested nature of the coloured species as a x-corn- 
plex. Similar proton chemical shifts for protonated 
aromatic compounds (arenonium ions) have been 
reported.r3 

Dilution of a sulphuric acid solution of Ti02+ and 
salicylic acid resulted in recovery of salicylic acid, 
which was shown not to be sulphonated, thus exclud- 
ing the possibility of sulphonation of the salicylic 
acid under the conditions employed. 
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COLOUR CHANGES OF CHEMICAL INDICATORS-VI 
METALLOCHROMIC INDICATORS FOR DIREa CHELOMETRIC 

TITRATIONS OF ZINC* 
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Department of Analytica; Chemistry, College of Chemical Technology, 53210 Pardubice, 
Czechoslovakia 
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Summary-Eriochrome Blue SE, Eriochrome Red p, Naphthylazoxine 6S, SNAZOXS, and Zincon 
have been studied in order to find optimum conditr\Ts for their use as metallochromic indicators 
in direct visual chelometric titrations of zinc. The shakness of the indicator transitions has been 
investigated by means of photometric titrations and the cb@r quality has been specified with the 
aid of the C.I.E. chromaticitv svstems. Zincon and Eriochrone Blue SE have been found to be 
the most convenient for visual titrations of zinc. 

Objective approaches to the specification of colour 
changes of chemical indicators have received only 
limited attention (for a literature survey see ref. 1) 
despite the wide analytical applicability of such quan- 
titative data. The significance of a suitable quantita- 
tive scale for describing the quality of indicator colour 
changes has been discussed by Reilley and Schmid.’ 
Two criteria must be distinguished: the colour quality 
of the indicator transition, and the sharpness of the 
transition attained under specified conditions for a 
given titration. Although various theoretical attempts 
have been made to characterize the colour changes 
of metallochromic indicators,2s3 and have already 
been treated elsewhere,4 only a little experimental 
work has been done to provide a basis for critical 
comparisons and classifications of the vast number 
of metallochromic indicators at present available. 

The experimental techniques and approaches to 
evaluation used in a previous investigation of metal- 
lochromic indicators for lead,5 have been further de- 
veloped; in the present study they have been applied 
to various metallochromic indicators for direct chela- 
tometric titration of zinc. The colours observed dur- 
ing the indicator transition are described in terms 
of the C.I.E. chromaticity systems,’ and the optimum 
medium for titration is chosen by considering the 
photometric titration curves obtained under various 
titration conditions6 

Of the metallochromic indicators recommended for 
zinc only those were chosen which were found to 
be sufficiently pure and to form predominantly a 
single zinc complex. These were Zincon, SNAZOXS, 
Naphthylazoxine 6S, Eriochrome Blue SE, and 
Eriochrome Red B. 

Zincon, the monosodium salt of 2-[2-[a-(2-hyd- 
roxy-S-sulphophenylazo)benzylidene]hydrazino]ben- 

* Part V-Sb. Ved, Praci, Vys. Sk. Chem. Technol., Par- 
dubice, 1971, 26, 3. 

zoic acid, was rec\mended originally for spectro- 
photometric determiria+ion of zinc’*s but soon found 
applications as a metalhschromic indicator for zinc, 
in ammoniacal9 or triethanqamine2 buffer media. 

The indicator SNAZOXS, +e disodium salt of 8- 
hydroxy-7-&++.ulphonaphthyl)az -]-5_quinolinesul- 
phonic acid has been advocated for chelometric 
titrations of bivalent and tervalent mxtal ions;ioJ1 
zinc is titrated in acetate or pyridine bur>r. 

Naphthylazoxine 6S, the disodium salt 1 f 8-hyd- 
roxy-7-[(b-sulpho-2-naphthyl)azo]-S-quinoh;esul- 
phonic acid, is an analogue of SNAZOXS an,’ is 
used for the chelometric titration of copper( cab* 
mium, and zinc in a pyridine buffer of pH 6 and 
for magnesium and calcium at pH 10.i2 

Eriochrome Blue SE, the disodium salt of 4,5di- 
hydroxy-3-[(5-chloro-2-hydroxyphenyl)azo]-2,7-naph- 
thalenedisulphonic acid, was introduced as a metal- 
lochromic indicator for calcium and magnesium13 but 
soon also found application for other metals.14 As 
with Eriochrome Black T, zinc is titrated in an 
ammoniacal buffer at pH 5 10. 

Eriochrome Red B, the sodium salt of 1-O-methyl- 
5-oxo-l-phenyl-2-pyrazolin-4-ylazo)-2-naphthol-4-sul- 
phonic acid, has been introduced as another indicator 
from the family of o,o’dihydroxyazo dyestuffs. 1 ’ With 
this indicator zinc is titrated either in an acetate or 
hexamine buffer at pH 6.5 or in ammoniacal buffer 
at pH 10. 

This choice of indicators and the aims of the &es- 
ent study are necessarily rather restrictive. It is to 
be hoped that hrrther quantitative information on 
characterization of colour changes of chemical indi- 
cators will be accumulated in future. 

EXPERIMENTAL 

Apparatus 
Absorption spectra in the visible region (380-770 nm) 

were obtained with a Zeiss VSU-1 spectrophotometer. 

529 
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Cells of optimum path-length were used in the measure- 
ments and the results were recalculated to a 50-mm stan- 
dard path-length. 

Photometric titrations were performed on a Zeiss Spekol 
spectrophotoineter equipped with a microtitration attach- 
ment of special design,16 a photocell housing, and an 
amplifier (type ZV, Zeiss). Glass cells (type C, Zeiss) with 
a SO-mm path-length and 20 ml capacity were used for 
titrations. The two spectrophotometers were tested with 
standard spectrophotometric solutions.” 

A Radelkis Model OP-201/2 pH-meter with a glass- 
saturated calomel electrode pair was calibrated on the 
operational pH-scale with standard reference buffer solu- 
tions.” 

A home-made 4OOql micrometer syringe burette was 
used for the photometric titrations, the tip of a fine 
polyethylene capillary jet being immersed in the titfand. 
The microburette was calibrated by weighing water 
delivered under a layer of paraffin oil. 

Reagents 

Reagents of analytical grade and redistilled water were 
used in all experiments. 

EDTA solution (O.OlM) was standardized by visual 
titration of recrystallized lead chloride,” Xylenol Orange 
being used as indicator.6 

Acetate bufferszO for the pH range 36-5.9 were obtained 
by mixing 0.2y acetic acid and 0.2M sodium acetate. 
Hexamine buffers were prepared from a stock 0.5M solu- 
tion by adjustment of the pH with 1M nitric acid. 
Ammoniacal buffers of pH 7%10.2 were prepared by 
appropriate additions of dilute ammonia solution (1 + 4) 
to 50 ml of 05M ammonium chloride and dilution to 
100 ml. 

Indicator solutions 

Stock 0.0015M solutions of the indicators were prepared 
by dissolving the following amounts of reagents in 100 
ml of water: 0.0060 g of Zincon, 0.0778 g of Eriochrome 
Blue SE, 0.0683 g of Eriochrome Red B, 0.0755g of 
SNAZOXS and Naphthylazoxine 6s. For easier dissolu- 
tion three drops of saturated ammonia solution were used 
if necessary. A few crystals of hydroxylamine hydrochloride 
were added to stabilize the stock solutions, which were 
diluted to 0~00015-00003M just before the titrations. 

The purity of the indicators was checked by descending 
paper chromatokraphy on Whatman No. 1 paper with 
butanol-acetic &d-water (2: 1: 1) for Zincon,- ethyl ace- 
tate-methanol-water (1: 1: 1) for SNAZOXS. Naohthvla- . I . 

zoxine 6S, and Eriochrome Blue SE, and butanol-acetone- 
concentrated ammonia solution (4:3:3) for Eriochrome 
Red B. All the indicators were found to be free from 
other dyestuffs. 

Procedure for photometric microtitrations 

A 3-ml portion of OGOlM zinc is transferred to the 
titration cuvette (length 50 mm), 2 ml of buffer solution 
and 2-4 ml of approi. 1.5 x fOL41M indicatoy are added, 
and solution diluted to 20 ml and titrated with O.OlM 
EDTA. 

RESULTS AND DISCUSSION 

Zincon 

The indicator species H&I present in acidic media 
is red-violet, changing at lower acidity to yellow 
[pK,,(H,In) = 4].21,22 The next deprotonation 
(p& = 7%) gives a colour change to orange-yellow. 
In 1OM potassium hydroxide medium the violet 
colour ofthe fully deprotonated indicator appears (pK,, 
- 15). 

A 
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Fig. la, b. Photometric titration curves of zinc with Zincon 
as indicator (ca, = 1.5 x lo-‘%, C,” = 3 x lo-sM, 1= 
625 nm) at the following pH values: l-7.68; 2-8.25; 

3-8.65; 4-9.68; s9.80; &1@27. 

The effect of pH on the titration in dilute ammonia- 
cal buffer media is illustrated by the curves in Fig. 
1 (obtained at 625 nm). The steepest break is obtained 
at pH 8.6, but slightly lower pH values have no prac- 
tical effect on the sharpness of the indicator transi- 
tion. The optimum pH is thus 8.6, in agreement with 
the results obtained for spectrophotometric deter- 
mination of zinc.’ 

The absorption spectra in Fig. 2 illustrate the indi- 
cator colour change. The blue metal-indicator com- 
plex has an absorption maximum at 620 nm (c$ 
Tables 1 and 2). The indicator transition proceeds 
via purplish-grey to the yellowish-orange of the free 
form of the indicator (A,,, = 480 nm; curve 3 in 
Fig. 2). There is an isosbestic point at 525 nm. The 
colour change of Zincon under the given conditions 
is characterized by the chromaticity co-ordinates in 
Tables 1 and 2 and the position of the transition 
chromaticity curves in Figs. 7 and 8, respectively. 
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A 

Fig. 2. Absorption spectra for a solution of zinc titrated 
with 001M EDTA, using Zincon as indicator (czn = 1.5 x 
10e4M, c,” = 3 x lo- ‘M, pH = 8.65, d = 5Omm) at the 
following consumptions of t&rant: l--00; 2-28544; 

SNAZOXS 

This indicator has the foIIowing aci&base colour 
changes in the absence of bivalent metal ions: the 
purple colour of an acidic solution is first changed 
to pink CpK,i(HsIn) = 3-O;23] and then in neutral 
medium to orange-yellow CpK.,(HIn) = 7.0). The 
metal-indicator complexes formed in mildly acidic 
medium are yellow. 

The pH effect on chelometric titration of zinc(I1) with 
SNAZOXS in acetate buffer medium is shown in Fig. 
3. The slope of the section before equivalence is pH- 
dependent in the pH range 3.7-55. The sharpest tran- 
sition is obtained at pH 55. Further increase in pH 
has no effect up to about pH 6, where the second’ 
acid-base transition of the indicator begins to inter- 
fere. 

SNAZOXS forms a yellow complex with zinc 

(Ll,, = 455 nm; curve 1 in Fig. 4), and the colour 

A 

mm 

Fig. 3. Photometric titration curves of zinc with SNA- 
ZOXS as indicator (cz,, = 1.5 x 10e4M, qn = 1.5 x 
lo-‘i%& Z = 54Onm, d = 50 nm) at various pH values: 

l-3.72; 24.30; 3-5.08; 4-545. 

x, “In 

Fig. 4. ,Absorption spectra of SNAZOXS during titration 
of zinc with OOlM EDTA (cz. = 1.5 x lo-‘%, cIn = 
1.5 x 10e5M, pH = 5.45, d = 50mm). Added titrant: 

l-0.0; 2-268.6 /.d; 3-289.3 4; 4-373.0 4. 

change proceeds through orange to the pink of the 
free indicator (;lma% = 510, curve 4). There is one isos- 
bestic point at 489 nm and a second at 348 nm. 
The chromaticity co-ordinates for the colour change 
of SNAZOXS are given in Tables 1 and 2 along 
with the concentration fraction of all free indicator 
species, CI = [In’]/c,,. The transition chromaticity 
curves are shown in Figs. 7 and 8. 

Nuphthyluzoxine 6s 

The free form of Naphthylazoxine 6s is pink 
between the two dissociation steps with pK, 31 and 
7.4 at Z = 0.1 and 25”,23 where the indicator species 
HIn prevails. The indicator forms a complex ZnIn 
with log /I = 72. 

Naphthylazoxine 6s is similar in its properties to 
SNAZOXS, which is reflected in the effect of pH 
on the photometric titration curves at 540 nm (acetate 
buffer). The sharpest indicator cobur change is 
obtained at pH -59. A further increase in pH has 
no effect, up to pH 6.4, where the acid-base colour 
change at pK, 7.4 begins to interfere (Fig. 5). 

The colour change during chelometric titration of 
zinc is similar to that with SNAZOXS (Fig. 6). The 
chromaticity co-ordinates are given in Tables 1 and 
2. The sequence of hues is characterized by the transi- 
tion chromaticity curves in Figs. 7 and 8. 

Eriochrome Blue SE 

The acid-base transition of this indicator begins 
with a red colour at pH <7.5, followed by blue over 
the pH range 85-100, and violet at pH >10.5. The 
final deprotonation occurs in strongly basic medium 
but there is no conspicuous colour change. A poten- 
tiometric studf4 gave the pK. values as 8-0, 10.5, 
and 11.9. 
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Fig. 5. Photometric titration curves for Naphthylazoxine 
6s as indicator (cxn = 1.5 x 10-*&f, q, = 1.5 x lo-%, 
,l = 540 run, d = 50 mm) at various pH values: l-3.74; 

2-431; 3-535; 4-585. ’ 

The effect of pH on the titration of this indicator 
during chelometric titration of zinc was investigated 
at 625 nm, i.e., the absorption maximum of the free 
indicator, in ammoniacal buffers. No marked differ- 
ence in the shape of the titration curves was observed 
from pH 7.75 up to pH about 10, where the acid-base 
equilibrium begins to affect the colour transition. 
Thus a pH of about 9 is best for visual titration 
and investigation of the indicator colour change. 

At the beginning of the titration the zinc-indicator 
complex has a purple colour &,, = 555 run; cf. Tables 
1 and 2), and at the end the free form of the indicator 

Fig. 6. Absorption spectra of Naphthylazoxine 6S during 
titration of zinc (cxn = 15 x 10-4Zt4, q, = 15 x 10-5M, 
pH = 585, d = 5Omm). Volume of OOlM EDTA adde :d: 

l-0.0; 2-268.6 fl; 3-286.3 41; 4-373.0 fl. 

06 

0 02 04 06 

X 

Fig. 7. Chromaticity diagram C.I.E.--xy (1931) showing 
the chromaticity transition curves of the following indi- 
cators: 1-Eriochrome Blue SE; 2-Eriochrome Red B; 
3-Zincon; 44NAZOXS; 5-Naphthylaxoxine 6s. The 
point of achrcmatic colour corresponds to the C.I.E. stan- 

dard source C. For computations see ref. 26. 

is blue (& 600 nm; cf: Figs. 7 and 8). The absor- 
bance curves intersect at an isosbestic point at 582 
nm. 

Eriochrome Red B 

The free form of the indicator is yellow, and the 
colour is not significantly influenced by the acid-base 
equilibrium with pK, 6.28 (I = 001X25 but the absor- 
bance at 470nm decreases with increasing acidity. 

The steepness of the photometric titration curves 
at 520 nm is practically unaffected in the medium 
of dilute ammoniacal buffers over the pH range 6*95- 
9.7. A pH of about 8 was chosen for further study. 

The absorption spectra during the colour change 
of Eriochrome Red B show isosbestic points at 484 

” 

016 020 024 02s 0.32 

Fig. 8. Section from the uniform chromaticity spacing dia- 
gram C.I.E.-uo (1960) introducing the chromaticity transi- 
tion curves of the following indicators: 1-Eriochrome 
Blue SE; 2-Eriochrome Red B; %--Zincon; 4-SNA- 
ZOXS; 5--Naphthylaxoxine 6s. The point corresponding 
to the C.I.E. standard source C is marked with a cross. 
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Table 1. hostility co-ordinates for the colour changes of some rne~ll~~o~c indicators for zinc 

Dominant wavelength and 
C.IE.-xy C.I.E.-uo excitation purity 

Indicator pH u* Y .x Y u 0 Ad? nm Pe 

Zincon 8.65 :: 27.2 0209 
35.5 t3338 

i-0 60.4 @473 
SNAZOXS 5.45 00 66.7 0.487 

0.5 47.0 0.503 
1.0 36.7 0.489 

Naphthylazoxine 6s 5.85 00 76.6 0462 
05 56.7 0.492 
1.0 47.1 0491 

Eriochrome Blue SE 9.05 0.0 27‘2 0336 
05 252 O273 
1.0 27.7 0232 

Erioehrome Red B 8.05 0.0 60.0 0437 
0.5 62.4 0.452 
1.0 69.4 0445 

@195 @ilO 0.237 474.0 @515 
0324 0,218 * O-313 594.8 Go97 
0.413 0.270 0,353 584.9 0694 
0,444 0265 0.362 582.1 0.818 
0.376 0.309 0.347 593.5 0678 
0.310 Q.341 0,324 6225 0464 
C-466 0.241 0.365 571.9 0.809 
0401 0.288 0.352 588.2 0.716 
0.347 0.318 @337 6oQ5 0.567 
0199 0286 0,253 -5370 0523 
0.200 0.225 0.247 - 5637 0399 
0.219 0.180 0.255 473.1 0.401 
0.339 0.282 0.328 599.8 0402 
0.387 0.268 0345 5873 0570 
0.439 0241 0.357 578.9 0.69 1 

* CI = fraction of all free indicator species. 

Table 2. Complementary chromaticity co-ordinates 

Napthylamxme 6s 

Indicator 

C-O 

(L 

0.142 

CL _ Q, J 

0105 J 184 

K, (at i, nm) 

1075 

ZlIlWll 

(450) 

DO 0433 0,437 1020 1,198 (620) 

1.0 0151 @191 J 126 I 154 (480) 

SNAZOXS 0.0 0142 DI4S J 310 I 109 (4f#) 
JO 0184 @3SO 1342 1 126 /51Ob 

quality of Eriochrome Red B is somewhat lower, but 
the transition sharpness is high enough; the colour 
change may be considerably improved by screening 

given in Table 2. This 

with a suitable background colour (e.g., ref. 27). The 

objective approach2s*2g will 

best combination of screening dyes can be computed 
from the complementary chromaticity co-ordinates 

JO 0154 e3J.5 1,252 @998 (500) hP , 
“” Ermchrome Blue SE 0.0 0.299 0.473 Ia65 J 076 (SW 

10 0.397 0,410 J@l 1410 (600) 

further studied. 

Ermchrome Red B 0.0 0.131 0317 0837 0778 (X0) 
1.0 0156 @J41 I.031 J+43 (470) 

The quantities Q, Q, and J are defined in refs. 1 and 
28. The calculation and application of the constant & 
is presented in ref. 29. 

and 558 nm, At the beginning of the titration the 
zinc complex has an absorption maximum at about 
510 mn (see Tables 1 and 2). The ~~~~rnent of 
zinc from the red indicator complex results in a 
sequence of orange hues, ending with the orange-yel- 
low of the free indicator (A,,, 470 nm). This colour 
change, which resembles that of Methyl Orange, is 
characterized by the transition chromaticity curves 
in Figs. 7 and 8. 

Conclusion 

The sharpness of 6olour change of all five indi- 
cators at the optimum pN is sufficient for accurate 
visual titration of zinc with O*OlM EDTA, but Zincon 
gives the best c&our q~~ity of ~ansition. As shown 
by Figs. 7 and 8, the colour change from blue to 
orangeyellow passes close to the point of achromatic 
colour. Such a colour change between complementary 
colours is considered to be the best for visual end- 
point detection. A large colour difference is also 
achieved with Eriochrome Blue SE, the colour change 
of which resembles that of Eriochrome Biack T. The 
coiour changes of SNAZOXS and Naphthylazoxine 6s 
are not so conspicuous and a long experience may 
be required to achieve precise results. The colour 
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Summary-Mercury(H) at the sub-ppm level was determined by using a column packed with gel 
beads containing dithizone stabilized as the zinc complex. The heads turned from pink to green 
when the acidified sample solution was passed through the column. If the solution contamed mercury 
(II), the colour of the gel beads turned to orange owing to the formation of mercury dithizonate. 
The length of the coloured zone was proportional to the amount of mercury in the sample. With 
Q010/, dithizone gel, as little as 0.1 ppm of mercury(I1) could be determined in a 20-ml sample at 
a flow-rate of 1 r&min. 

In a previous paper, we reported the use of a column 
containing dithizone gel beads for the extraction of 
trace amounts of metal ions from aqueous solution.’ 
When an aqueous solution containing mercuryfI1) at 
less than the ppm level was passed through the 
cohimn, a sharp &our change of the dithizone gel 
from the green of free dithizone to the orange of 
the mercury dithizonate was observed. The fact that 
the length of the orange zone was proportional to 
the total amount of mercury(I1) in the solution passed 
through the column, suggested the use of a dithizone 
gel column for the semiquantitative determination of 
mercury(I1) at very low concentrations. 

Various devices such as test papers or detector 
tubes containing ion-exchange resins or other par- 
ticles impregnated with chromogenic reagents have 
been proposed for the ~~q~nti~tive defection 
of metal ions,’ but few could be used for ~rcur~I1) 
at less than the ppm level. 

This paper reports the use of the dithizone gel 
bead column for the semiquantitative determination 
of mercury(I1) at the sub-ppm level. The method 
could be used in the field for samples of environmen- 
tal origin. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical grade. Dithizone was 
used without further pupation. Zinc dithiionate 

[Zn(HDz),] was prepared by the conventional method3 
and was recrystallized from chloroform. 

Preparation of dithizone gel beads 

The procedure was subs~nti~ly that reported pre- 
viously,’ but the gel beads were prepared from 1 g of 
styrene-divinylbenzene copolymer (2y0 divinyibenzene, 
particle size 70-lOOmesh) by soaking 111 1Oml of 001% 
dithizone solution in chlorobenzene for 3 hr in a refrigera- 
tor. After removal of excess of solvent by centrifugation, 
the gel beads were suspended in about 100 ml of 1% zinc 
sulphate solution to obtain the pink zinc dithizonate gel 
beads. Fin~y,.~e gel beads were washed several times 
with water saturated with chlorobenzene. 

Alternatively, dry polymer beads could be soaked with 
1Oml of 0.01% zinc dithizonate solution which was pre- 
pared by dissolving crystalline zinc dithizonate 
[Zn(HD&] in chlorobenzene, to obtain the zinc dithi- 
zonate gel beads directly. 

The latter procedure has the advantage that the decom- 
position of dithizone during preparation of the gel beads 
is avoided. This becomes more important when gel beads 
of lower dithizone concentration are to be prepared. 

Preparation of analytical'gel bead column 

The column consisted of a Pyrex glass tube (25mm 
bore and 120mm long) with a glass-woof plug at the 
lower end. Two procedures were employed to prepare uni- 
formly packed gel bead columns. 

ID the first, 200mg of gel beads were suspended in 
200 ml of distilled water saturated with chlorobanzene, and 
were sucked into the column by reduced pressure. The 
suspension had to be stirrred continuously by a magnetic 
stirrer to obtain a uniformly packed column. The pro- 
cedure was continued until tbe~length of gel bead lasr 
was 1OOmm. The column top was then plugged with a 
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m A : Sample reservoir 

8 PVC tubing 

C. Flow adjuster 

D: Silicon rubber tubing 

E: Analytical column 

F: Volumetric cylinder 

Fig. 1. Diagram of apparatus. 

disc of porous PVC. Both ends of the column were sealed 
with polyethylene stoppers, and the column was wrapped 
in aluminium foil. About five columns could be filled with 
1 g of gel beads. 

In order to prevent the decomposition of the dithizone 
or the dithizone complex, the whole procedure had to 
be carried out at <20”, and the columns stored in a 
refrigerator. Columns stored for a month still give satisfac- 
tory results. 

In the second procedure, the stem of a cylindrical funnel 
of 1OOml capacity was connected to the upper end of 
the column with silicone rubber tubing, and the column 
attached to a Btichner flask through a rubber stopper. 
About 200mg of gel beads suspended in 200ml of water 
were poured into the funnel, while slight suction was 
applied. The suspension was stirred continuously with a 
mechanical stirrer. When the length of the gel bead column 
was lOOmm, the column was removed and treated as in 
the first procedure. 

Analytical procedure ’ 

An analytical column was connected to a sample reser- 
voir with PVC tubing as shown in Fig. 1. The sample 
solution, which had been acidified with nitric acid to pH 
1, was placed in the reservoir, and the flow-rate was 
adjusted to 1 ml/min. 

As the sample solution flowed through the column, the 
pink gel turned to green as zinc dithizonate was decom- 
posed by the acid sample to liberate free dithizone. Then 
the complexation of mercury(I1) with dithizone took place 
from the top of the column to give an orange band. After 
passage of a measured volume of sample solution, the 
length of the orange zone was measured and the amount 
of mercury was calculated from a calibration curve, which 
was either linear or slightly convex. 

RESULTS AND DISCUSSION 

Gel beads and analytical column 

Dithizone decomposes so readily that the gel beads 
of O-01% or lower free dithizone concentration could 
not be stored for more than a few days even in a 
cool dark place. On the other hand metal dithi- 
zonates are stable, so zinc dithizonate was employed 
in this experiment, because the gel beads were stable 
for many weeks. The free dithizone gel could be 
released by treatment with dilute acid. 

As the concentration of dithizone in the gel beads 
is directly related to the zone length of the mercury 
complex, stability of the dithizone is essential for an 
accurate result. When 0.01% dithizone solution was 
used, a lo-mm length of complexed mercury corres- 
ponded to 16-1.8 pg of mercury. At a dithizone con- 
centration of OQOS%, a lo-mm length corresponded 
to 05-0.7 pg of mercury. However, the decomposition 
of dithizone became more critical in the latter case. 

The sharpness of the zone boundary partly 
depended on the particle size of the beads. Gel beads 
of larger size than 7@1OOmesh gave more indefinite 
zone boundaries, while those of finer particle size 
gave difficulties in packing the columns and obtaining 
suitable flow-rates. 

Uniformity of column packing is essential for 
reproducible results. Both packing procedures de- 
scribed were satisfactory, but the first gave a denser 
column and so the length of the mercury complex 
zone was 500/, greater for the second packing pro- 
cedure. 

Conditions for the analytical procedure 

The length of coloured zone and the sharpness 
of the boundary were also affected by the flow-rate. 
When sample solution containing 0.2 ppm of mercury- 
(II) was passed through the column at a flow-rate of 
2+%-0~4ml/min, the zine length increased almost 
linearly with the total amount of mercury(H). How- 
ever, the zone boundary became diffuse when the 
flow-rate was increased beyond this range. In the 
standard procedure, the flow-rate was fixed at 1Q ml/ 
min. 

Under these conditions, the relation between the 
zone length and the volume of sample solution con- 
taining a given amount of mercury(I1) was linear (Fig. 
2). Accordingly, the mercury concentration can be 
determined either by observing the zone length after 
passage of a known amount of sample solution, or 
by measuring the volume of sample solution needed 
for the coloured zone to reach a given point. 

With 0.01% dithizone gel beads, as little as 0.1 ppm 
of mercury(I1) could be determined with a 20-ml 
sample at a flow-rate of 1 ml/min. The error is about 
+ 10% at the 24 pg level and 54% at the 10-15 pg 
level. 

With tjre use of 0005% dithizone gel beads, as 
little as 50ppM (parts per milliard) of mercury(I1) 
was determined. However, in the latter case, it is 
recommended to use fresh analytical columns to 
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Fig. 2. Relationship between the length of coloured band and the sample volume at various mercury 
ion concentrations. Analytical columns were prepared with gel beads containing 0.01% dithizone. Flow- 

rate 1 ml/min. [Hg]: A, 0.1; B, 0.2; C, 0.3; D, 0.4; E, 0.5; F, 0.6; G, 0.7; H, @8pg/ml. 

avoid an error due to partial decomposition of the 
dithizone. 

When a large volume of sample solution was 
passed through the column, the gel beads tended to 
shrink, owing to the loss of chlorobenzene into the 
aqueous phase, causing channels in the column. 
Accordingly, the sample solution had to be saturated 
with chlorobenzene before it was placed in the sample 
reservoir. However, in the standard procedure where 
only 20ml of sample solution was passed through 
the column, presaturation was not necessary. 

Conditions for the colour reaction 

The mode of complexation with dithizone depends 
upon the pH of the solution. In the acidic range, 
an orange primary complex lI-&(HDz),] is formed, 
whereas in the higher pH range, a pink secondary 
complex [Hg,(Dz),] is formed.4 Since the complexa- 
tion is more specific for mercury(I1) in the lower pH 
region, the sample solution was acidified to pH 1 
with nitric or sulphuric acid. Under these conditions, 
the reaction sequence can be written as: 

Zn(HDz)2 + 2 H+ --* 2 H,Dz + Zn2+ 
pink green 

2 H2Dz + Hg2+ -+ Hg(HDz), + 2 H+ 
green orange 

Similar reactions occurred at pH 3. However, the 
reactions were slow and the boundary of the coloured 
zone was so diffuse that the zone length could not 
be determined with accuracy. 

In the neutral pH region, the following exchange 
reaction must proceed: 

Zn(HDz), + 2 Hg2+ +Hg,(Dz), + Zn2+ + 2 H+ 
pink pink 

However, a definite colour change cannot be expected 
and the complexation reaction is not specific for mer- 
cury(II), so the reaction is not useful for the present 
purposes. 

Dithizone is known to be highly selective for mer- 
cury(I1) at pH 1, and the only interfering ions are 
copper(I1) and silver(I). Although silver gives the same 
colour reaction as mercury on the dithizone gel 
column, it seldom occurs in environmental samples 
and the interference can be masked by adding a small 
amount of chloride ion (< 100 ppm, see below). The 
colour reaction with copper(I1) was not so significant, 
and less than 2.5ppm of copper did not give any 
serious interference. In the presence of a larger 
amount of copper (>lOppm), the colour of the mer- 
cury complex zone became brown, indicating interfer- 
ence by copper. 

Anions, with the exception of halides, did not inter- 
fere. The only interfering anion in environmental sam- 
ples may be the chloride ion, but this does not give 
any significant error if its concentration is lower than 
1OOppm. In the presence of higher concentrations, 
as in sea-water, the complexation reaction proceeds 
as follows:5 

HgCl+ + H2Dz+HgCI(HDz) + H+ 
green orange 

Thus, the reaction ratio of dithizone to mercury is 
1: 1, whereas the ratio in the absence of chloride is 
2: 1. Accordingly, for sea-water the zone length is 
about twice the normal and a separate calibration 
curve has to be prepared. 

Table 1. Determination of mercury(I1) in practical samples 

Recovery of Mercury 

Sample 
Hg found, 

PPm 

Hg added, 

PPm 

Hg found, 

PPm 

Rwer-water (Han R.) 

Industral etauent 
(fermentatloon plant) 

sea-water (Inchon, 
Songdo. Korea) 

nolIe 01 - 01 
04 0.3 - 04 
08 v7 _ 0.8 

“One 01 - VI 
v4 03 . 04 
0.8 07-W 

n0ne 01 - 01 
04 v3 - 04 
08 0.8 _ 09 
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SHORT COMMUNICATIONS 

FLOTATION OF TRACES OF SILVER AND COPPER(H) IONS WITH A 
METHYL CELLOSOLVE SOLUTION OF DITHIZONE 

(Received 23 July 1974. Revised 15 October 1974. Accepted 13 November 1974) 

Although collection of traces of various metal ions on 
inorganic or organic precipitates offers a useful separation 
technique in trace analysis and radiochemistry, difficulties 
sometimes arise in separating the precipitate from the 
mother liquor. The dithizone precipitate formed by adding 
an acetone solution of dithiione to an aqueous sample 
solution is a good collector for gold, silver, mercury, palla- 
dium, and copper,’ but cannot be filtered off easily; it 
clogs the pores of a porosity-4 sifitered-glass filter (5-10 
pm) and passes through a porosity-3 lilter (2&30 pm). 
Centrifugation is not applicable because of incomplete 
sedimentation. We have tried replacing acetone by methyl 
cellosolve as a solvent for dithizone, but still experienced 
the same difficulties. Therefore, the flotation technique has 
been applied. The precipitate is readily separated from 
the mother liquor and then dissolved in nitric acid, fol- 
lowed by addition of acetone, for radioactivity measure- 
ments or atomic-absorption spectrophotometry. This sep- 
aration technique has been successfully applied to the 
determination of quantities from a tenth to a few ppm 
of silver and copper in high-purity lead and zinc metals. 

EXPERIMENTAL 

Apparatus 

A Fujitsu well-type NaI(T1) scintillation counter, and 
a Nippon Jarrell-Ash model AA-l Mark II atomic-absorp- 
tion spectrophotometer with an SA-61 slit burner and a 
Yanaco model YR-101 recorder were employed. Figure 
1 shows the flotation cell. 

Reagents 

Standard solutions were prepared from silver nitrate, 
and copper, lead and zinc metals. Dithizone solutions were 
prepared by dissolving dithizone in methyl cellosolve im- 
mediately before use. All reagents used were of reagent 
grade and employed without further purification, unless 
otherwise stated. Water was purified by distillation and 
ion-exchange. llomAg and 64Cu were used as tracers. 

to nitrogen cylinder 

Flotation _ Suction 

Fig. 1. Flotation and separation apparatus. 

Procedure 

Place 100 ml of DlM nitric acid containing microgram 
quantities of silver or copper in a 200-ml beaker, and 
add 5 ml of 0.4% w/v dithizone solution in small portions 
while stirring with a magnetic stirrer. Cover the beaker 
and stir the solution vigorously for 30 min to coagulate 
the precipitate.. Transfer the contents of the beaker (exclud- 
ing the stirring bar) to a flotation cell, and wash the beaker 
with 5 ml of water. Pass nitrogen at a flow-rate of 9 
ml/min from the lower end of the cell for 10-15 set to 
effect complete agitation followed by flotatiqn of the pre- 
cipitate. Suck off the mother liquor through the sintered- 
glass disc, and wash the precipitate with 10 ml of @lM 
nitric acid Add 1 ml of 13.8M nitric acid and 3 ml of 
acetone to the cell to dissolve the precipitate, and collect 
the filtrate in a 5-ml volumetric flask, by suction. Wash 
the sintered-glass disc with water and dilute to the mark. 
Measure the metal-ion concentration by a suitable tech- 
nique. 

RESULTS AND DISCUSSION 

Flotation of dithizone precipitate 

The dithizone precipitate is coagulated during the mag- 
netic stirring, and is easily floated with the aid of small 
nitrogen bubbles (30-100~ dia.). The flotation is also 
possible with an acetone solution of dithizone, but methyl 
cellosolve is preferred because of its much lower vapour 
pressure. The flotation has always been successful, with 
use of several different lots of commercial reagent-grade 
methyl cellosolve with and without further purification 
by distillation. Neither solvent is essential to the flotation 
itself, because the dithizone precipitate formed by acidify- 
ing (to pH 1) an ammoniacal sqlution of dithizone is also 
easily floated. 

Reaction conditions 

Table 1 shows that a solution of 20-30 mg of dithizone 
in 4-10 ml of methyl cellosolve is required for quantitative 

Table 1. Silver recovery as a function of quantities of dithi- 
zone and methyl cellosolve 

Dithizone solution containing 

dithizone, methyl cellosolve, ‘lomAg recovered, 
mg ml % 

1 4 86, 95* 
10 4 94, 992 
15 4 95, 1w 
20 4 98, 97* 
20 5 99, 100, 99* 
:: 10 10 98. 

99, 
98* 98* 

3 pg of labelled Ag in 100 ml of DlM HNOs. 
. * Purified methyl cellosolve used. 
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Table 2. Recovery of silver at various concentration levels 

Labelled Ag in 
1OOml of O.lM nitric acid. iiomAg recovered, 

!Jg % 

0.05 88, 92, 61* 
0.1 88, 80* 
@3 88, 99* 
0.5 100, 95* 
3.0 100, 99: 

20 101, 100* 
50 97, 101’ 

5 ml of 04% w/v dithizone solution. 
* Purified methyl cellosolve used. 

separation of 3 pg of silver from 100 ml of O.lM nitric 
acid, with 30 min of stirring followed by flotation. With 
5 ml of 04% w/v dithizone solution, 05-50 pg of silver 
could be recovered nearly completely, but less than 0.3 
pg of silver could not, as shown in Table 2. 

Figure 2 shows that the optimal stirring time is 30 min. 
The recovery of 3 pg of silver was >96% at original 
acidities of @OOl-@3M, decreasing at higher acidities. 

Separation of traces of silver from matrix elements 

The pH of 90 ml of a nitrate solution containing a 
matrix element (lead or zinc) and 3 pg of labelled silver 
was adjusted to 1 with aqueous ammonia or nitric acid, 
5 ml of @4% w/v dithizone solution were added, and the 
silver was separated as described under Procedure. The 
silver recoveries were 96100% (in presence of 5 g of lead), 
99100% (1 g of lead) and 95-98% (5 g of zinc). The 
lead or zinc accompanying silver was determined by ato- 
mic-absorption spectrophotometry at 283.3 or 213.9 nm, 
respectively, in order to obtain the concentration factors* 
of silver with respect to lead or zinc. The concentration 
factors were 450-1200 for 2-5 g of lead and 1000-2400 
for 2-5 g of zinc. 

Separation of traces of copper(l1) by jfotation 

This method is also applicable to the separation of traces 
of copper(B). From 100 ml of OG&O~3M nitric acid, 0.4 
50 pg of copper(I1) was separated in >98% yields by 
30 min of stirring with 5 ml of 0.4% w/v dithizone solution, 
followed by flotation; 5 g of lead or zinc did not interfere. 

Determination of traces of silver and copper in high-purity 
metals 

The proposed method has been employed as a precon- 
centration technique for the analysis of high-purity lead 
and zinc metals. 

Recommended procedure. Place a 2- or 5-g metal sample 
in a covered 200- or 300~ml beaker. Add 5 or 10 ml 
of 5M nitric acid per g of lead or zinc, respectively, in 
small portions, and heat gently till dissolution is complete. 
Dilute the solution (or an aliquot) to about 90 ml with 
water, and adjust the pH to l-1.5 with aqueous ammonia. 
Add 5 ml of 0.4% w/v dithizone solution, and proceed 
as described under Procedure. Determine the silver and 
copper by atomic-absorption spectrophotometry at 328.1 

* Concentration factor = (QdQ&(Q?/Q&), where QP is 
the quantity of the trace element in the sample, Q$ the 
quantity of the matrix element in the sample, and QT 
and Qu are the corresponding quantities after the separ- 
ation. 

0- 

0 10 20 30 40 50 60 70 
Stirring time, min 

Fig. 2. Effect of length of stirring. 

and 324.7 nm, respectively, under suitable operating condi- 
,tions [for our instrument, slit-widths O.lOmm (entrance) 
and 0.15 mm (exit), hollow-cathode tube current 10 mA, 
acetylene 2.0 l./min, air 8.5 l./min, height of the light 
beam above the burner top 22 mm]. 

Construct calibration curves as follows. Place 250 mg 
of dithizone in a 5Oml volumetric flask, and add 35 ml 
of acetone. Add cautiously 12.5 ml of 13.8&f nitric acid 
in small portions, and allow to stand for 10 min without 
a stopper. Stopper and shake the volumetric flask, then 
dilute to the mark with acetone. Place 4 ml of this solution 

Table 3. Determination of silver and copper in high-purity 
metals 

Sample 
taken, 

cl 

Aliquot 
taken 

Found, w ppm m sample 

Ag CU Ag CU 

Lead 5.11 {;$:* 4:; 3.0 G ;‘; f:; 

::g 12:; 3:1 2.5 1.2 1.2 

Av. 

i:i+ 

1.4 

Zinc {$$ not dEt&ted ?:i - :: . 
Av. 0.1 0.5 

* 1.0 pg of Ag and 5.0 kg of CL@) added. 
t 3.1 ppm by another method.’ 

and portions of standard solution containing O-200 pg 
of silver or copper(I1) in a 5-ml volumetric flask, and 
dilute to the mark with water. 

The calibration curves are linear up to at least 20.0 
pg, with maximum deviations of 02 pg, and identical with 
those constructed by carrying out the whole procedure, 
including the flotation step. The background absorption 
is the same as that of water. The presence of 20 mg of 
lead or zinc does not a&t the absorbance. Table 3 shows 
the analytical results for samples of commercial high-purity 
lead (reagent grade) and zinc (99.999%) by the recom- 
mended procedure. Blanks gave zero values for silver and 
copper. The analytical results for silver in lead are in 
good agreement with those obtained by the amalgama- 
tion-atomic-absorption method.* The time required for 
a determination was about 90 min. 
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Nagoya University 
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Nagoya, Japan 
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~-Mi~~~rn quantities of silver and copper ions in aqueous solutions are collected on 
dithizone precipitates, which are then floated with the aid of small nitrogen bubbles. This separation 
technique has been sua~s&dly applied to the atomic-absorption spectrophotometric determination 
of down to a tenth ppm of silver and copper in high-purity lead and zinc metals. 
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MASKING OF IRON WITH J?LUORIDE IN THE EXTRACTIVE 
ATOMIC-ABSORPTION SPECTROMETRIC DETERMINATION OF CHROMIUM 

IN STEEL 

(Received 22 July 1974. Revised 31 October 1974. Accepted 14 vovember 1974) 

The ~te~tion of chromium by means of atomic- 
absorption spectrometry has been the subject of extensive 
study particularly aimed at overcoming interference from 
iron when using an air-acetylene flame. The mechanism 
of this interference has been discussed by Roos and co- 
workers,‘sr and more recently by Ottaway and Pradhan3 
who have suggested 8hydroxyquinoline to be. an effective 
releasing agent. Thomerson and Price? recommended a 
procedure using a nitrous oxide-acetylene flame. Iron 
causes an enhancement of the chromium absorption signal 
in the nitrous oxide flame and this increases slightly with 
increase in iron concentration; thus, iron has to be added 
to the calibration solutions. 

The present study was made in an attempt to develop 
a procedure that is completely free from iron interference, 
that uses an air-acetytene flame and that does not require 
the use of releasing agents. This can only be done by 
completely separating the chromium from the iron matrix. 
Bryan and Dear? determined chromium by flame photo- 
metry after extracting chromium(VI) into 4-methyl-2-pen- 
tanone; persulphate catalysed by silver(I) was used to oxi- 
dize chromium(II1) to chromium(VI). Feldman and Purdy6 
applied this extraction procedure to the determination of 
chromium by atomi~~b~~tion spectrometry, permanga- 
nate being used as the oxidant; iron interference, however, 
was not studied. 

Blundy,7 in developing an extractive calorimetric pro- 
cedure for the determination of chromium in 1958, made 
a study of the effectiveness of several oxidants for chromi- 
um(III) and concluded that of those studied only cerium(IV) 
gave complete oxidation and good reproducib~~ty. The 
atom-abso~tion method developed in this work is based 
on Blundy’s extract& procedure, and iron(iI1) is masked 
by means of fluoride. 

EXPERIMENTAL. 

Atomic-ab~rption ~asuremen~ were made with a Hil- 
ger and Watts Atomsnek H 1170. using a chromium hol- 
low-cathode lamp supplied by V.. A. Howe, Ltd. 

Complete oxidation of chromium(II1) was checked by 
comparing results obtained with a standard potassium 

dichromate solution and with a standard c~orniu~1~~ 
solution prepared by reducing potassium dichromate solu- 
tion with sulphur dioxide and then boiling off the excess 
of sulphur dioxide. The absorbance values obtained after 
oxidation [in the case of chromium(III)], extraction into 
4-methyl-2pentanone and spraying into the flame were 
identical. 

Iron(II1) was a&o found to be extracted into 4-methyl-2- 
pentanone at the hy~~~o~c acid concentrations (i.e., 
l-3&4) required to extract cbromium(VI), and the atomic- 
absorption signal of chromium was greatly reduced as 
a result. A thousandfold ratio of iron(II1) to chromium 
in the aqueous phase reduced the absorbance signal 
obtained on spraying the organic extract bv about 50%. 
Several methods of &parating iron were tried. Extract& 
of iron with di-isourouvl ether from 7.75825M hvdro- 
chloric‘ acid8 before ihe b;xidation of ~~o~u~~j was 
effective, but the high hydrochloric acid concentration ad- 
versely affected the subsequent oxidation by cerium(IV). 
Cupferron extraction of iron and precipitation of iron(II1) 
hydroxide were both ineffective, in that low recoveries of 
chromium were obtained. The final procedure adopted was 
to mask the iron with fluoride; this proved to be highly 
effective up to at least a thou~dfold ratio of iron to 
chromium. Pmushottam and co-workers’ had shown pre- 
viously that guoride suppresses interference by iron when 
aqueous chromium samples are sprayed into the atomic- 
absorption flame. 

The following procedure is recommended for the deter- 
mination of chromium in steel. If the addition of fluoride 
is omitted from this procedure, interference by iron 
becomes apparent at iron to chromium ratios above 5:l. 
No difference in results was observed when the fluoride 
was added after the oxidation step, but the results given 
here were determined with fluoride added before oxidation 
of chromium. 

Reagents 

Stdphuric acid, 25% v/v. 
Sulphuric acid, 12.5% v/v. 
Hydrogen peroxide, 100~vol. 
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applied this extraction procedure to the determination of 
chromium by atomi~~b~~tion spectrometry, permanga- 
nate being used as the oxidant; iron interference, however, 
was not studied. 

Blundy,7 in developing an extractive calorimetric pro- 
cedure for the determination of chromium in 1958, made 
a study of the effectiveness of several oxidants for chromi- 
um(III) and concluded that of those studied only cerium(IV) 
gave complete oxidation and good reproducib~~ty. The 
atom-abso~tion method developed in this work is based 
on Blundy’s extract& procedure, and iron(iI1) is masked 
by means of fluoride. 

EXPERIMENTAL. 

Atomic-ab~rption ~asuremen~ were made with a Hil- 
ger and Watts Atomsnek H 1170. using a chromium hol- 
low-cathode lamp supplied by V.. A. Howe, Ltd. 

Complete oxidation of chromium(II1) was checked by 
comparing results obtained with a standard potassium 

dichromate solution and with a standard c~orniu~1~~ 
solution prepared by reducing potassium dichromate solu- 
tion with sulphur dioxide and then boiling off the excess 
of sulphur dioxide. The absorbance values obtained after 
oxidation [in the case of chromium(III)], extraction into 
4-methyl-2pentanone and spraying into the flame were 
identical. 

Iron(II1) was a&o found to be extracted into 4-methyl-2- 
pentanone at the hy~~~o~c acid concentrations (i.e., 
l-3&4) required to extract cbromium(VI), and the atomic- 
absorption signal of chromium was greatly reduced as 
a result. A thousandfold ratio of iron(II1) to chromium 
in the aqueous phase reduced the absorbance signal 
obtained on spraying the organic extract bv about 50%. 
Several methods of &parating iron were tried. Extract& 
of iron with di-isourouvl ether from 7.75825M hvdro- 
chloric‘ acid8 before ihe b;xidation of ~~o~u~~j was 
effective, but the high hydrochloric acid concentration ad- 
versely affected the subsequent oxidation by cerium(IV). 
Cupferron extraction of iron and precipitation of iron(II1) 
hydroxide were both ineffective, in that low recoveries of 
chromium were obtained. The final procedure adopted was 
to mask the iron with fluoride; this proved to be highly 
effective up to at least a thou~dfold ratio of iron to 
chromium. Pmushottam and co-workers’ had shown pre- 
viously that guoride suppresses interference by iron when 
aqueous chromium samples are sprayed into the atomic- 
absorption flame. 

The following procedure is recommended for the deter- 
mination of chromium in steel. If the addition of fluoride 
is omitted from this procedure, interference by iron 
becomes apparent at iron to chromium ratios above 5:l. 
No difference in results was observed when the fluoride 
was added after the oxidation step, but the results given 
here were determined with fluoride added before oxidation 
of chromium. 

Reagents 

Stdphuric acid, 25% v/v. 
Sulphuric acid, 12.5% v/v. 
Hydrogen peroxide, 100~vol. 
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Sodium jIucride solution, 4.6% w/v. 
Ammonium hexanitratocerate(lV), 1.1% solution in 1M 

sulphuric acid. 
Hydrochloric acid SM. 
4-Methyl-2-pentanone saturated with 1M hydrochloric 

acid. Shake together vigorously equal volumes of 4-methyl- 
2-pentanone and 1M hydrochloric acid, and discard the 
(lower) aqueous layer. Droplets of the acid should be 
allowed to separate completely or removed by passing 
the solvent through a small filter paper. 

Stock standard chromium(V1) solution, 1000 H/ml. Dis- 
solve 2.8282 g of analytical-reagent grade potassium dich- 
romate in water and dilute to 1 litre in a volumetric flask. 

Working standard chromium(VI) solution, 20 &ml. 
Dilute 10 ml of the stock chromium(V1) solution to 500 
ml with water in a volumetric flask. 

Dissolution of steel samples 

Weigh 0500 g of steel sample into a 2%ml conical 
flask and add 50 ml of 25% sulphuric acid. Heat gently 
on a hot-plate until hydrogen evolution ceases. Remove 
the flask from the hot-plate, allow it to cool slightly and 
add lOO-vol hydrogen peroxide dropwise to oxidize any 
carbon or carbide residues. Boil the solution gently to 
destroy excess of hydrogen peroxide. Cool the solution 
and dilute to 100 ml with water in a volumetric flask. 

Preparation of calibration curve 

Pipette suitable volumes of working standard chro- 
mium(V1) solution containing up to 400 pg of chromium 
into 10%ml separating funnels. Dilute to 60 ml with water, 
add 10 ml of 8M hydrochloric acid (Note 1) and 20 ml 
(by pipette) of 4-methyl-Zpentanone saturated with 1M 
hydrochloric acid and shake the mixture for 1 min. Allow 
the two phases to separate, discard the (lower) aqueous 
phase and make atomic-absorption measurements on the 
organic layer. The organic extracts are stable for at least 
4 hr. 

The optimum burner height was found to be similar 
to that used for determining chromium in aqueous systems, 
i.e., observations are made just above the primary reaction 
zone, but the flame should be less fuel-rich. Ontimum 
instrument conditions for the Atomspek H 1170 were 
found to be as follows. 

Wavelength 
Lamp current 
Slit-width 
Burner 
Observation height 

above burner head 
Air flowmeter 

* 12 (auxiliary air) at 30 psig feed 
pressure 

Acetylene flowmeter * 3 at 5 psig feed pressure 

357.9 nm 
10 mA 
10 pm 
13cm air-acetylene, single slot 
7.5 mm 

12.5 (nebulixer) at 30 psig feed 
pressure 

* Values for use with aqueous chromium solutions: 3.6 
(auxiliary air) and 4.3 (acetylene). 

Sensitivities quoted by instrument manufacturers for the 
determination of chromium when aqueous solutions are 
sprayed are within the range 0.05-015 &ml. In the pres- 
ent work sensitivities of 0.12 and 0.07 &ml were obtained 
with aqueous and organic solutions respectively. 

Procedure 

Pipette an aliquot of the solution containing the steel 
sample (see Note 2) into a 100~ml conical flask and dilute 
the solution to 20 ml with 12.5% sulphuric acid. Add 
4 ml of sodium fluoride solution and 25 ml of ammonium 
hexanitratocerate(IV) solution and heat in a boiling water- 
bath for 25 min. Cool in an ice-bath to 10” or less. Transfer 
the.solution to a lOO-ml separating funnel with 20 ml 

of water and continue as for the calibration curve pro- 
cedure beginning at “add 1Oml of 8M hydrochloric acid”. 

In the case of certain steel samples the organic extracts 
are not particularly stable and the solvent should be 
sprayed within 5 min of extraction (Note 3). 

Notes 

1. The final hydrochloric acid concentration must be 
l-3M for complete extraction of chromium. 

2. For steel samples containing <0.1x, &l-0.3% and 
0.305% of chromium take 2Oml, lo-ml and 5-ml aliquots 
of sample solution respectively. 

3. The reason for this is not known but the relative 
instability of the extract appears to occur at high iron 
to chromium ratios. 

RESULTS AND DISCUSSION 

The calibration curve was nearly rectilinear and it was 
shown that up to a thousandfold ratio of iron to chromium 
could be tolerated without change in absorbance signal. 
Results obtained with a range of low alloy and mild steels 
are shown in Table 1. 

Table 1. Analyses of British Chemical Standards steel 
samples 

TyPe 
of steel BCS No 

Standardued 
chromium Chromum found_* 
content, % % 

Low alloy 

Low alloy 

Mild 
Mdd 
Mdd 

Mdd 

251/l 051 051, O-51, 0.51, 
@50, 053, 0 51 

252/I 0.42 044, 041,044, 
O-43, 042, 0.42 

273 0.07, 0.070, O-073, 0070 
325 0.22 0 23, 0.22, 0.22 
321 0.106 0106,o 110.0100. 

0100 
322 0 039 Oao, eO40, 0039 

* Each value given is for an individual dissolution of 
steel sample. 

The extractive procedure recommended is an alternative 
to methods in which aqueous sample solutions are sprayed 
into the flame. The procedure has two advantages over 
the other methods in that sensitivity is slightly increased 
and the chromium is separated from iron which interferes. 
Even the procedure of Ottaway and Pradhan, which poss- 
ibly comes nearest to being interference-free, is only so 
at particular observation heights and with particular types 
of burners.’ The procedure recommended herein has of 
course, the disadvantage that the oxidation and extraction 
steps are additional to the steps carried out in the usual 
procedure. 
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DETERMINATION OF TIN AS STANNITE-KESTERITE AND 
CASSITERITE IN ORES 

(Receiwd 22 August 1974. Accepted 5 November 1974) 

The Mines Branch has recently issued a zinc-tin-copper- 
lead ore, MP-I, as a certified reference material with 
recommended values for nine elements. Certain difficulties 
associated with the volumetric methods used in the certi& 
cation of MP-1 for tin, however, became apparent in the 
interlaboratory programme.’ In view of the future issuing 
of a second reference material, KC-l, to be certified for 
tin, an investigation was undertaken to find the source 
of these problems. For this purpose, it was desirable to 
have a knowledge of the relative proportions of the various 
tin minerals such as stannite-kesterite and cassiterite in 
MP-1 and KC-l. 

Tin as stannite, CuzFeSnS,, has been determined in 
the presence of cassiterite, SnOz, by the selective decompo- 
sition of stannite with bromine in carbon tetrachloride2*3 
or with potassium chlorate in concentrated hydrochloric 
acid.4 This present work describes the selective decomposi- 
tion of stannite-kesterite with sodium nitrate in glacial 
acetic acid. This method is simple and rapid and avoids 
the use of liquid bromine. Its applicability to the analysis 
of two certified reference ores is described. 

EXPERIMEmAL 

Decomposition of stannite-kesterite 
One g of sodium nitrate and 10 ml of glacial acetic acid 

are added to a ml-2 g sample of ore in a 600~ml beaker 
and mixed by gentle swirling. After a further addition 
of 60 ml of acetic acid, the uncovered beaker is heated 
to allow the acetic acid to evaporate. When the volume 
of the contents has decreased to approximately 5 ml or 
less the beaker wall is washed down with water and 5.0 
ml of concentrated hydrochloric acid and more water, if 
necessary, are added to make the volume approximately 
50 ml. The insoluble material, composed of unattacked 
minerals and elemental sulphur*, is filtered off on a What- 
man No. 42 paper and thoroughly washed with hot water. 
The filtrate is reserved for the determination of the tin 
present as stannite-kesterite. 

The tin present as cassiterite is given by the difference 
between the total tin content of the ore and the tin present 
as stannite-kesterite or it may be determined directly in 

*The sulphur produced during decomposition of the 
sulphidic components remains in solution in acetic acid 
but precipitates in finely divided form on addition of water. 

the insoluble material. If determined directly, great care 
must be taken to ensure a quantitative transfer of the 
high-density cassiterite from the reaction vessel to the filter 
paper. The paper containing the insoluble material is ashed 
in a zirconium crucible and the tin content determined 
as below. 

Iodometric determination of tin 
For the determination of total tin or of tin in the insoluble 

material, i.e., tin present as cassiterite, solid samples must 
be fused with a 1:l mixture of sodium peroxide and 
sodium carbonate in a zirconium crucible, quenched in 
water and then acidified with concentrated hydrochloric 
acid.5 The tin is separated from interfering ions such as 
copper and molybdenum by precipitation as the hydrous 
oxide: with ammonia solution. After redissolution of the 
hydrous oxide in hydrochloric acid, the tin is reduced 
to the stannous state with iron metal in an air-free atmos- 
phere6 and is titrated with a standardized solution of 
potassium iodate. 

The tin present as stannite-kesterite must be precipitated 
from the filtrate as the hydrous oxide for two reasons. 
First, the tin must be separated from the copper derived 
from stannite itself and, furthermore, boiling sodium 
nitrate-acetic acid mixture attacks other sulphide minerals 
containing elements that interfere in the iodometric deter- 
mination of tin. Secondly, the presence of unreacted 
sodium nitrate in the filtrate would strongly interfere in 
the iodometric determination when the tin solution is 
acidified with hydrochloric acid. 

Tin-bearing ores studied 

The reactivity of stannite-kesterite with sodium nitrate 
acetic acid mixture was tested with a stannite concentrate 
prepared from ore from Stannex Mines, British Columbia, 
Canada. The inertness of SnOz to treatment with sodium 
nitrate-acetic acid mixture was tested with a Bolivian 
cassiterite concentrate (NBS 137, 5664% Sn) and reagent 
grade stannic oxide (Fisher Scientific). The certified refer- 
ence materials, MP-1 and KC-l, were treated with sodium 
nitrate-acetic acid mixture to determine the tin present 
as stannite-kesterite and as cassiterite. 

RESULTS AND DISCUSSION 

The results of the chemical determination of the tin 
minerals in the stannite concentrate, cassiterite and stannic 
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have a knowledge of the relative proportions of the various 
tin minerals such as stannite-kesterite and cassiterite in 
MP-1 and KC-l. 

Tin as stannite, CuzFeSnS,, has been determined in 
the presence of cassiterite, SnOz, by the selective decompo- 
sition of stannite with bromine in carbon tetrachloride2*3 
or with potassium chlorate in concentrated hydrochloric 
acid.4 This present work describes the selective decomposi- 
tion of stannite-kesterite with sodium nitrate in glacial 
acetic acid. This method is simple and rapid and avoids 
the use of liquid bromine. Its applicability to the analysis 
of two certified reference ores is described. 

EXPERIMEmAL 

Decomposition of stannite-kesterite 
One g of sodium nitrate and 10 ml of glacial acetic acid 

are added to a ml-2 g sample of ore in a 600~ml beaker 
and mixed by gentle swirling. After a further addition 
of 60 ml of acetic acid, the uncovered beaker is heated 
to allow the acetic acid to evaporate. When the volume 
of the contents has decreased to approximately 5 ml or 
less the beaker wall is washed down with water and 5.0 
ml of concentrated hydrochloric acid and more water, if 
necessary, are added to make the volume approximately 
50 ml. The insoluble material, composed of unattacked 
minerals and elemental sulphur*, is filtered off on a What- 
man No. 42 paper and thoroughly washed with hot water. 
The filtrate is reserved for the determination of the tin 
present as stannite-kesterite. 

The tin present as cassiterite is given by the difference 
between the total tin content of the ore and the tin present 
as stannite-kesterite or it may be determined directly in 

*The sulphur produced during decomposition of the 
sulphidic components remains in solution in acetic acid 
but precipitates in finely divided form on addition of water. 

the insoluble material. If determined directly, great care 
must be taken to ensure a quantitative transfer of the 
high-density cassiterite from the reaction vessel to the filter 
paper. The paper containing the insoluble material is ashed 
in a zirconium crucible and the tin content determined 
as below. 

Iodometric determination of tin 
For the determination of total tin or of tin in the insoluble 

material, i.e., tin present as cassiterite, solid samples must 
be fused with a 1:l mixture of sodium peroxide and 
sodium carbonate in a zirconium crucible, quenched in 
water and then acidified with concentrated hydrochloric 
acid.5 The tin is separated from interfering ions such as 
copper and molybdenum by precipitation as the hydrous 
oxide: with ammonia solution. After redissolution of the 
hydrous oxide in hydrochloric acid, the tin is reduced 
to the stannous state with iron metal in an air-free atmos- 
phere6 and is titrated with a standardized solution of 
potassium iodate. 

The tin present as stannite-kesterite must be precipitated 
from the filtrate as the hydrous oxide for two reasons. 
First, the tin must be separated from the copper derived 
from stannite itself and, furthermore, boiling sodium 
nitrate-acetic acid mixture attacks other sulphide minerals 
containing elements that interfere in the iodometric deter- 
mination of tin. Secondly, the presence of unreacted 
sodium nitrate in the filtrate would strongly interfere in 
the iodometric determination when the tin solution is 
acidified with hydrochloric acid. 

Tin-bearing ores studied 

The reactivity of stannite-kesterite with sodium nitrate 
acetic acid mixture was tested with a stannite concentrate 
prepared from ore from Stannex Mines, British Columbia, 
Canada. The inertness of SnOz to treatment with sodium 
nitrate-acetic acid mixture was tested with a Bolivian 
cassiterite concentrate (NBS 137, 5664% Sn) and reagent 
grade stannic oxide (Fisher Scientific). The certified refer- 
ence materials, MP-1 and KC-l, were treated with sodium 
nitrate-acetic acid mixture to determine the tin present 
as stannite-kesterite and as cassiterite. 

RESULTS AND DISCUSSION 

The results of the chemical determination of the tin 
minerals in the stannite concentrate, cassiterite and stannic 
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Table 1. Tin mineral phases in ores 

Material 

Cassiterite (NBS 137) 
Stannic oxide 
Stannite concentrate 
2: 1 stannite concentrate 

cassiterite 
1: 1 stannite concentrate 

cassiterite 
MP-1 
KC-I 

Tin, % 

As 
stannite 

0.0 

26.3$2) 

26.35 

As As stannite Total 
cassiterite + cassiterite tin* 

56.4 (0.2)t 56.4 56.1(@3) 

1.0 (0.2) 273 275 (0.1) 

26.4 
0.325 (0.008) 2.10(@01) 2.43 244 (0.02) 

0.0 0.676 (0.007) 0.676 0682 (0.003) 

* Determined by Naz02-Na*COs fusion. 
t Numbers in parenthesis are the standard deviations. 
0 Based on weight of stannite concentrate. 

oxide are summarized in Table 1. The tin contents of to be @18x and 2.26% of the ore respectively. The dis- 
the minerals are given as % w/w and each value is agreement between these results and those Ram the 
the average of at least three determinations. For obvious sodium nitrabacetic acid treatment led to further micros- 
reasons, the total tin content of the stannic oxide and copical study of MP-1, in which it was discovered that 
of its insoluble residue were not determined. For the 2:l much stannite-kesterite, as grains smaller than 0.8 pm in 
and 1: 1 w/w stannite concentrate-cassiterite mixtures, it diameter, occurs as inclusions in sphalerite. The image 
was considered sufficient to determine only the tin present analysis of KC-1 indicated the absence of stannite-kester- 
as stannite-kesterite. ite, as did the sodium nitrate-acetic acid method. 

The results clearly illustrate that SnOz. either as cassiter- 
ite or stannic oxide, is inert to attack by sodium nitrate- 
acetic acid mixture. Stamrite-kesterite, however, is readily 
attacked. Indeed, visual observation of the disappearance 
of the deep blue colour (due to Cu’+)‘of the stannite- 
kesterite suggests that the decomposition may be essen- 
tially complete even before the acetic acid begins to boil. 
Nevertheless, the procedure defined above should be fol- 
lowed to ensure complete decomposition. 

Acknowledgement-The author wishes to thank the miner- 
alogy group of the Mineral Sciences Division for its help 
in the microscopical study and image analysis of the ores. 

The results for the stannite concentrate indicate the pres- 
ence of a small amount of cassiterite and, indeed, a pre- 
vious detailed mineralogical examination of the Stannex 
ore had revealed the presence of cassiterite.’ A quantitative 
determination of cassiterite in this stannite concentrate 
was attempted by image analysis of a polished section* 
but unfortunately this was unsuccessful owing to difficulty 
in differentiating between the cassiterite and gangue consti- 
tuents. The presence of cassiterite in the insoluble residue 
from the treatment of the stannite concentrate with sodium 
nitrate-acetic acid mixture was, however, verified both by 
microscopical study and microprobe analysis. The sodium 
nitrate-acetic acid method is effective for the determination 
of tin present as stannite-kesterite and as cassiterite in 
an ore. In addition, however, it must be pointed out that 
the difficulty observed in the image-analysis of the stannite 
concentrate is a good example of the need for a chemical 
method to complement the available physical methods for 
determining the tin minerals in an ore. 
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Summary-Tin as stannite-kesterite and as cassiterite in a tin-bearing ore can be determined by 
the selective decomposition of the stannite-kesterite phase with a mixture of sodium nitrate and 
acetic acid. 
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SIMULTANEOUS AMPEROMETRIC DETERMINATION OF NICKEL AND COPPER 

(Received 22 May 1974. Revised 8 October 1974. Accepted 7 boiler 19’74) 

Resacetophenone oxime has been used in the ampero- 
metric’~2 and polarograpbic de~rmination of various 
metal ions3*’ We have now investigated its use as an 
amperometric reagent for nickel, with which it gives a 
precipitate in alkaline medium, and in the simultaneous 
determination of copper and nickel. 

Reagents 

EXPERIMENTAL 

All chemicals used were of analytical grade. Solutions 
of copper and nickel were smndard,ized by the iodomet& 
and dimethylgloxime methods6 respectively. The alloys 
nichrome, Raney nickel, constantan, german silver and 
manganin were dissolved and analysed by standard pro- 
cedures.’ 

Apparatus 

A Lange manual polarograph and a galvanometer were 
used. Titrations were done in an H-type cell with a satu- 
rated calomel electrode in the narrow limb. Pure hydrogen 
was used for deaeration and stirring before current 
measurement. 

Procedures 

Determination ofnickel. Put the sample solution contain- 
ing 1+16-O mg of nickel in the H-cell and add 20 ml 
of 05M ammonium chloride, 15 ml of 0.2% gelatin solu- 
tion, and lG5~0ml of O?iM ammonia solution and 
l+-5.0 ml of alcohol, depending on the amount of nickel*. 
Dilute the solution to 65 ml with distilled water, &aerate 
it by passage of hydrogen for 15 ruin, and then titrate 
with a standard solution of resacetophenone oxime added 
from a microburette, taking readings of the current at 
- 1.25 V vs. SCE or at - 1.05 V if other metals present 
give a current at - 1.25 V. Correct the readings for volume 
change and plot them against volume. An L-shaped curve 
is obtained. 

Simultaneous determination of copper and nickel. Place 
the sample in the H-cell, add 20 ml of 05M ammonium 
chloride, 5 ml of alcohol, 1.5 ml of 0.2% gelatin solution 
and dilute to 65 ml with distilled water. Deaerate the 
solution by bubbling hydrogen through it for 15 min. 
Titrate amperometrically at an applied potential of -0.45 
V vs. SCE, where only the copper yields a diffusion current, 
until there is no further decrease in current on additon 
of reagent. Change the voltage to -1+25 V, adjust the 
pH to 80-83 with ammonia and continue the titration. 
A typical titration curve is shown in Fig. 1. 

DISCUSSION 

Determination of nickel 

The polarographic behaviour of the oxime and nickel 
sulphate was studied at the dropping mercury electrode 

* At low nickel concentrations, high results are obtained 
if the ammonia and alcohol concentrations are too high, 
presumably because of ligand competition by the ammonia 
and increased solubility caused by the alcohol. The condi- 
tion must be such that the first addition of t&rant yields 
a precipitate. 

in ammonium c~orid~mmonia buffer of pH 8&83. 
Nickel gave a reduction wave with Et -@96 V vs. SCE, 
with the diffusion current region starting from -1.1 V. 
The reagent did not yield a ‘reduction wave in this medium. 
Titrations of l-3-17.3 mg of nickel had a maximum error 
of about & 1.0%. 

Inrerference of foreign ions 

Nickel is associated with metals such as copper, cobalt, 
manganese, zinc, aluminium, iron and chromium in alloys, 
ores and electrolytic baths. Hence the interference of these 
ions in the detraction was studied 

Iron, aluminium and chromium gave gelatinous precipi- 
tates under the experimental conditions. Determination of 
nickel in presence of these precipitates gave erratic results. 
Since fluoride is known to Form stable complexes with 
iron and alu~niu~ sodium fluoride was added to the 
contents of the titration cell and the determination carried 
out. The results obtained indicated that nickel could be 
determined in the presence of considerable amounts of 
these metal ions. In the case of chromium, conversion 
to the sexivalent state with hydrogen peroxide and sub- 
sequent precipitation as barium chromate in the titration 
cell itself, facilitated the accurate determination of nickel. 
There was no need to remove the precipitate from the 
cell. A chromium to nickel ratio (w/w) of up to 8 could 
be tolerated. Both procedures could be successfully com- 
bined for the determination of nickel in presence of iron 
and chromium. This facilitated the determination of nickel 
in nichrome. 

Vol of reagent 

Fig. 1. Amperometric titration of a mixture of copper and 
nickel. 
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Zinc and manganese did not interfere chemically as they 
did not yield precipitates with the reagent under the exper- 
imental conditions but they gave reduction waves at 
slightly more negative potentials (- 1.2 and - 1.55 V us. 
SCE respectively) than the nickel. This necessitated the 
change of applied potential to - 1.05 V for the successful 
determination of nickel. These metal ions could be toler- 
ated in up to 5:l w/w ratio to nickel. 

Palladium in ammonia-ammonium chloride buffer did 
not yield any precipitate with the reagent, though it did 
in acid medium, but it exhibited a reduction wave within 
the same potential range as nickel with a much smaller 
diffusion current. Experimental results in+cated that nickel 
could be accurately determined in prehnce of 2.5 times 
as much (w/w) palladium. Larger amounts of palladium 
interfered. In such cases, hydrazine sulphate was used 
to reduce the palladium ions to the metal. 

Cobalt gave a soluble complex with the reagent under 
the experimental conditions and was also reduced at 
almost the same potential as nickel. This prevented the 
determination of nickel in presence of cobalt. Attempts 
to eliminate the interference by the conversion of cobalt(I1) 
into cobalt(II1) proved futile. 

The procedures developed were applied to the deter- 
mination of nickel in nichrome and Raney nickel. The 
results obtained are presented in Table 1 along with values 
obtained by standard methods. The results indicated that 
the present method compares well in accuracy with the 
standard method. 

Table 1. Analysis of nichrome and Raney nickel for nickel 
(amperometric) 

Nickel in mchrome, mg Nickel m Raney mckel, ,,zg 
Granmetric Amperometrlc Gravimetrlc Amperometrlc 

491 4.91 4.57 4 59 
7 36 7.37 6.86 6.87 
8 35 8.35 8.01 7.99 

Determination of copper and nickel 

Reddy’ had already reported the amperometric deter- 
mination of copper with resacetophenone oxime in acidic 
medium (ca. pH 4.5), and the combination of that method 
with the one for nickel had obvious attractions. 

From the results in Table 2 it is clear that copper and 
nickel can be accurately determined by successive titration 
with resacetophenone oxime. Chloride does not interfere 
as it does in the Campbell and Reilley method* which 
uses “Triene” as titrant. The accuracy is higher than that 
of the Levitman method’ which uses rubeanic acid. How- 
ever, amounts of nickel less than 3.Omg cannot be esti- 
mated directly by the present procedure since that is the 
minimum amount required to facilitate the determination 
of the second end-point, but the estimation can still be 
carried out, by addition of a known amount of nickel, and 
an appropriate correction. 

The direct titration procedure can be applied to the 
determination of copper and nickel in constantan and 
german silver even when the metals are present as the 
chlorides. Results of analyses of these alloys are given in 
Table 3. 

Zinc, a comtion constituent in many alloys, does not 
interfere in the procedure, whereas it interferes when 
Triene is used’. 

Nickel in manganin was determined by the standard addi- 
tlon method. 

Procedure. Dissolve about 100 mg of manganin, transfer 
the solution to a 100-ml standard flask and dilute it to 
the mark. Place 5 ml of the solution in the H-cell and 
determine the copper content as in the simultaneous deter- 
mination of copper and nickel. Then add a known quantity 

Table 2. Successive amperometric estimation of copper 
and nickel in the same pdrtion of solution 

Copper, mg Error Nickel, mg Error 
No. Taken Found % Taken Found % 

1 11.92 11.95 fO.3 3.24 3.24 @O 
2 5.42 5.42 0.0 3.34 3.33 -0.3 
3 5.42 5.42 0.0 5.01 5.04 i-0.6 
4 5,42 5.42 0.0 10.02 10.02 0.0 
5 2.71 2.71 0.0 5.01 5.04 +@6 
6 271 2.71 0.0 7.52 7.56 +@6 
7 2.71 2.71 0.0 10.02 1008 +@6 
8 2.71 2.71 0.0 15.03 15.11 +0.5 

Table 3. Analysis of constantan and german silver 

SZXUple 

COPFm w Nickel, mg 
GraVl- Ampere- Error c&VI- Ampero- EIIOK 
InetrlC metric % InetrlC metric % 

Constantan 4 79 4.80 +02 3 73 3.74 +03 
575 5.76 + 0.2 4 57 456 -02 
7 19 7.18 -01 5 59 559 0.0 

German 11.92 1195 +03 3 23 3.23 0.0 
silver 14.90 14.76 -09 405 4.05 0.0 

of nickel to the solution and determine the amount of 
reagent required. Repeat the experiment with different 
added quantities of nickel. Plot amount of nickel added 
vs. amount of reagent required and extrapolate to obtain 
the nickel content. 

The nickel content in the test sample was found to 
be 48% by the amperometric method and 442% by a 
standard method. 
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SPnmmry-A method is described for the amperometric titration of nickel and eudcessive amperometric 
determination of copper and nickel. Nickel (10-16.0 mg) and copper (10-l l-0 mg) could be determined 
with an average error of less than 1%. Cobalt interferes but chloride does not. Interference by alu- 
minium, iron(II1) and chromium can be eliminated Zinc and manganese do not interfere if the 
correct applied voltage is chosen. The procedures can be utilized in the analysis of alloys such 
as nichrome, Raney nickel, constantan, german silver and manganin. It is best to use the standard 
addition method for less than 3 mg of nickel. 
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DETERMINATION OF SUB MICROGRAM AMOUNTS OF SELENIUM IN 
ROCKS BY ATOMIC-ABSORPTION SPECTROSCOPY 

(Received 23 June 1974. Revised 6 December 1974. Accepted 29 December 1974) 

Selenium and its compounds have been used commercially 
for many years in the production of rectifiers, photocells, 
pigments, etc. with no long-term effects on industrial 
workers. However, selenium has long been regarded as 
a toxic substance, because of the well-known selenium- 
poisoning 1 of cattle (“alkali disease” and “blind-staggers”) 
caused by the consumption of selenium-bearing plants. 
Elemental selenium is relatively non-toxic toward humans, 
but some selenium compounds, especially hydrogen 
selenide, are toxic. Selenium is also nutritionally important 
and is valuable in the treatment of a number of deficiency 
diseases. 

Considerable attention has been devoted to trace analy- 
sis for selenium in environmental,’ geological,” and biologi- 
cal“ samples by various techniques. Gravimetric pro- 
cedures have been employed in the determination of 
selenium in geological samples, but interfering ions must 
first be removed. Iodometry, calorimetry and polarography 
have also been proposed as analytical methods; however, 
they are dependent upon the chemical state and separation 
of selenium, and the reagent blanks may be significant. 
Neutron-activation analysis and spark-source mass spec- 
trometry offer the required accnracy and sensitivity, but 
spark-source mass spectrometry is a specialized and expen- 
sive technique not commonly found in analytical labora- 
tories, while neutron-activation analysis necessitates that 
an analyst have access to a nuclear reactor or a suitable 
neutron generator. 

Therefore, it was the purpose of this investigation to 
determine submicrogram amounts of selenium with accu- 
racy, reproducibility and sensitivity, by using a conven- 
tional and relatively-inexpensive ato&&bsorp%on spectro- 
photometer with a detection limit of 01 ppm Se; with 
ihe advent of the tantalum sampling-boat sy&ms the limit 
may be extended down to 0.01 ppm. 

In this investigation, some United States Geological Sur- 
vey standard rocks, GSP-1, W-l and BCR-1 were analyscd 
for their selenium content and the results compared with 
those obtained by the slower but generally contamination- 
free method of neutron-activation analysis.’ 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer Model 403 atomic-absorption spectro- 
photometer equipped with a three-slot burner head and 

a tantalum sampling-boat system was used. An Intensitron 
selenium hollow-cathode lamp was operated at a current 
of 16 mA and the reasonanoe line of 196.1 nm was used 
with a slit setting of 12 A, and an air-acetylene flame. The 
@put signal was monitored on a Perkin-Elmer Model 
165 lO-mV strip-chart recorder with a chart speed of 
66mm/min. The absorption peaks were recorded so that 
peak heights could be measured after all samples had been 
run. 

Procedure 

To determine possible losses due to volatilization of 
selenium, three l-g samples of each rock were dissolved 
in 20 ml of a 1:l mixture of 40% hydrofluoric acid and 
16 M nitric acid, then “Se tracer in the form of selenious 
acid (New England Nuclear Corp., Boston, Mass.) and of 
known activity was added to each sample, and the samples 
were digested and reduced to dryness on a steam-bath. 
Owing to the relatively long half-life of “Se (120.4 days) 
the amount lost through decay would be negligible. Then 
10 ml of 16M nitric acid were added to the residue and 
a l-ml aliquot was counted, the observed activity being 
corrected to correspond to the original conditions. No 
loss of selenium was noted; this observation substantiates 
the work of Chau and Riley.6 

For AAS analysis, 2-g samples of the three rocks were 
accurately weighed and digested in Teflon beakers with 
40 ml of the 1: 1 acid mixture. The beakers were covered 
and heated on a steam-bath for 12hr. The covers were 
removed, the solutions evaporated to dryness, and another 
40 ml of the 1: 1 mixture of acids were added to each 
and again evaporated to dryness. Then 10 ml of 16h4 
nitric acid were added to each, and the solutions evapor- 
ated to dryness on a steam-bath. This was repeated twice 
more. Then 25 ml of 4 M hydrochloric acid were added 
to each residue and the resilting solutions boiled gently 
until the volume was reduced to 05 ml. Two uCi of “Se 
(as selenious acid) were added to each solution together 
with 1Oml of 9 M hydrobromic acid. Each beaker was 
placed on an NaI(T1) crystal and the total counts were 
determined by the method of Covel17 from the 401-keV 
peak. Afterwards each solution was poured into a 40-ml 
separatory funnel and 11 ml of 1% solution of phenol in 
benzene were added in accordance with the procedure 
reported by McGee et aZ.* Each funnel was shaken for 
2.5 min, after which the whole of each solution was trans- 
ferred to a 50-ml tube and allowed to separate for 2.5 min. 
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a toxic substance, because of the well-known selenium- 
poisoning 1 of cattle (“alkali disease” and “blind-staggers”) 
caused by the consumption of selenium-bearing plants. 
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selenide, are toxic. Selenium is also nutritionally important 
and is valuable in the treatment of a number of deficiency 
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cedures have been employed in the determination of 
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have also been proposed as analytical methods; however, 
they are dependent upon the chemical state and separation 
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selenium hollow-cathode lamp was operated at a current 
of 16 mA and the reasonanoe line of 196.1 nm was used 
with a slit setting of 12 A, and an air-acetylene flame. The 
@put signal was monitored on a Perkin-Elmer Model 
165 lO-mV strip-chart recorder with a chart speed of 
66mm/min. The absorption peaks were recorded so that 
peak heights could be measured after all samples had been 
run. 
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To determine possible losses due to volatilization of 
selenium, three l-g samples of each rock were dissolved 
in 20 ml of a 1:l mixture of 40% hydrofluoric acid and 
16 M nitric acid, then “Se tracer in the form of selenious 
acid (New England Nuclear Corp., Boston, Mass.) and of 
known activity was added to each sample, and the samples 
were digested and reduced to dryness on a steam-bath. 
Owing to the relatively long half-life of “Se (120.4 days) 
the amount lost through decay would be negligible. Then 
10 ml of 16M nitric acid were added to the residue and 
a l-ml aliquot was counted, the observed activity being 
corrected to correspond to the original conditions. No 
loss of selenium was noted; this observation substantiates 
the work of Chau and Riley.6 

For AAS analysis, 2-g samples of the three rocks were 
accurately weighed and digested in Teflon beakers with 
40 ml of the 1: 1 acid mixture. The beakers were covered 
and heated on a steam-bath for 12hr. The covers were 
removed, the solutions evaporated to dryness, and another 
40 ml of the 1: 1 mixture of acids were added to each 
and again evaporated to dryness. Then 10 ml of 16h4 
nitric acid were added to each, and the solutions evapor- 
ated to dryness on a steam-bath. This was repeated twice 
more. Then 25 ml of 4 M hydrochloric acid were added 
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(as selenious acid) were added to each solution together 
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ferred to a 50-ml tube and allowed to separate for 2.5 min. 
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The aqueous and organic phases were then divided and 
counted. The degree of extraction of selenium into the 
benzene could thus be determined. 

Each benzene phase was evaporated to dryness and the 
residues were dissolved in water (demineralized and 
quartz-distilled), and diluted to the mark in lO-ml volu- 
metric flasks. These solutions were then analysed by AAS, 
an aliquot (Sml) being evaporated in the tantalum boat, 
which was then inserted into the flame. 

The primary standard solution for the AAS was pre- 
pared by dissolving 16.34g of selenious acid in 1 litre 
of demineralized quartz-distilled water and standardized 
by the method outlined by Hillebrand et al.’ The quartz- 
distilled water used was analysed by neutron-activation 
analysis and no evidence of selenium was found. A l-ml 
aliquot of the stock solution was diluted to 1 litre and 
the resulting solution was used for the preparation of other 
standards for AAS. 

RESULTS AND DISCUSSION 

The absorption signal obtained by the sampling-boat tech- 
nique represents the total mass of selenium in the sample 
aliquot rather than its concentration in solution. This 
amount was established by interpolation in a plot of peak- 
height us. pg of selenium, a fixed volume (1 ml) of two 
standard selenium solutions, which closely bracketed the 
selenium content of the solutions obtained from the rocks, 
being evaporated in the tantalum boat, which was then 
placed in the flame. Standards were run before and after 
each rock solution in order to ensure accuracy and to 
minimize the effect of a slight decrease in the background 
absorbance of the boat. 

The chemical yields for the solvent-extraction process 
appear in Table 1. The variation in degree of extraction 
is large and is a result of the selenium concentration being 
low; McGee, Lynch and Boswells reported that the repro- 
ducibility of their procedure below a selenium con- 
centration of 0.07 mg/ml(70 ppm) was very poor. As with 
other elements at tracer levels, selenium is also subject 
to losses by adsorption on the walls of the container and 
on colloidal particles. The AAS results were corrected by 
means of the chemical-yield factor. 

The results for the rock samples appear in Table 2 
together with trace selenium concentrations for the same 
geological specimens reported by Brunfelt and Steinnes’. 
The agreement may be considered excellent in view of 
the fact that Brunfelt and Steinnes used a different pro- 
cedure (distillation) to separate selenium in the rocks, 
before the neutron-activation analysis. Inspection of Table 
2 also indicates that the precision as measured by standard 
deviation and range is quite good and this provides further 
evidence that the chemical-yield correction is adequate. 
The selenium:sulphur ratio has been determined for 
various geological materials and found to be about 1 x 
10d4 except for sea-water (1 x 10e7) and evaporites (2 x 
10-s).i”~ it Therefore, this ratio may be used as a check 

on the reliability of selenium determinations. Table 3 
shows that our results approximate to the ratio of 1 x 

Table 1. Degree of extraction of selenium with use of “Se 
tracer 

U.S G.S. Activity in Actlvlty m 

rock aqueous phase. cps orgatuc phase, cps Extraction, % 

BCR-1 
Sample A 
Sample B 

W-l 
Sample A 
Sample B 

GSP-1 
Sample A 
Sample B 

71.2 202.2 74.0 
30. I 1875 86.2 

150.9 1055 41.2 

134.5 124.3 48.0 

159 230.9 936 
65.6 216.9 76.8 

Table 2. Trace selenium concentrations for U.S.G.S. rocks 

USGS S&mum, ppm 
rock (this method) 

selelllum, ppm 
(neutron-activation 

Range, ppnr analysa)’ 

GSP-1 0.058 f O-001 0~057ao59 0.059 
W-l 0.110 f cat5 0103+116 0.110 
BCR-1 0.100 f OaOl 0 099 + 0.100 a103 

Table 3. The selenium:sulphur ratio of some U.S.G.S. 
rocks 

USGS. 
rock 

GSP-1 0058 005 1 x lo-’ 
W-l 0110 0.014 8.2 x lo-’ 
BCR-1 0.100 0.05 2 x lo-’ 

10e4, and this serves as further evidence that the results 
obtained are valid. 

Severne and Brooks have recently employed AAS for 
the determination of selenium at levels exceeding 1 ppm 
in geological samples, i2, i3 In our investigation, we have 
extended the detection of selenium down to 0% ppm 
with simplicity, accuracy and precision. We suggest that 
the relatively inexpensive and rapid technique of AAS and 
an associated boat sampling system be utilized in conjunc- 
tion with activation analysis to enhance accuracy in studies 
of this nature. 
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Summary-Atomic-absorption spectroscopy was used to determine trace amounts of selenium accu- 
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ANALYTICAL DATA 

PHENANTHRAQUINONE MONOTHIOSEMICARBAZONE AS INDICATOR FOR 
CHELATOMETRIC DETERMINATIONS 

(Received 9 October 1974. Accepted 13 boiler 1974) 

Summary-A new compound, phenanthraquinone monothiosemicarbazone, is satisfactorily used in 
the chelatometric determination of copper(H), z&(11), cadmium(H), mercury(H) and nickel(I1). The 
method is applied in the analysis of &ous alloys. 

During an investigation on thiocarbazones, the compound 
phenant~aquinone monot~o~mi~r~zone (PTS) was 
found to react with bivalent copper, zinc, cadmium, mer- 
cury and nickel ions, giving intense red colours. The colour 
was discharged by EDTA. This observation is utilized in 
chelatometric determination of these metals, with PTS as 
indicator. 

EXI’ERMENTAL 

Synthesis of PTS 

~uimolar amounts of phenant~aquinone and thio- 
semicarbazide were dissolved in the minimum amount of 
methanol and refluxed for 3 hr. The hot solution was fil- 
tered and cooled, and red crystals of PTS were deposited, 
After 2 or 3 crystallizations from methanol, the m.p. was 
190-192”. Calculated: C, 64.1%; H, 3.9%; found C, 64.4%; 
H, 4.0%. 

PTS 

Reagents 

PTS solution (0~5% in methyl or ethyl alcohol) was 
either kept in the cold or prepared fresh to avoid possible 
decom~sition, It is normally stable for 2 days. Solutions 
were made of analytical-reagent grade CuSO.+. 5H20 in 
water, ZnO in perchloric acid, Cd(CHsCOO)z .2HaO in 
water, metallic mercury in perchloric acid and 
NiSO,.(NH&SO.+.6H,O in water and standardized if 
necessary. EDTA solution was standardized against a zinc 
solution, with Eriochrome Black T as indicator. 

Acetate buffers were prepared by mixing 1M sodium 
acetate with 1M hydrochloric acid. For higher pH, 
ammonia was added. 

Phthalate buffers were prepared by mixing @lM potas- 
sium biphthalate with DlM hydrochloric acid or sodium 
hydroxide, as required. 

Analytical-reagent grade chemicals were used for all 
other solutions. Doubly distilled water was used through- 
out. 

Interferences 

The effect of various ions on the determination of copper 
(5*4mg), zinc (13.1 mg), cadmium (28.1 mg), mercury 
(i~Omg) and nickel (59mg) was examined. The results 

are shown in Table 1. The criterion for interference was 
an error greater than 05%. Masking agents, where shown, 
were added in all titrations except those indicated by aster- 
isk. 

Procedure 

Adjust the pH of a solution con~~ing the requisite 
amount of metal (Table 2) with 1Oml of acetate buffer 
(phthalate buffer can also be used in copper titrations). 
Heat the solution for about 2min on a water-bath, add 
4-6 drops of PTS indicator (followed by 5 ml of alcohol 
in mercury titrations) and dilute to about 25ml. Titrate 
slowly with EDTA solution of appropriate concentration 

Table 1. 

Foreign aon 

Toierance lrmtts, mg, for 

Masking 
Copper Zinc Cadmium Mercury Nickel agent 

F- 

Cl- 
Br- 
I- 
CN- 
NO;,NO;,QO; 
10; 
CSS 
CH,CGW 
SO:- 
so:- 

s,o:- 
czo:- 
Tartrate 
Thmurea 

amte 
BO:‘ 

;$Y 

Ag+ 
Mg’+ 
Caz+ 
sr2 + 
Ba*+ 
Zll’+ 
Cd’ * 

;b’+ 

V'+ 
Ml-?’ 
Fe’ + 
co2+ 

500 500 
500 so0 
500 500 
Int. 500 
Int m 

500 SCNI 
Int 5v0 

5 500 

MO 500 
500 5Oa 
500 500 

Int. 50 
Int. 15 

500 500 
Int. 5t?o 

I50 10 
LOO 200 

500 Int. 
_ 200 
50 Int 

so 503 
50 m 

500 500 

500 SO0 
SW - 

500 Int 
Int 500 
150 lx) 

2 2 
70 200* 

59 2. 

Int. SW 2: 
30 35 

5 Int 

500 
500 

500 
500 

10 

scil 
500 

5aO 
500 

500 
500 
200 
504 

500 
500 

500 
500 

Int 
2w 
Int. 

500 
70 

500 
500 

7 

500 
80 

2 
1* 

Int. 
25 
13 
56 

Int. 

m 
loo 
505 
Int. 

Int 
500 
500 

5 

500 
Int 
500 

Int. 
500 
500 
Int. 
505 

50 

350 
Int 
Int 
100 

30 
100 
4GQ 
1Ilt 
IIli 
- 

30’ 
1 
1* 

Int 
Int 
Int 
Int 
I&IL 

5M) - 
500 - 
SW - 
SW - 
Int - 
sol - 
503 - 
“so - 
500 - 
SC0 - 
So0 - 

30 - 
IO - 

500 - 
500 - 

30 - 
20 - 

Int. - 
200 Thtourea 

100 Chloride 
500 - 

50 - 
500 - 

500 - 
Int. cnrate 
Int. - 

500 Iodide 
IW Fluoride 

2 - 
2W Fluoride 
IOQ Sulphato 

3 Fluoride 
W Fluoride 
50 Fluoride 
12 - 

MolybdenumQV), nickel(I1) and platinum group metal 
ions interfered when their amounts exceeded 1 mg. 

Int. = interference. 
* Amounts tolerated without masking agent. 
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until the reddish colour completely disappears. 
is not necessary if the solution is let stand for 
after addition of the indicator and then titrated. 

Heating 
2-3 min 

is proposed for the metal complexes with PTS: 

Table 2. 

Metal 
Requisite 

concentration PH 
Temperature 

“C 

Copper 1 pg-30 mg/ml 0+40 15-95 
Zinc 65 pg-65 mg/ml 44-1.5 25-70 
Cadmium 20 pg-110 mg/ml 4+360 40-70 
Mercury 40 pg-100 mg/ml 5.3-6.8 3&70 
Nickel 12 ~~60 mg/ml 4.570 20-75 

Analysis of alloys 

The method was successfully adopted for the analysis 
of brass and gun metal for copper and Brightray G wire 
and Monel K wire for nickel after addition of the appro- 
priate masking agents. The errors were within *0.1x. 

Tentative structure 

Keeping in view the earlier work on metal complexes 
with thiosemicarbazones,’ the following tentative structure 

(where M = Cu, Zn, Cd, Hg or Ni and X = anion present 
in solution). 
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Summary-The use of microwave plasmas and of capacitively coupled high-frequency plasmas as 
sources for emission spectrochemical analysis is reviewed. 

The first part of this review gave a theoretical back- 
ground and discussed plasma jets operated with d.c. 
This part deals with microwave plasmas (by which 
we mean plasmas operated at frequencies greater than 
300MHz), and with high-frequency (hf) plasmas (at 
frequencies in the range l-3OOMHz) which are capa- 
citively coupled to the power generator. In the first 
section we give a survey of the development of these 
sources as applied to spectrochemical analysis of solu- 
tions and solids; the great majority are concerned 
with solutions. In the second section some aspects 
of these systems are compared and discussed. The 
third section lists some specialized applications, 
mostly with gaseous samples, in gas analysis and iso- 
tope analysis, and as detectors in gas chromat- 
ography. We have excluded applications of electrode- 
less discharge lamps to atomic-absorption and 
atomic-fluorescence spectrometry, where the emission 
from the plasma does not characterize the sample but 
rather constitutes the excitation source for it. Happily 
the confusing literature on the preparation and oper- 
ation of electrodeless discharge lamps has recently 
been critically reviewed.’ 

DEVELOPMENT OF PLASMA SOURCES 

Capacitively coupled high-frequency plasmas 

In 1941, Cristescu and Grigorovici3 reported their 
experiments on a discharge produced by applying the 
output of a high-frequency oscillator to two circular 
plates which were separated vertically by up to 15 cm. 
The lower plate had a copper cone with a platinum 
tip attached to it. The plates formed a condenser 
which was part of the circuit which determined the 
frequency of the oscillator, typically in the range 60- 
90MHz. A discharge could be formed at the tip by 
touching it with an isolated conductor which could 
emit electrons easily when heated by the strong elec- 
tric field. These electrons gain kinetic energy from 

* For reprints of this Review see Publisher’s announce- 
ment near end of this Issue. 

t Part I-Tulunta 1975.22. 1. 

the electric field and this energy can be transferred 
by collision to heat the gas and to produce by ioniza- 
tion the number of electrons necessary for a sustained 
discharge. A temperature of 4000 K was found when 
a power of 650W was supplied. The authors later 
gave a theoretical treatment4 of the discharge. 

This discharge was utilized in 1956 as a source for 
spectroscopic gas analysis by Stolov5 and in 1957 for 
spectrochemical analysis by Badarau, Giurgea, Giur- 
gea and Trufia.6 They used a hollow cylinder for the 
upper electrode and noted that this electrode was not 
absolutely necessary, but had a useful function in con- 
centrating the lines of force of the electric field. The 
system is therefore very different from an arc, where 
a substantial current flows through both electrodes, 
which are therefore both necessary. The essential elec- 
trode is a tip where a very strong electric field is 
developed. Discussions and applications of one- and 
two-electrode plasmas of this kind were given by 
Kapicka,7,8 Dunken, Mikkeleit and Kniesche,g Tappe 
and van Calker,” Dunken, Pforr and Mikkeleit,” 
Trunecek,l’ Dunken and Pforr,13 and Pforr and 
Langner.14 The glow discharge lamp of Vurek and 
Bowman’ 5-’ 7 can formally be included in this class, 
since it has a pointed electrode at which the discharge 
is formed and an annular electrode surrounding the 
discharge tube, but the very low power (10 W) applied 
gives rise to a discharge of much less luminosity. 

A new kind of discharge in which a d.c. voltage 
was superposed on Cristescu and Grigorovici’s high- 
frequency plasma was described by Cristescu” in 
1960. While the hf voltage was applied across two 
electrodes as before, these electrodes were held at the 
same d.c. potential and an adjustable d.c. voltage was 
applied between them and a third electrode, movable 
between them. Altering the d.c. voltage so as to vary 
the d.c. in the range 0.1-l A changed the apparent 
excitation temperature and also the appearance of the 
plasma. Applications to spectrochemical analysis were 
made,‘g-20 and later studies were reported by Zak- 
harov.21 

In contrast to these systems where the upper elec- 
trode, if there is one, acts only as a guide for the 
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lines of force and does not conduct a significant cur- 
rent, is the type which is the high-frequency analogue 
of d.c. arcs or plasma jets, where the electrodes carry 
a substantial current. Zheenbaev22~24 developed 
sources where the discharge space was subjected to 
hydrodynamic compression, either by sucking air and 
the discharge products through the central hole of 
the upper electrode, or by blowing a stream of air 
along the axis of the discharge. The increased pressure 
resulted in a higher temperature because of more col- 
lisions, and an improvement in sensitivity of one or 
two orders of magnitude was claimed. The samples 
were usually aqueous solutions and were con- 
tinuously vaporized from a Perspex container above 
the lower electrode by an auxiliary electrode dipping 
into the solution. Gostkowska and Ekiert” used a 
high-frequency (20 MHz) arc at atmospheric pressure 
to determine trace impurittes m semiconductor mater- 
ials by fashioning rods out of these solid samples and 
fixing them to copper electrodes, while Eramets and 
Kukkasjlrviz6 used pelleted samples and graphite 
electrodes in a helium atmosphere at reduced pres- 
sure, to determine bromine, chlorine and tellurium. 

Scholz” and Roddy and Green’s designed torches 
in which a single conductor was used to form both 
a central electrode and a coaxial coil surrounding it. 
There is thus both capacitive and inductive coupling 
to the plasma, which is formed at the tip of the central 
conductor. Torches of this kind were utilized for spec- 
trochemical analysis by Mavrodineanu and Hughes,29 
who passed the sample aerosol through the hollow 
conductor. to emerge through small holes at the tip; 
they found that other methods of introducing a 
sample aerosol led to partial short-circuiting through 
liquid films. Other users10.30.31 did not seem to 
observe this effect. 

Egorova32-34 used purely capacitive coupling with 
two external annular electrodes, one at each end of 
a water-cooled discharge tube. This type of coupling 
had been used earlier for isotope analysis in plasmas 
at reduced pressure.35p37 Egorova’s plasma was at 
atmospheric pressure in argon, which was introduced 
tangentially, and was viewed along its axis. She found 
that two kinds of discharge could be excited. The first 
was a constricted plasma like an arc channel while 
the second was a continuous diffuse luminescence 
which filled the tube. Lines of high excitation energy 
were excited in the first type whereas those of low 
energy predominated in the second. Both types were 
useful for analysis and the change from one to the 
other depended on the concentration and ionization 
potential of the sample atoms. A plasma excited by 
a single, water-cooled, external, annular electrode was 
described by Grigoriev, Frolov and Sanodze.38 Again 
the discharge consisted of a thin filament when pure 
argon was used but changed to a diffuse form when 
an easily ionized element (an alkali or alkaline earth 
metal) was mtroduced at a suitable concentration. 
The apparatus included two atomizers, one for 
the sample and the other for the easily ionized 
element. 

Microwave plasmas 

Two types of apparatus have been used to excite 
microwave plasmas. A discharge tube with a central 
electrode can be used; the electrode IS coupled C%I 
a waveguide to the mrcrowave oscillator and the 
plasma is formed at the tip, like some of the high- 
frequency plasmas already discussed. The other 
method of excitation is to place a discharge tube (wrth 
no electrodes) in a resonant cavity. 

Most of the sources which use a central electrode 
are derived from the designs of Cobine and Wrlbur3” 
and Schmidt,40 which operate at 2450 MHz. The first 
application to the analysis of solutions was reported 
by Mavrodineanu and Hughesz9 in 1963. who used 

2 kW power. They found a gas temperature in 
the range 2900-3300K by observing that molyb- 
denum could be melted, but not tantalum or tungsten 
The excitation temperature was much higher. Various 
working gases were used; hydrogen or helium gave 
the least background and hydrogen was more effec- 
tive in volatilizing refractory substances. An mcandes- 
cent tip. emitting electrons, was requned to sustain 
the discharge m hydrogen. Kessler and his assoctates 
studied a similar torch4’*42 and applied it to materials 
used in the glass industry43*44 and to general analysis 
of solutions.45 Tappe and van Calker’” reported 
briefly on sources at frequencies of 461 and 
24OOMHz. Yamamoto and Murayama46 studied a 
source with a frequency of 520MHz before using4’ 
the almost universal microwave frequency of 
2400 MHz. Yamamoto and MurayamaJh studied a 
source with a frequency of 520 MHz before using” 
tions to the analysis of steel have been reported “’ ” 

The first successful applicatron to spectrochemlcal 
analysis of a microwave dtscharge formed without 
electrodes and in a resonant cavity seems to have 
been the analysrs of nitrogen isotopes by Broida and 
Chapman s3 in 1958. An application to the analysis 
of soluttons was described by Yamamoto.55 McCor- 
mack, Tong and Cooke,5” in developing a detector 
for gas chromatography. found that at low pressure 
it was necessary for the diameter of the discharge tube 
to be at least 1 cm, for smaller tubes resulted m an 
unstable plasma; at atmospheric pressure stable and 
more intense discharges were obtained m tubes as 
narrow as 1 mm. Runnels and Gibsons6 investigated 
the use of this type of plasma for the excitation of 
metals in solution. The low power used (about 25 W). 
made the introduction of the sample as an aerosol 
impracticable, since the plasma was easily extm- 
guished by the solvent. The sample was therefore 
placed on a platinum filament which was heated to 
give complete sample evaporation outsrde the drs- 
charge. The design of the vaporization chamber had 
large effects on the sensttlvity and reproducibihty of 
the emission; particular attention to the prevention 
of plating-out was necessary. A number of apphca- 
tions from the same school have appeared” 5v and 
the most recentreport, by Lichte and Skogerboe.“” mdi- 
cated that modifications to the resonant cavity allowed 
the introduction of desolvated aqueous solutions. This 
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Table 1. Systems classified by power 

Type Power, W References 

555 

Microwave <lOO 5660, 64, 69. 70 
<200 46, 61-63, 65, 66 

<IO00 45, 47, 52 
>looa 29, 41-43, 48, 67, 68 

High-frequency 10 15-17 
250 29 
500 30 

1500 32-34 
2ooo 2s 

hadpreviouslybeenachievedbyotherworkerswithlow- 
power systems.6’-64 Short residence time is a limi- 
tation to sensitivity and the possibility of sealing sam- 
ples in a tube to overcome this has been investi- 

gated. 65, 66 All the work already mentioned on the 
use of discharges excited in a cavity was carried out 
with low-power sources (200 W or less). An exception 
is the generator used by Tsemko and his asso- 
ciate@‘* 68 which was capable of supplying more than 
2 kW to an argon plasma with tangential flow at 
atmospheric pressure, the source being viewed either 
along its axis or at right angles to it. 

REVIEW OF SYSTEMS USED FOR ELEMENTAL 
ANALYSIS OF SOLUTIONS 

Plasma generators 

A survey of the different types of generator used 
must be incomplete, since authors frequently do not 
give details. Even when the power output of the 
generator is specified we do not usually know how 
much reaches the plasma. Kessler and Gebhardt’s 

paper 43 is an admirable exception: we are told that 
of the 2.5 kW available from the magnetron. the maxi- 
mum they can utilize, because of the gas flows 

adopted, is 1 kW and that in fact they choose 860 W. 
Of this, 16OW is reflected, so 700W are transferred 
to the plasma. Thus a simple statement that they use 
a generator of maximum output 2.5 kW would not 
be very relevant. It is likely that the figures quoted 
in many instances are for the maximum output (since 
this figure is supplied by the manufacturer and 
requires no measurement). These figures are therefore 
likely to represent only an upper limit for the power 
actually supplied to the plasma. 

For microwave sources where a resonant cavity is 
used, its design is of great importance in the transfer 

of power; some designs have been discussed.60*7’,72 
Table 1 shows that there are many applications to 

the analysis of solutions or solids for which a low- 
power microwave source is at least sufficiently pro- 
mising to be thought worth reporting. This is in spite 
of the restriction to very small samples, necessary for 
the stability of the discharge. If applications to the 
analysis of gaseous samples were included here there 
would be a greater preponderance of these devices. 
The situation with hf sources is very different; with 
the exception of Varek and Bowman’s glow dis- 
charge,“-” there are no such systems reported with 
power of less than 250 W and it is possible to infer 
that this was considered too sma11z9 The impractica- 
bility of forming a discharge with a low-power hf os- 
cillator is probably due to the relatively large skin- 
depth at these frequencies, which means that the 
power is dissipated in a relatively large volume, giving 
a power density insufficient to maintain the discharge. 

The frequencies reported for the hf sources (with 
one early exception36 where it is ISOMHz) lie in the 
range 6-60 MHz. Apart from commercial availability, 
reasons are not advanced for the values chosen; it 
is our opinion that, within fairly wide limits, the 
choice is not of great importance. 

Sample introduction 

Table 2 gives a survey of methods used to introduce 
liquid and solid samples; we exclude cases where a 
solid sample is placed on, or used as, an electrode. 
In the cases noted, desolvation was used to prevent 
plasmas of low power from being extinguished by the 
solvent. Chemical generation included the production 
of hydrogen sulphide from cast iron5’ the reduction 
of mercury compounds3’.” and the generation of 
arsine.59 Kessler4’ gives a well-justified warning on 
the necessity of reproducible particle-size and rate of 

Table 2. Methods of Introducing samples 

Method References 

Pneumatic nebulization 
Ultrasonic nebulization 
Evaporation from heated filament 
Chemical generation of vapour 
In sealed tube 
As powder 

* With desolvation. 

6. 7, 9. 10, 19, 29, 32-34, 38. 43-48, 52*. 60*, 61, 62*, 67, 68 
11, 13, 14, 30, 32, 33, 64* 
15-17. 56, 57, 63, 69, 70 
31, 57-59 
65. 66 
41. 42 
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feed in the quantitative analysis of powders. Ultra- 
sonic nebulization often results in an improvement 
in sensitivities and detection limits: a comparison is 
given by Egorova. 32*33 The most convenient method, 
well suited for automatic analysis of a series of sam- 
ples on a rotating turntable, is pneumatic nebuliza- 
tion; none of the others is easy to use in this fashion. 

Limits of detection 

Many of the limits of detection given in the papers 
reviewed are (following Kaiser73) that concentration 
which is predicted to give a signal of magnitude which 
is a certain multiple of the standard deviation of the 
background. The multiplier used is often two, some- 
times three and occasionally one. Skogerboe, Heybey 
and Morrison74 give what seems to be a technically 
more correct procedure to take account of the fact 
that the background and its standard deviation are 
usually estimated from a small number of readings. 
The point had not been overlooked by Kaiser, who 
not only recommended that at least twenty blank 
analyses be used and that the value of the multiplier 
should be three but warned against accepting literally 
the corresponding probability of being in error. 

In spite of the fact that the published values are 
therefore not all comparable, we have made no 
attempt to adjust them to the same basis, for it seems 
to us that the differences due to the different methods 
of estimation are of little consequence to the spectro- 
scopist engaged in practical analysis, because of other 
factors which affect the limit and may be beyond his 
control. It seems more important to us that the pub- 
lished limits should have been checked experimentally 
by analysing known samples having concentration 
which lie quite near these limits. Extrapolation from 
concentrations much higher can be misleading; in one 
case,66 the discrepancy between extrapolation and ex- 
periment pointed the way to an improvement in ex- 
perimental procedure. 

Table 3 lists some of the best values of published 
limits for most of the elements which have been stud- 
ied. They are often determined with the use of pure 
solutions although they are liable to be influenced 
by the matrix of a real sample. Many other factors, 

such as the nature and acidity of the solution, gas 
pressures and flow-rates, available power, type of 
nebulizer used, and the part of the plasma viewed, 
also have their effects. If only one element is to be 
determined these parameters can be optimized if 
necessary but if the source is used for the simul- 
taneous determination of several elements, either by 
photography or a multichannel photoelectric system. 
the conditions will not be optimum for all elements. 
It seems likely, therefore, that different operating con- 
ditions explain the large number of different refer- 
ences cited in Table 3 for the best detection limits; 
this was brought home to us when compiling the 
table, when we noted that different systems which 
might be expected to behave in a similar way fre- 
quently gave detection limits differing by factors of 
perhaps 100, one system favouring some elements, 
and another others. With the possible exception of 
systems which are designed and optimized for one 
element, we would therefore not recommend the blind 
acceptance of a low detection limit as an indicator 
of merit of the emission source. The use of ultrasonic 
nebulization in particular can often make a dramatic 
improvement. 

Matrix eficts 

One type of matrix effect 1s due to the presence 
of refractory radicals; atoms which are not free do 
not contribute to the atomic spectrum. The intensity 
of the emission of an element will depend therefore 
on the concentration in the matrix of other elements 
with which the element may combine. This effect does 
not occur if the gas temperature is sufficiently high, 
because then the radicals are dissociated; freedom 
from this type of interference is one of the great 
advantages of working with a high-power source. It 
is our opinion that the dissipation of several kilowatts 
in the plasma is necessary to obtain this advantage 
and that most of the sources reviewed here will there- 
fore be subject to this effect, whether mentioned by 
the experimenter or not. 

The presence of radicals also leads to the emission 
of band spectra, which are likely to cause spectral 
interference. 

Table 3. Detection limits obtained with microwave and capacitively coupled high-frequency plasma sources 

Element 
Detection limit, Wavelength, 

PPm nm Reference 
Other references to 

this element 

Aluminium 

Antimony 

Arsenic 
Barium 
Beryllium 
Bismuth 
Boron 

0.02 

0.1 
{ 0.1 

0.03 
0.05 
0.05 
1.0 
0.01 

231.2 
259.8 3 
193.7 
455.4 
234.9 
472.3 
249.8 

64 
> 12, 61 

60 
38 
32 
64 
60 

Bromine 500 470.5 26 
Cadmium 2 X 10-7 228.8 66 

396.2 30 6, 8, IO, 13, 14. 22, 25, 29, 32, 33r 38. 42-44. 
4649. 64 
25. 29. 33, 47. 63 

25, 29, 47, 48, 59, 61, 63 
6, 7, 9. 10, 14, 22, 30, 32, 33, 45, 47, 69, 76 
6, IO, 22, 33. 63 
25, 30, 47. 48 
6, 10, 22. 24, 29, 32, 42, 45. 47, 48, 51, 63, 

67. 68 

10, 16, 21, 30. 32, 33, 45, 47, 48, 6&63, 65, 
67-69 
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Table 3. Cmtrrwd 

Detection limit, Wavelength, Other references to 

iw nm Reference this element 

Caesmm 2 455.5 10 
Calcium 0005 422.7 30 

Carbon 100 
Carbon as CN 4 
Cerium 1.5 
Chlorine 500 
Chromium OQOl 
Cobalt 0001 
Copper 00001 

241.9 
388.3 
413.4 

351.9 
345.4 
324.8 

42 
42 
42 
26 
56 
56 
56 

Dysprosium 
Erbium 
Europlum 
Gadolimum 
Gallium 
Germanium 
Gold 
Hafmum 
Holmium 
Indium 
Iodine 
Iron 

0.04 396.8 15 

0.01 459.4 38 
2 432.6 15 
0.04 417.2 62 
1.5 265.1 47 
@02 261.6 30 

10-e 451.1 66 
10 206.2 63 
O+)ol 373.5 56 

Lanthanum 
Lead 0.005 405.8 60 

Lithium 0.01 670.7 38 
Magnesium ow5 285.2 30 

Manganese 
Mercury 
Molybdenum 
Neodynium 
Nickel 
Niobium 
Palladium 
Phosphorus 
Platinum 
Potassium 
Praseodymium 
Rhenium 
Rhodium 
Rubidium 
Samarium 
Scandium 
Selenium 
Silicon 
Silver 
Sodium 
Strontium 
Sulphur 
Tantalum 
Tellurium 
Terbium 
Thallium 
Thorium 
Thulium 
Tin 

0%04 
lo- 5 
O+l45 
0.3 
0.01 
0.5 
@4 
10 
@I 
0.3 
0.5 

403.1 
253.6 
379.8 
430.4 
341.5 
405.9 
34@6 

265.9 
769.9 
422.5 

30 
58 
45 
75 
30 
52 
41 
68 
30 
16 
75 

0.05 369.2 47 
8 4201 10 
02 4424 75 
20 424.1 32 
004 196.0 60 
0.2 251.6 47 
0.001 328.1 56 
0~001 589.2 14 
0.0005 460.7 38 
0.2 216.9 51 

0.2 214.3 61 
1 432.6 75 
10-e 377.6 66 
8 401.9 48 

Titanium 

Tungsten 
Uranium 
Vanadium 
Ytterbium 
Yttrium 
Zinc 

0.2 303.4 
0.1 365.4 
0.1 334.9 
0.4 429.5 

30 
52 

> 64 
48 

0.015 437.9 30 
0.5 398.8 32 
0.03 431.5 75 
0.0006 213.9 60 

Zirconium 1 339.2 42, 52 

6, 22, 29 
9, 10, 13, 14, 16, 17, 22, 25, 29, 34, 38, 42, 
44-48, 61, 64, 67, 68 
8 

6, 22, 48 

9, 10, 14, 22, 32, 33, 38, 42, 45 
10, 29, 30, 32, 38, 42, 45, 60, 64, 79 
8, 10, 16, 25, 29, 30, 32, 38, 45, 48, 61, 63, 
64, 61-69 
29 
29 
29 
29 
47 
68 
10, 25, 29, 32, 33, 47 
29 
29 
22, 29, 32, 33, 47, 62, 64, 65 
29 
6. 7, 10, 13, 14, 16, 25, 29, 30, 32, 34, 38, 

4245. 48. 61. 63. 64. 67, 68 
22, 19 
6, 8, 10, 13, 14, 16, 19, 25, 29, 30, 32, 33, 

38, 48, 63-65, 69 
10. 14. 30. 45 
10, 13, 14, 16, 22, 25, 32-34, 42-45, 48, 61, 

64 
9, 10, 13, 14, 25, 32-34, 38, 45-48 
10, 16, 2931, 47, 60-63, 65, 70 
8, 25, 29, 32, 33, 38, 42, 47, 50 
22, 29 
10, 25, 29, 32, 33, 38, 42, 45-47. 67, 68 
29. 68 
29 
29, 32, 33, 67 
10, 47 
6, 7, 10. 14, 15 
22, 29 
29 

22 
22. 29 
29 
61, 63 
25, 29, 67, 68 
10, 25, 29, 32, 33, 45, 64, 69 
10. 13, 15, 16, 25. 29, 42, 44, 45, 61 
9, 10, 22, 24, 30, 67, 68 
29 
25. 68 
26, 47 

10, 25, 29, 30, 32, 38, 65 

29 
6, 22, 29. 48, 61, 64 

10, 48, 68 

8, 10, 47, 50, 68 
29 
6, 19, 29, 32, 42, 46, 47, 60 
29 

6, 7, 10, 13, 14, 16, 29, 30, 32, 33, 38, 4548, 
6 l-64, 67-69 
41, 68 
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Table 4. Practical applications of microwave and capacitively coupled high-frequency plasma sources 

Field of application Elements determined References 

Clinical chemistry 
Impurities in semiconductors 
Limestone, dolomite 
Glass 
011 

Steel 

Ca. Cd, Cu, Fe, Hg, K, Mg, Na, Pb, Zn 15-17 
Si, Mg, Cu, Mn, MO, Fe, Al, As, Bi, Tl, Sb, Pb, Ni, Na, Ca 25 
Mg. Fe, Al, Ca, Mn 34, 43, 44 
Na, Ca, Mg. Al, Fe 44 
Fe, Cr. Ni. Ag 45 
Al, W, MO, B, Nb. TI, Zr 49-52 

Another effect which is liable to occur wtth appar- 
atus of any power or frequency is a change in emis- 
sion intensity if an element of low ionization potential 

is introduced. The immediate result of this is likely 
to be an increase in electron density, which will move 
the ionization equilibrium of the other atoms towards 
the neutral side. This simple consideration is some- 
times adequate to explain at least qualitatively the 
effects observed: these effects are frequently that ele- 
ments of high ionization potential are not affected, 
smce there are few ions of such species m any case, 
while those of low ionization potential, which are in- 
itially appreciably ionized, will show a noticeable 
change if the equilibrium is altered. Changes in the 
spatial distribution of the plasma32.38 have also been 
invoked by Murayama75,76 and other studies have 
been made by Cristescu and Giurgea,” Kitagawa and 
Takeuchi,77x78 and Pupyshev and Muzgin.79 Very 
pronounced enhancements are sometimes observed; 
the detection limits for rare earths were improved by 
factors of up to lOOtI by the addition of sodium,75 
but reductions in sensitivity have also long been 
known.’ 

Many of the papers mentioned are exploratory and 
aim at establishing the potential of the technique for 
the analysis of solutions. Papers referring to specific 
elements can be traced from Table 3. More substan- 
tial practical applications are listed m Table 4. 

Plasma parameters 

It is reasonable to assume that all the devices men- 
tioned have high excitation temperatures, for other- 
wise they would be useless as excitation sources. We 
have already mentioned our opinion that most of the 
sources reviewed do not have powers sufficiently high 
to produce a high gas temperature. Most, therefore, 
will not be in local temperature equilibrium (LTE). 
which requires the different kinds of temperature to 
have the same value. Low-pressure plasmas are likely 
to be still further from LTE, because the lower 
number of collisions impairs the transfer of energy. 

The literature ofplasma parameters such as tempera- 
tures of various kinds and particle densities of different 
species is very large. A few papers with relevance to 

the small plasmas used for laboratory spectrochemical 
sources are those by M01lwo;~~ van Calker ;” Lochte- 
Holtgreven; a2 Lanz, Lochte-Holtgreven and Trav- 
ing ; 83 Jecht and Kessler; 84 Pforr and Kapicka;85 

Kapicka;86 Egorova; 87 Baltin, Batenin, Goldberg and 

Tsemko;88s9 Britske and Sukach;” Kapounova;91 
Kapoun;92 and Busch and Vickers,93 as well as refer- 
enCeS4,h.20,23,29,41,48,62,64,75,77,78 already mentioned 
in the text. 

SPECIALIZED APPLICATIONS 

Gas mixtures 

Stolov’ used a high-frequency brush discharge 
formed at a pointed electrode to analyse binary mix- 
tures of nitrogen and carbon dioxide. This mixture 
was also studied by Botschkowa, Frisch and 
Schreider37 who also undertook trace analysis with 
their ~-MHZ, 350-W source. White, Watkins and 
Fletcher94 analysed respiratory gases for oxygen and 
nitrogen. Vashman, Lipis and Teterina” used a mic- 
rowave (3000-MHz) discharge for the analysis of 
argon-helium mixtures. Given, Magee and Wilson,96 
and Chakrabarti, Magee and Wilsony7 investigated 
the possible application of Tesla-type discharges to 

gas analysis, and also used a 230-MHz source to study 
argon-carbon dioxide mixtures.98 An &MHz source 
was evaluated by Boos and WinefordnerQ9 for the 
detection of air, CO, C02, SO*, NH,, NO, N02, N2 
and CH4. The effect of parameters such as gas pres- 
sure and power on the spectral intensity of nitrogen- 
helium mixtures was Investigated by Snopov.“’ 

Trace impurities in rare gases 

Servigne, de Montgareuil and Domine”’ used a 
microwave discharge at low pressure to determine 
nitrogen in the rare gases. Ishida”’ used an hf source 
for hydrogen and nitrogen in argon. Botschkowa, 
Frisch and Schreider 37 determined nitrogen, hydro- 

gen, oxygen and carbon monoxide in the rare gases, 
and traces of rare gases in others, with an hf dis- 
charge. Fay, Mohr and Cook103 studied microwave 
discharges, Tesla discharges and Geissler tubes before 
opting for a silent, high-voltage (lo-kV) mains- 
frequency discharge for detecting nitrogen in argon. 
Gutkina and Maslennikova,‘04 however, pointed out 
the advantages of high frequencies in studying traces 
of nitrogen in helium. Taylor, Gibson and Skoger- 
boelo5 adapted the system of Runnels and Gibsons6 
to the determination of carbon-, oxygen-, nitrogen-, 
and hydrogen-containing compounds in argon. Pen- 
chev, Belchev, Piperov and Belinov”” analysed 
helium for traces of neon with a 60-MHz plasma. 

lsotope analysis 

The spectroscopic analysis of isotopes depends on 
the shifting, often by as much as 1 A, of atomic lines 
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or molecular bands, caused by the different masses 
of the isotopes. Excitation of the spectra seems to 
be accomplished very conveniently in high-frequency 
and microwave discharges. 

Nirrogen. The most widely investigated element is 
nitrogen, perhaps because of the importance of bio- 
logical experiments with labelled nitrogen, ’ 'N. Hoch 
and Weisser35 excited the discharge by applying the 
output of a diathermy unit of unspecified frequency 
to aluminium foil wrapped round the ends of a dis- 
charge tube. Broida and Chapmans experimented 
with both sealed and unsealed discharges and with 
frequencies of I50 and 2450MHz. A sealed tube had 
the advantage of requiring only a small sample and, 
although special care was required in filling it, was 
adopted. The higher frequency was chosen because 
no tuning was required and it was more sensitive. 
The pressure in the discharges was chosen to be 
15 mmHg, and the power supplied was 125 W. 
Faust”’ used a frequency of about 7 MHz to excite 
spectra in a capillary tube and measured the intensity 
ratios with a step-filter rather than a rotating sector. 
Zaidei, Lazeeva and Petrov”’ applied excitation in 
a high-frequency electrodeless discharge to the deter- 
mination of the isotopes of oxygen and nitrogen in 
metals. Nemets and Petrov”’ reported the simul- 
taneous determination of the isotopes of nitrogen and 
hydrogen, and of carbon and oxygen isotopes. Som- 
mer and Kick' lo used a 2450-MHz discharge and 
gave details of their sample handling. Leicknam, Fig- 
dor. Keroe and Muehli” designed an apparatus of 
high stability working at 100 MHz, and described 
suitable detection equipment; operating conditions 
were discussed by Leicknam. Middelboe and Pro- 
ksch.’ ” With very small (less than 5 pg) samples of 
nitrogen, the discharge is easily extinguished and 
Goleb and Mlddelboe~13 added a mixture of helium 
and xenon to maintain it. Ferraris and Proksch’ i4 
evaluated commercially available components for 
constructing a system to excite the spectra and dis- 
cussed different methods of calculating the isotopic 
concentrations from the spectra. Kumazawa’ ’ 5 dis- 
cussed some practical problems. Keeney and 
Tedesco’ I6 developed a method for sample prep- 
aration and evaluated a commercially available ana- 
lyser (Straton. type NOI-4). Middelboe”’ discussed 
a high-resolution method for the calibration of com- 
mercialiy available analysers. Lloyd-Jones, Hudd and 
fill-Cottinghaml 1 * reported ins~umen~l and proce- 
dural modifications for the use of the Straton NOI- 
spectrometer and made recommendations on the cal- 
culations and sample preparation. 

Hydrogen. The analysis of hydrogen-deuterium 
mixtures was investigated by Broida and Moyer36 
and by Broida and Morgan.“’ Sources at frequencies 
of 150 and 2450 MHz were tried: the ISO-MHz source 
was preferred since the microwave source showed 
strong self-absorption. A flow system was used, since 
with a closed system the calculated concentration de- 
creased with time. (It is interesting to note that the 
opposite options were later chosen by Broida and 

Chapman” for the analysis of nitrogen, for different 
but equally pertinent reasons.) A method for the 
analysis of mixtures with l&90% hydrogen was 
reported by Veinberg, Zaidel and Petrov,“’ with 
smaI1 amounts of deuterium by Zaidel and Ostrovs- 
kaya”’ and with small amounts of hydrogen by 
Nemets, Petrov and Shabdukarimov.‘22 Nemets and 
Petrovlo9 reported on the simultaneous detection of 
the isotopes of hydrogen and nitrogen. 

Carbon. Isotopic analysis of carbon was described 
by Zaidel and Ostrovskaya,‘23 who used the in- 
tensities of carbon monoxide bands. A similar tech- 
nique was used by Nemets and Petrov.“’ 

Uranium. The application of electrodeless dis- 
charges to the isotopic analysis of uranium was 
reported by Capitani and co-workers.1”L’26 

l?efecfors for gas c~o~fogrup~y 

Although an hf discharge had been suggested by 
Karman and Bowman’*’ in 1959, and discharge exci- 
tation by a Tesla coil by Sternberg and Poulsonrz8 
in 1960, practical applications to chromatographic 
detection were not reported until 1965. McCormack, 
Tong and Cooke55 ex~rimented with high-vol~ge 
a.c. and d.c. glow discharges, with a hollow-cathode 
d.c. discharge, and with electrodeless discharges in 
argon and helium at 8 and 2450 MHz. They found 
the intensities of the spectra emitted from the micro- 
wave plasma to be significantly higher than those from 
the others. The spectra emitted from this discharge 
showed that a variety of organic molecules had been 
fragmented to atoms or diatomic species; these spec- 
tra could be utilized as sensitive detectors of com- 
pounds containing carbon, iodine, sulphur, phos- 
phorus, chlorine and fluorine, and applications to 
other compounds were suggested. An application of 
this detector by Bathe and Lisklz9 to the determina- 
tion of organophosphorus insecticide residues was 
published simultaneously. This was the first of a 
series, subsequent members of which were concerned 
with the determination of iodinated herbicide residues 
and metabolites,130 with the effects of reducing the 
discharge pressure (which were to enhance by an 
order of magnitude the emission from phosphorus, 
but not that from iodine),‘31 with the substitution 
of helium for argon as the discharge gas (which en- 
abled atomic lines of sulphur, chlorine and bromine 
to be observed and used in place of the band spectra 
previously utilized),132 and its application to pesticide 
analysis,133-135 and with improved matching of the 
microwave generator to the discharge cavity72 and 
applications to determination of methylmercury salts 
in fish.‘36 Bellet, Westlake and Guntheri3’ also used 
a similar apparatus for the detection of phosphorus. 

Moye,‘38 having obtained unsatisfactory results in 
phosphorus detection with a pure argon discharge, 
studied the effects of mixing nitrogen, carbon dioxide, 
oxygen and helium with the argon. Only helium 
proved satisfactory, the non-monatomic gases giving 
rise to very strong continuum radiation even in trace 
quantities, and producing very unstable discharges. 
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Maximum sensitivity was found with a com~sition 
of 85% He and 15% Ar. Appli~t~ons to pesticide resi- 
dues were reported. 

A series of investigations by Dagnall and West with 
collaborators began with a study of suiphur com- 
pounds i39 in which it was pointed out that the re- 
sponse, and wavelength for maximum emission, were 

dependent o‘n the identity of the sulphur-containing 
compound, because of incomplete fragmentation; im- 
provements were obtainedi4* by restricting the 
volume of the discharge, by using a platinum catalyst 
anda different~av~ty to increase fragmen~tion, by using 
all the eluted sample and by stabilizing the discharge 
pressure. A return to au argon discharge at atmos- 
pheric pressure was advocatedi4’ on the grounds of 
simplicity, wide application and encouraging perfor- 
mance after optimization for routine analysis. The 
Feasibility of determining i~terelement ratios was 
established.14” Highly selective and sensitive response 
in the analysis of volatile metal chelates was 
reported.‘43 An emlssive helium discharge was 
used144 for the determination of carbon monoxide, 
carbon dioxide, nitrous oxide and sulphur dioxide in 
air, following separation by gas ~~o~~~ography. 

Luippold and Beauchamp established the feasi- 
bility of usmg a low-pressure microwave discharge 
in helium to find the ratio of deuterium to hydrogen 
in order to determine the presence and extent of label- 
ling in hydrocarbons separated by gas chromat- 
ography. Houpt and Compaan’4” studied the deter- 
mmation of organic compounds containing phos- 
phorus, sulphur, the halogens or mercury; they devel- 
oped a method particularly suitable for organomer- 
cury compounds in foods, as did Grossman, Eng and 
Tong.14’ Detection limits for carbon, hydrogen, deu- 
terium. oxygen, nitrogen, Buorme, chlorine, bromine, 
iodine. suiphur and phosphorus in organic com- 
pounds were presented by Lowings:‘QS these were less 
than 0-i ngjsec. with the exception of oxygen and 
nitrogen, which were about 3 ng/sec, Almost identical 
Iimits were reported by McLean, Stanton and Pen- 
keth,‘49 who were able to determine atomic ratios 
and hence empIrical formulae of organic compounds. 
They stress the importance of mixing small quantities 
of oxygen or nitrogen with the helium working gas, 
to prevent the depositlon of carbon on the wall of 
the plasma tube. Helium was chosen because the 
higher energy of a helium plasma gave freedom from 
band spectra. 

An account of the dete~m~natiou of metal chelates 
(which slightly antedates reference 143) was given by 
Kawaguchi, Sakamoto and M~uike.15~ 

Ail the applications listed above use microwave 
excitation at a frequency of 2450 MHz. West 151 has 
compared systems operating at 30 and 2450 MHz. He 
suggests, rather tentatively, that the 30-MHz dis- 
charge has the Following advantages: (I) it may be 
somewhat more sensitive; (2) a plasma can be formed 
in any gas at atmospheric pressure; (3) It is probably 
somewhat cheaper; (4) it is simpler to adjust and 
operate; (5) it is Iess likely to foul the plasma tube. 

He suggests that the 2450-MHz system has these 
advan~ges: (1) it is ~ommerciaIly available; (2) it is 
perhaps more readily adapted to gas chroma- 
tographic systems; (3) it is more easily thermostated; 
(4) it does not require extensive electrical shielding. 
It might be thought that West’s comparison favours 
a radiofrequency system; nevertheless the literature 
shows the overwhelming popularity of microwave ex- 
citation for gas chromatographic detectors. This is 
possibly due to the ready availability of low-power 
microwave generators intended for therapeutic pur- 
poses. The working gases used are argon or helium 
or a mixture. There is a consensus that with the low 
power used a stable plasma can be formed at atmos- 
pheric pressures only in argon, and that, for stability, 
helium must be used at reduced pressure. 
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Summary-The rate of the ligand substitution reaction of copper (II)-PAN (CUR) with EDTA (Y) 
has been determined spectrophotometrically m 5% v/v dioxan over the pH range 5G6.3 at p = 0.1 
(NaClO,) and at 25”. In the absence of l,lO-phenanthroline the rate law is expressed as -d[CuR+]/ 
dt = lo3 ’ [CUR’] Ty’], and the release of PAN from the reaction intermediate CuRY is the rate- 
determinmg step. In the presence of l,lO-phenanthroline (X), however, copper forms a stable mixed- 
ligand complex (CuRX+), and the rate of substitution with EDTA is expressed as -d[CuRX+]/dt = 
(lo6 2[H’] + 10“ *[Xl) [CuRX+]. The release of PAN from the mixed-ligand complex by H+ and 
X IS possibly the rate-determining step, with the copper-phenanthroline complexes produced undergoing 
fast exchange with EDTA. The stability constant of CuRX+ has been determined spectrophotometri- 
tally in 5% v/v dioxan at p = 0.1, and at 25” as [CuRX+]/[Cu’+] [R-l [X] = 1021’2. The acceleration 
of the rate of substitution of copper (IIbPAN chelate may be explained by the fact that the Cu-PAN 
bond in the distorted octahedral mixed-ligand complex CuRX is weaker than in the reaction interme- 
diate CuRY. 

In chelatometric titrations with metallochromic indi- 
cators, the colour change at the equivalence point 
occurs by the substitution of the titrant for the .indi- 
cator in the metal-indicator complex. For a sharp 
end-point the rate of substitution, as well as the equi- 
librium condition is extremely important. Some 
studies of the kinetics of ligand substitution reactions 
of metal-indicator chelates with EDTA have been 
reported.Ie3 

In our previous paper4 it was found that l,lO- 
phenanthroline accelerates the rate of colour change 
of 1-(2-pyridylazo)-2-naphthol (PAN) in the copper- 
(IIFEDTA titration, by forming the mixed-ligand 
complex Cu-PAN-phenanthroline near the equiva- 
lence point. In the present paper the rate of substitu- 
tion reaction of Cu-PAN and Cu-PAN-phen with 
EDTA have been studied, and the mechanism of the 
colour change of PAN at the equivalence point is 
discussed. 

Reagents 

EXPERIMENTAL. 

Copper solution. Metallic copper (99.99% purity) was 
dissolved in nitric acid and the solution was diluted suitably. 

PAN solution. 1-(2-Pyrldylazo)-2-naphthol was purified 
by vacuum sublimation and dissolved in dioxan. 

EDTA. EDTA solution was standardized against a stan- 
dard copper solution. with 4-(2-thiazolylazo) resorcinol as 
indicator. 

IJO-Phenanchrolme solution in dloxan. 
Sodium perchlorate solution. Prepared by dissolution of 

sodium carbonate in perchloric acid. 

* Part I: see reference 4. 

Dioxan. Commercial reagent-grade dioxan was purified 
by distillation after treatment with potassium iodide and 
sulphuric acid and refluxing with sodium for more than 
20 hr. 

Apparatus 

A Hitachi Rapid Scan Spectrophotometer type RSP-2, 
Hitachi Spectrophotometer type 124, Hirama Spectro- 
photometer type 6, and a Radiometer pH meter type PHM 
26c were used. 

Procedure for the measurement of the rate of the substitution 
reaction 

In the absence of IJO-phenanthroline. The solutions A 
and B were mixed, and the absorbance at 550 nm was 
recorded as a function of the reaction time. The dead 
time of mixing was about 20 msec. 
Solution A: Cu = 1.01 x 10m5M; PAN = lGl&3.02 x 
10-‘M; MES buffer solution4 = 0.02M, pH 5.0-6.3; dio- 
xan = 5% v/v; ionic strength 0.1 (NaClOd. Solution B: 
EDTA = 1.24-3.72 x 10e4M; MES buffer solution = 
002M, pH 5Q-6.3; dioxan = 5% v/v; ionic strength: 0.1 
(NaClO,). 

In the presence of IJO-phenanthroline. l,lO-Phenanthro- 
line (1.04-2.52 x 10e5M) was added to solution A, and 
the absorbance at 545 nm was measured (in the pH range 
5.8-6.5) as a function of the reaction time. 

RESULTS AND DISCUSSION 

The formation constant of Cu-PAN-phen complex 

Figure 1 shows the spectra of the Cu-PAN chelate 
(Curve 1) and Cu-PAN-phen complex (Curves 2-4). 
The A,, values were 550 and 540 mn, respectively, 
and the isosbestic point was at 545 nm. 

563 
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Wovelength, nm 

Fig. 1. Spectra of Cu-PAN-phen. Cc.: 2.7 x 10m6M; CpAN: 
2.0 X IO-6M. Cphe”: (I) 0 (pH 6); (2) 6.8 x 10-6M; (3) 
1.1 x 10M4M; (4) 2.7 x 10-4M; (5) PAN blank. pH 9, 

5 cm cell, 5% v/v dioxan. 

When copper-PAN complex forms mixed-ligand 
complexes with l,lO-phenanthroline, the formation 
constant of mixed-ligand complexes is given by 
(charges are omitted for simplicity) 

P 
CCuRXnI 

&RX, = [CuRI CXI” 
(1) 

and the conditional formation constant of copper- 

PAN complex is given by 

&CUR), = 
CWVI ---= 
CCUI CR1 

K u 
CUR CUR(X) (2) 

where R and X represent PAN and l,lO-phenanthro- 
line, respectively, and k&(x) is a side-reaction COeffi- 

cient taking into account the formation of mixed- 
ligand complexes: ’ 

c(,-~~,~) = 1 + f ~CURX.[~I"~ (3) 
n= 1 

As the total concentration of copper-PAN complexes 
[(CUR)‘] can be obtained from the absorbances at 
545 nm, i.e., A,,, and A in Fig. 1, by equation (4): 

[(CUR)‘] = fi CR, (4) 
max 

[Cu] and [R] can be calculated by means of equations 
(5) and (6): 

ccul = Cc, - CO-WI 
(5) 

Q”(X) 

[R, = CR - CWVI 
(6) 

%W 
where CR and Cc, express the initial concentrations 
of PAN and copper, respectively. CQ~, and tLR(H) are 
side-reaction coefficients for the formation of copper- 
phenanthroline complexes and the protonation of 
PAN, respectively.* Substitution of the values of 
[(CUR)‘], [Cu] and CR] into equation (2) gives the 
values of &R)’ under the given experimental con- 
ditions. 

*For the calculation of the a values, /I&, = 1020.56, 
K “x = 104E6 and K,,R = 10” .55 (5% v/v dioxan, p = 0.1) 
were used. 

The experiments were carried out under the condi- 
tions where Cu = 2.74 x 10°bM, PAN = 2.02 x 
IO-‘M, I,lO-phenanthroline = 5.00 x 10-5-4Q0 x 
lo-‘MM, at pH 9.22-11.28, p = 0.1 (KNOJ, and dio- 
xan = 5% v/v. A plot of log &c&) vs. log[X] gave 
a straight line with a slope of 1. Therefore, in the 
concentration range of l,lO-phenanthroline between 
10m4 and lo-‘M one molecule of l,lO-phenanthro- 
line co-ordinates with the Cu-PAN chelate. The for- 
mation constant of the mixed-ligand complex was 
obtained from the value of log&R,, at log[X] = 0: 

KR.X [CuRX] 
CuRX = ccul cRI cxl = lo21 2 

The rate of the substitution reaction of &-PAN with 

EDTA 

Under the present experimental conditions, the 
substitution reaction of the Cu-PAN chelate goes 
to completion and the rate-law can be expressed by 

Cu-PAN + EDTA = Cu-EDTA + PAN 

_ WuRl 
___ = kO(R,y,H) [CuRI 

dt 

where -%I (R,Y,H) is the conditional rate-constant’ 
which may depend on the concentrations of PAN, 
EDTA and hydrogen ion. By representing the absor- 
bances of the reaction system at t = 0, t and x, as 
AO, A, and A,, respectively, we obtain equation (8) 
from equation (7):. 

log(A, - A,) = - k= t + lo&A, - A,). (8) 

The plots of log(A, - A,) us. t were linear for at 
least 90% of the reaction, and k, (R,Y,H) was obtamed 
from the slopes of the straight lines. The values of 
k OcR,Y,H) at various concentrations of hydrogen ion, 

PAN and EDTA are given in Table 1. The data indi- 

cate that k0 (R,Y,H) does not depend on the hydrogen 
ion and PAN concentrations, but is linearly related 
to the EDTA concentration. Thus 

_ WuRl ___ = kp’] [CUR] 
dt 

and k was determined as 1.7 x lo3 l.mole-‘. set-‘. 
Although in the pH range 5.M.3 EDTA is present 
as HY3- and H2Y2-, no variation of the rate with 
varying proportion of these species was observed. 

The rate of the substitution reaction of copper (II)- 
4-(2-pyridylazo) resorcinol (PAR) chelate with (ethyl- 
eneglycol) bis (2-aminoethylether)-N,N,N’.N’-tetra- 
acetic acid (EGTA) was studied by Funahashi et al.* 
Under their experimental conditions, i.e., pH 9-10, 
copper forms a 1 :2 complex with PAR, and the fol- 
lowing mechanism has been proposed: 

CUR:- + H + = CUR + HR- 

CUR + Y’+ RCuY-% CuY2- + HR- (10) 

k = 8.8 x 1021.mole-‘. set-‘. 

At pH 5-6.3 copper forms a 1:l complex with 
PAN and when this is taken into account there is 
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Table 1. First-order conditional rate constants k. ,R,Y,H, 
25”C, p = 01, dioxan 5% v/v, Cu: 503 x 10m6M 

10’ x Cma, M pH lo6 x CPAN. M k, (R.Y.Hjr set- ’ 

6.22 4.94 4.99 0.105 
6.22 4.94 9.97 0.103 
6.22 5.35 9.91 0.104 
9.33 4.94 4.99 0.152 
9.33 4.94 9.97 0,151 
9.33 5.36 9.97 0.151 
9.33 5.55 9.97 0.158 

12.4 4.94 9.97 0.204 
12.4 4.92 15.1 0.197 
12.4 4.94 19.1 0.209 
12.4 5.35 9.97 0,205 
12.4 5.55 9.91 0.207 
12.4 5.78 9.97 0.198 
15.6 5.35 9.91 0.260 
15.6 5.55 9.91 0.260 
15.6 5.78 9.97 0,263 
18.6 4.95 9.91 0.324 
18.6 6.14 5.03 0.303 
18.6 6.28 5.03 0.306 

good agreement in the value of k. Thus, the 
mechanism of substitution may be the same. 

The rate of the substitution reaction of Cu-PAN-phen 
with EDTA 

As a mixed-ligand complex Cu-PAN-phen forms 
completely under the present experimental conditions, 

the substitution reaction may be written as; 

Cu-PAN-phen + EDTA + Cu-EDTA 
+ PAN + phen (11) 

The rate law is expressed by equation (12) or (13). 

_ d[CuRX] 

dt = k,,~,v,n,xj DW (121 

log(A, - A,) = - ‘w t + log(A,, - A,). 

(13) 

The plots of log(A, - A,) us. t were straight fines 
for at least 90% of the reaction. The values of 
k O (R,Y,HXj determined under the various conditions 
are shown in Table 2. No dependence of kO (R,Y,H,Xj 
on the concentrations of PAN and EDTA was found, 
but a linear relation to the hydrogen ion and l,lO- 
phenanthroline concentrations was observed. 

From these linear relationships the equation 

kO(R.v,u.x, = k, B+ ] + k, [Xl (14) 

was deduced, where [X’] is the total concentration 
of l,lO-phenanthroline not combined with copper. 
From the slopes and the intercepts of the straight 
fines in plots of kO(R,Y,H,Xj vs. [H’] or w], k, 
and k2 were calculated. These values are shown in 
Table 3. 

Table 2. First-order conditional rate constants k. (R.Y,H,Xj 25”C, p = 0.1, dioxan 5% v/v, ‘Cu: 5.03 x 10e6M 

PH lo6 x C,,,,en, M lo6 x C,,,, M 10’ x CEDTA, M k0 (R.Y,H.x). set- ’ 
5.77 5.06 8.48 622 251 

I.59 8.48 6.22 2.84 
10.1 636 6.22 3.02 
10.1 8.48 9.33 3.06 
10.1 8.48 12.4 2.99 
l@l 8.48 15.6 2.91 
10.1 8.48 18.6 2.90 
10.1 10.6 6.22 2.96 
12.6 8.48 6.22 3.06 

5.95 5.06 8.48 6.22 1.62 
7.59 8.48 6.22 I .99 

10.1 6.36 6.22 2.09 
10.1 8.48 6.22 2.13 
10.1 8.48 9.33 2.13 
10.1 8.48 12.4 2.13 
10.1 12.6 6.22 2.13 
12.6 8.48 6.22 2.37 

6.08 5.06 8.48 6.22 1.35 
7.59 8.48 622 1.56 

10.1 8 48 6.22 1.73 
10.1 8.48 9.33 1.75 
10.1 8.48 12.4 1.73 
10.1 8.48 15.6 1 .I6 
10.1 8.48 18.6 1.74 
12.6 8.48 6.22 1.82 

6.45 5.06 8.48 6.22 0583 
7.59 8.48 6.22 0824 

10.1 8.48 6.22 0.951 
10.1 8.48 12.4 @930 
10.1 8.48 15.6 0.930 
10.1 8.48 18.6 0944 
10.1 10.6 6.22 0.926 
12.6 8.48 6.22 1.01 
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Table 3. Evaluation of kr and k, 

10’ x [H+],M lo6 x [X], A4 Intercept, set- ’ 10m6 x kl, 1. mole-‘. see-’ IO-“ x k2, 1. mole- I WC- 1 

16.6 
11.2 
8.31 
3.55 

0 
2.56 
5.07 
7.59 

0 
0.19 
0.34 
0.52 
2.59 
1.80 
1.32 
0.56 

average 1.6 6.9 

* From slope. 
tFrom intercept. 

Thus the reaction mechanism can be expressed as 
equation (15) and/or (16): 

[CuRI _ 1o~s 6. 
f&l? = m - 

CuRX+ + H+ -& CuX’+ + HR 

(15) 
The value for K& is from reference 5. 

cux*+ + y’ S cuYZ- + X 
Usually copper is titrated at pH 5-6 and the addi- 

tion of a small amount of l,lO-phenanthroline, i.e. 

CuRX+ + X’k CuX;+ + R- 
10-5-10-6M, is enough to accelerate the rate of 

(16) 
colour change of PAN at the equivalence point4 

~ I 

cux:+ + Y’ G CuYZ- f 2X’ 

The rate-determining steps are the release of PAN 
from Cu-PAN-phen by attack by hydrogen ion or 
l,lO-phenanthroline. Then the Cu-phen complex pro- 
duced undergoes the fast substitution with EDTA. 

Comparison of k, k, and k2 shows the rate of 
substitution of Cu-PAN-phen with EDTA is much 
faster than that of Cu-PAN. This is probably because 
copper-PAN bonds in the mixed-ligand complex are 
weaker than in the Cu-PAN-Y reaction intermediate 
because of Jahn-Teller distortions. This is suggested 
by the reduced stability of CuRX compared with CuR 
(with respect to loss of R): 

KR KuRXI = 1012.2 
CuRX = [CuX] [R] 
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SUBSTOICHIOMETRIC NEUTRON-ACTIVATION 
DETERMINATION OF GALLIUM 

EXTRACTION FROM HCl WITH 
TRI-n-OCTYLPHOSPHINE OXIDE IN CYCLQHEXANE 

J. W. MITCHELL and J. E. RILEY, JR. 

Bell Laboratories, Murray Hill, New Jersey 07974, U.S.A. 

(Recewed 26 November 1974. Accepted 23 December 1974) 

Summary-A highly precise method for the determination of traces of gallium by neutron activation 
is described. Conditions for the extraction of gallium are reported and general requirements for 
substoic~~me~lc isolation of cations from HCl with neutral donors are discussed. The mean of 
determinations of gallium at concentrations of 40 n&/ml in a solution prepared by dissolving a 
standard reference aluminium alloy was 213.9 + 1.3 ng. The relative standard deviation and the 
total error of the method (based on the SRM value) were 0.7 and 10.5% respectively. 

Substoichiometric separations have been applied fre- 
quently in activation analyses.‘-’ Although most 
extraction methods described previously have been 
based on the use of strong chelating agents, several 
investigators have introduced other extraction sys- 
tems for this purpose.6-9 Recently, the range of appli- 
cation of substoichiometric methods was extended by 
using a substoichiome~ic amount of a strong neutral 
donor in the presence of excess of chelating 
ligand.‘O*” In this approach, elements not capable 
of forming strong primary chelates can be extracted 
substoichiometrically. The authors recently reported 
the use of tri-n-octylphosphine oxide (TOPO) in cyc- 
lohexane for the ~bstoichiome~i~ extraction of 
cations from hydr~~ori~ acid.12 A method for the 
determination of Ga3+, based on this extraction sys- 
tem is described in this paper. 

Reagents 
EXPERIMENTAL 

Tri-n~tylphosphine oxide was used without further 
purification: fresh OlOM stock solutions were prepared 
by dissolving the appropriate amount in practical-grade 
cyclohexane. Gallium (III) solution (2 mg/ml) was prepared 
by dissolving the zone-refined metal in nitric acid which 
had been purified by sub-boiling distillation, and was stan- 
dardized with EDTA. Similar procedures were used to 
prepare other stock solutions of cations. A 1.0113-g sample 
of the reference material, SRM 8Sb, from the National 
Bureau of Standards. was dissolved in a 1: 1 mixture of 
aqua regia and hydrofluoric acid and diluted to 100 ml. 

“Ga tracer was made by irradiating suitably diluted 
aliquots of a gallium nitrate solution for up to 1 hr in 
the pneumatic-tube facility of the Industrial Reactor 
Laboratories, Plamsboro, New Jersey. 

General extraction and counting procedures 

Aqueous phases were prepared by sequentially adding 
appropriate amounts of hydrochloric acid, gallium tracer 
and carrier to a series of lo-ml volumetric flasks and 
diluting to volume with water. The water used was purified 

by ion-exchange and double distillation from a quartz still. 
Organic phases (0.~1-0.01~ TOPO) were prepared by 
diluting aliquots of 0.1&f stock solution of TOP0 with 
cyclohexane that had previously been equlfibrated with 
appropriate aqueous hydrochloric acid solutions. Five-ml 
aliquots of each phase were then pipetted into 15-ml centri- 
fuge tubes and extracted by shaking all the tubes simul- 
taneously on a wrist-action shaker for up to 1 hr. Most 
extractions were complete within 15 min. After centrifuga- 
tion to separate the phases completely, 4-ml aliquots of 
each phase were pipetted into 17 x 100 mm polypropyl- 
ene test-tubes for counting. The 083S-MeV gamma-ray 
of ‘*Ga was monitored by a 3 x 3 in. well-type NaI(T1) 
detector in conjunction with a Northern Scientific Model 
710 Pulse Height Analyser. Standard procedures were used 
for photopeak integration and decay correction. 

The dissolved sample of SRM 8Sb, an aluminium alloy, 
was diluted with 05M nitric acid so that the final gallium 
concentration was 384 ng/ml. based upon the certified 
value. Five ml of the resulting solution were irradiated 
for 20 min along with a standard solution of gallium (366 
ng/ml). The comparison standard was prepared by exact 
dilution of an analysed carrier solution. 

Following the irradiation, two bulk aqueous phases were 
made. The reference solutlon, containing 5.0 ml of the 
activated SRM solution, 55 ml of gallium carrier (2.62 x 
IO-*M), and 28.5 ml of concentrated hvdrochloric acid 
was diluted to 50 ml with water. According to the certified 
SRM value, the 72Ga3+ concentration in this aaueous 
phase was 38.4 ng/ml. The “standard” aqueous phase was 
prepared by mixing 1.0 ml of activated gallium standard 
5 ml of the non-activated SRM solution ([Gal = 384 ng/ 
ml), 5.5 ml of gallium carrier, 28.5 ml of concentrated 
hydrochloric acid, and diluting to 50 ml with water. Five 
S-ml aliquots of each bulk solution were extracted for 
20 min with 5 ml of 2 x 10m3M TOPO. 

THEORY OF SUBSTOI~IOMETRIC EXTRACTiON 
OF CATIONS FROM HYDROCHLORIC 

ACID WITH TOP0 

The necessary conditions for satisfactory substoi- 
chiometric extraction of cations that form neutral 
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Fig. 1. Dependence of extraction of Ga3+ on the mole 
ratlo of TOP0 to galhum 

chloride complexes of the form MCI, or HMCl,,, r), 
where n is the charge on the cation, can be derived 
in the following way. Oniy the extraction of MCI,, 
via salvation with a strong oxygen donor, TOP0 
for example, is treated. The overall extraction constant 
(K,,) for the two-step process 

M”+ I- nCl- *MCI, (1) 

MCI,, + mTOPO,O,= MC~~.~TOPO~~~ (2) 
is given by 

[MCI,. mTOPO]e 
&’ = [MCI,] FOPO]; 

(3) 

where &ICl,.mTOPO&,/[MCl,] = Kn, the distribu- 
tion ratio of the cation. It is assumed here that at 
[HCI] * [M”‘J (S.OM compared to ~~2~) MCI, 
or HMCI (“+ ,) is predominantly present in the aqueous 
phase. 

At low (I 10-‘&f) but excessive concentrations of 
TOP0 in the organic phase, the primary cationcon- 
taining species in the organic phase has been shown 
to be MCl,.YTOPO for most br- and tervalent 
cations.‘3* r4 Mole-ratio studies of the extraction of 
gallium into organic phases containing excess of 
TOP0 showed complete extraction upon formation 
of the disolvated complex (see Fig. 1). 

Under substoichiometric conditions, i.e., [MCI,,] in 
the aqueous phase > DOPO] in the organic phase, 
the monoadduct, MCl,.TOPO, should be predo- 
minantly formed since the stability for the Lewis 
acid-base reaction 

MCI, + TOPO(,,+ MCI, .TOPO,,, (4) 

should be considerably larger than the constant for 
the second reaction 

MCl,.TOPOo, -t TOPO,O,+ MCI,, . 2TOPOc0,. (5) 

If 50% of the stoichiometric amount of TOP0 is 
originally present in the organic phase, and it is 
reacted to the extent of at least 99x, equation (3) 
becomes 

1 

Kcx = o~olcro~o 

where Croro is the original organic-phase con- 
centration of the substoichiometric reagent. During 

activation analysis l-10 mg of carrier is used which 
requires lo- 3 - 10-‘M solutions of the substoichio- 
metric reagent. K,, must then be 2 10’ to satisfy 
the conditions previously mentioned. 

The extraction constant for gallium, log K,, = 4.7, 
was determined from the dependence of the distribu- 
tion ratio on the concentration of TOP0 in the range 
10-4-10-‘M. Since the slope of the graph of log 
Ku vs. log FOP01 at a constant hydrochloric acid 
concentration of 3.OM was measured as l-7, the K,, 
value estimated from these data is lower than the 
actual constant for the diadduct reaction. 

Other conditions must be satisfied to achieve sub- 
stoichiometric extractions. The solubility of 
MCl,.TOPO in the organic phase cannot be 
exceeded. The solvent should not be appreciably sol- 
uble in a hydrochloric acid medium and must not 
be able to extract MC&, unless the solyating reagent 
is present. The primary reaction of TOP0 with the 
metal complex should be sufficiently strong for 
secondary reactions, for example extraction of hydro- 
gen chloride via hydrogen-bonding, not to compete 
effectively for the adduct. 

RESULTS AND DISCUSSION 

The substoichiometric extraction curve in Fig. 2 
shows a reasonably constant extraction of gallium- 
(III) from 5%7*OM hydrochloric acid. At the opti- 
mum acidity of 6*5&f, gallium is rapidly extracted 
under substoi~hiome~ic conditions. The y-ray activity 
from “Ga3+ extracted into the organic phase was 
27817, 28320, 27611 and 27525 cpm for 10, 20, 30 
and 6.5 min extraction, respectively. Shaking on a 
wrist-action mechanical shaker for 15 min was suffi- 
cient for equilibrium to be established. 

Freshly prepared stock organic and aqueous phases 
were aged for various periods and equilibrated to 
determine the stabiIity of the solutions. The y-ray 
activity in the organic phase was 13642, 13867, 13953 

I”“” t ( I 
90 

53 t 

OL 
0123456789 

HCt MOLARITY 

Fig. 2. Substoichlometric extraction of galhum from HCI. 
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Table 1. Reproducibility of substolchiometric extraction Table 3. Effect of presence of other ions on the extraction 
of Ga’+ of Ga3+ 

72Ga activity isolated in 
Tube no.* organic phase, cpm Extraction, % 

1 101008 21.04 
2 104437 21.79 
3 102032 21.29 
4 102212 21.38 
5 101338 21.42 
6 99462 21.13 

Mean: 101749 21.34 
fJ: 1641 0.26 

Relative 0: 1.6% 1’2% 

Interference factors* 
Catlon 1 ppmt 10 ppmt 

Al’+ 1 .Ol 1.01 
SC3 + 0.98 
Fe3+ 1.00 1.01 
co2+ 1.01 100 
cu2+ - 1.00 
Zn2+ - 1.00 
Ge4+ 1.00 1.00 
Ass+ 100 0.97 
Cd2+ 1.00 
In’+ 1.01 1.01 
Sb3 + 0.98 @98 
T13+ 0.99 
PO:- I.075 
AsO;- 1.233 

* I.F. = the ratlo of “Ga activity in org. phase when 
test Ion was present to 72Ga activity in org. phase when 
no ion was present in aqueous phase. 

t Concentration of cation in aqueous phase; [HCI] = 
6.5M, [Ga3’] = 1000 ppm (O.OlM). 

$ [PO:-] = 003M. 
$ [AsO:-] = 0.03M. 

* vaq = v,,, = 5 ml, [Ga3+] = 00037M, [TOPO] = 
O.OOlM 

and 14320 cpm for ages of 0, 06, 1.3 and 3.0 hr, 
respectively. 

Precision for the extraction of gallium(II1) from 
a series of aqueous phases of the same volume and 
initial [Ga3+] is reported in Table 1. When the 
aqueous phase volume and [Ga3’] were varied, the 
relative standard deviation increased from 1.6 to 4.3% 
(see Table 2). 

The presence of 10 ppm of various cations in the 
aqueous phase caused no significant influence on the 
substoichiometric extraction of gallium, as shown by 
the interference factors given in Table 3 for 1 and 
10 ppm of various cations. By addition of carrier 
after the neutron activation, the concentration of gal- 
lium can easily be adjusted to 2 100 times the 
amount of various trace elements present in the 
sample. In this way, interference from most trace ele- 
ments can be reduced to an insignificant’level during 
the substoichiometric separation. A large excess of 
phosphate or arsenate enhances the extraction of gal- 
lium. However, in analysis of GaP or GaAs this in- 
creased extraction can be compensated for by adding 
to the standard an amount of non-activated sample 
equal to that of the irradiated sample undergoing 
analysis, 

Solutions containing known increasing amounts of 
72Ga3t were extracted substoichiometrically and 
gave a linear response over a broad concentration 
range (about 3 orders of magnitude). The accuracy 

Table 2. Substoichiometric extraction of Ga3+ from 
aqueous phases of different volumes 

Volume of 
aqueous phase*, 

ml 

72Ga activity isolated in 
organic phase, cpm 

2 
3 
4 

4.5 
S 

5.5 
6 
7 

18088 
17848 
17939 
19029 
20062 
17839 
18000 
18125 

Mean: 18366 
0: 785 

Relative u: 4.3% 

* [Ga3+] = OW7M, FOPO] = OQOlM, Vorg = 5 ml. 

TAL 22.7--R 

of the method was determined by analysing a stan- 
dard reference material. Following the activation of 
a solution obtained by dissolving the aluminium 
alloy, SRM 85b, containing 3.99% Ca. 1.49% Mg, 
0.61% Mn, 0.24% Fe, 0.211% Cr, 0.18% Si, 0.084% 
Ni, 0.030% Zn, 0.022% Ti, 0.021% Pb, 0.019% Ga 
and 0006% V, 72Ga and carrier were substoichiome- 
trically extracted. The activities of the organic phases, 
measured in a well-type sodium iodide detector, are 
reported in Table 4. Highly precise separations (0.7% 
relative standard deviation) and good accuracy were 
obtained. The area under the 0.835-MeV photopeak 
of 72Ga indicated sensitivity sufficient for determining 
2.0 ng of gallium. 

The procedure described here can be used to mea- 
sure low ng/ml concentrations of gallium in samples 
that require separation of gallium before measure- 
ment of the y-activity from 72Ga. Gallium in buffered 
solutions (K+ and Na’ salts) used during anodic 
oxidation of gallium phosphide to produce passivating 
masking or insulating films, can be measured.‘5s16 
The high precision and accuracy of the method at 
the trace level suggests that the determination of 

Table 4. Determination of gallium in aluminium alloy* 

EXtlaCflOll ‘2Ga actwty “Ga actw,ty Ga Ga 
no m standards, cpm m samples, cpm found, nq found. 9, 

I 13828 16285 2123 0021 
2 13864 I6348 2132 0021 
3 I3940 16320 2128 0021 
4 I4206 16486 2150 0021 
5 14338 16567 2160 0 022 

14035t 16401§ OOZl% 

* SRM 85b. 
t Mean, u = 225 = 1.6% relative. 
§ Mean, (r = 120 = 0.7% relative. 
$ Mean error for determination of Ga3+ in soln. con- 

taining 40 ng/ml = 10.5%. 



570 J. W. MITCHELL and J. E. RILEY. JR 

major amounts of gallium, for example in establishing 6. 
the amount of gallium in phosphides and arsenides, 
can be accomplished by a substoichiometric isotope 7. 

dilution method based on this solvent extraction sys- 
8, 
9. 

tern. 
10. 
11. 
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Summary-A combustion gas-chromatographic technique for the determinatton of trace amounts 
of carbon in tungsten wire is descrrbed. The method involves the oxidation of the tungsten wire 
m a quartz oven at looo”. The liberated gases are swept mto a cooled sample-loop in a gas-samplmg 
valve. Upon completion of the oxidation process, the contents of the sample loop are introduced 
into a gas chromatograph. The use of a 3-ft long column of silica gel allows separation of carbon 
dioxide and oxygen. The presence of oxygen requires that the hot-wire detector used be equipped 
with filament-protecting circuitry. Calibration curves are constructed by using organic and tungsten 
carbide standards. A limit of detection of @2pg carbon can be achieved with a precisron of better 
than 10%. 

The presence of low level impurities can profoun~y 
affect the chemical and physical properties of tungsten 
wire and consequently influence its behaviour as a 
filament in an incandescent lamp. Carbon is an ele- 
ment of particular concern since large amounts of 
it in the form of graphite or as a viscous organic 
compound are used to prevent oxidation in the hot 
drawing of tungsten. The result of this treatment pro- 
duces a significant carbon deposit on the surface of 
the wire with the formation of tungsten carbide below 
the surface. In the subsequent process of converting 
such tungsten wire into lamp filament, most of the 
carbon is removed by various heat-treatment oper- 
ations. It has been shown that large quantities of 
carbon adversely affect the performance of a filament 
and reduce its life.’ It has also been proposed, how- 
ever, that trace quantities of carbon are beneficial 
to filament performance because they minimize oxi- 
dation and deterioration due to the presence of traces 
of water vapour in the iamps In order to investigate 
the effect of various amounts of carbon on filament 
performance, a method capable of detecting traces 
of carbon in tungsten wire and filaments was 

required. In addition to possessing high ~nsitivity, 
this method must be reliable and have the capability 
of detecting carbon whether it is present as surface 
contamination or as bulk impurity. It must also be 
applicable to the analysis of tungsten at each step 
of the filament manufacturing process. 

A literature search indicated that the determination 
of carbon in metals is normally carried out by 
methods which employ either direct instrumental 
analysis or combustion followed by instrumental 
analysis (see Table 1). 

The sensitivity attainable by the spark-source mass 
spectrometer is extremely high. Unfortu~tely, the 
carbon monoxide and dioxide which are to be 
detected are present either in the residual gases of 
the vacuum system or as surface contaminants in 
the mass spectrometer. Thus, the background reduces 
the sensitivity for carbon detection. Recent work indi- 
cates that the background can be reduced consider- 
ably by using a cryogenic accessory panel to lower 
the background noise during measurement.s 

The emission spectrograph has been shown to be 
capable of performing carbon determination at the 

Table I. Methods of carbon analysis 

Combustion-lnstfumentot methods 

/ 

Spark source 
moss 

spectrometry I 
Indfub$oan~Rf) RBrsut_s~~e 

1 .I - 
Methods of detectton 

Grovimetric Volumetric Conductonce 
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1Oppm level. The sample is excited in a d.c. arc and 
the CN bands are used for measurement.4 Malamand 
describes the determination of carbon by measuring 
the ultraviolet emission spectrum in the region 50- 
100 nm.5 

Neutron activation is unsuitable for the determina- 
tion of carbon because of the element’s low neutron- 
capture cross-section. Charged-particle activation 
analysis was used, however, by Rook and Schweik- 
ert.‘j who reported an ultimate detection limit at the 

ppM (parts per milliard) level for carbon. This method 
is essentially restricted to surface analysis because 
of the limited penetration of a charged particle. 

A more attractive nuclear method uses 1%MeV 
photons to activate carbon. The resultant radioacti- 
vity of “C is measured with a coincidence-counting 
detector. Lutz and Masters’ have performed the 
determinations in high-purity metals and reported 
carbon values of less than 1 ppm. Some interferences 
can be encountered if oxygen and other contaminants 
are present at higher levels. 

Combustion methods involve the thermal decom- 
position of a sample in a stream of oxygen in which 
the carbon is converted into carbon dioxide, which 
in turn is measured by a suitable detection system. 
The combustion apparatus most often used consists 
of a radiofrequency induction furnace. Sometimes, 
however, a wire-wound tube furnace is preferred. The 
more frequently used detection systems are summar- 
ized in Table 1. 

Gravimetric procedures have been used extensively. 
The sample, with an appropriate flux, is combusted 
in a “Globar” or similar type of furnace. The resulting 
carbon dioxide is collected in an absorption bulb 
and weighed.’ This method 1s mainly suitable for 
samples containing not less than about 1OOppm of 
carbon. Volumetric methods employing the collection 
and measurement of carbon dioxide gas utilize similar 
combustion techniques, but the carbon dioxide col- 
lected is measured manometrically in gas collection 
vessels of known volumes.’ The carbon content is 
calculated by using gas-pressure relatlonships. 

Lower levels of carbon may be determined by using 

the various instruments manufactured by the Labora- 
tory Equipment Corporation (LECO). In these instru- 
ments, combustion takes place in pure oxygen in a 
crucible heated by high-frequency induction, and the 
liberated carbon dioxide is measured in various ways. 
One model of the instrument uses conductometric 
detection by passing the carbon dioxide through a 
solution of barium hydroxide and measurmg the 
change in resistivity of the solution due to the forma- 
tion of barium carbonate. Other LECO models are 
equipped either with gas-chromatographic detection 
systems utilizing a thermistor-type Wheatstone bridge 
as a sensor, or with infrared detection systems 
employing gas cells. These instruments provide rapid. 
reliable analysis for carbon at trace level (2pg) and 
above in a variety of matrices. One of the problems 
encountered in applying these instruments to refrac- 
tory metals is the incomplete loading in a radiofre- 
quency induction coil. As a result, the necessary tem- 
perature for complete combustion is not obtained. 
Accelerators, such as tin or iron, can be used to 
promote complete combustion; however, these mater- 
ials always contain some carbon. Thus. a blank is 
introduced which lowers the sensitivity for carbon 
detection. 

The combustion systems which do not utilize in- 
duction furnaces are not subject to these errors, but 
they are severely limited in terms of the maximum 
temperature they can attain. For this reason, combus- 
tion in a conventionally-heated resistance furnace is 
usually restricted to the determination of carbon in 
organic materials. Often the furnace is coupled with 
a gas chromatograph, to take advantage of the high 
detection-sensitivity of this instrument.” 

Tungsten wire and tungsten carbide oxidize at tem- 
peratures between 600 and 1000”. It should therefore 
be possible to use a conventionally heated quartz 
furnace in conjunction with a gas chromatograph to 
determine trace amounts of carbon in tungsten wire 
samples. This paper reports the development of such 
a method. In its final form. the method can detect 
0.2 pg of carbon (in a 05-g sample) with a precision 
of better than lo:<. 

Gas chromotograph -hot ware detector 

0, He 

FIG. 1. Schematic diagram of the apparatus. 
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Overall length 

24/40 Standard taper joint 
with teflon sleeve 

quartz cylinders 

GC. InjectIon 

i+ To J 
varlac 

timer 

i” 
Power 

Quartz sample boat 

FIG. 2. D&&d drawing of combustion oven. 

EXPERIMENTAL Procedure 

Apparatus 

The schematic diagram of the apparatus used is shown 
in Fig. 1. The combustion tube and boats were fabricated 
from “Supersil” quartz and are shown in Fig. 2. Heating 
was accomplished by means of a small tube furnace heated 
with nichrome wire surrounding the quartz tube and con- 
trolled by a “Variac” and timer. Copper tubing with “Swa- 
gelock” fittings was used for all connections to the gas- 
sampling valve and gas chromatograph (GC). Temperature 
readings were checked with a Leeds & Northrup potenti- 
ometer. 

Gas-chromatographic analyses were performed with a 
Perkin-Elmer Model 900 gas chromatograph equipped 
with a six-port injection valve Model 154-0068 containing 
a 14-cm long, @3-cm bore copper sample-loop. It is absolu- 
tely essential that the gas-sampling valve be free from 
leaks m spite of the extremes in temperatures (from - 180 
+ 150 to + 50”) it IS subjected to durmg the procedure. An 
Alltech Associates six-port valve was also evaluated and 
was found to be reliably leakproof. The GC detector was a 
hot-wire thermal-conductivity cell equipped with a protec- 
tive circuit to prevent filament burn-out. 

Weigh the sample into a quartz boat, put this into the 
quartz furnace tube and purge for at least 5 mm with 
purified oxygen, venting it through the sample injection 
valve (see Fig. 1). Cool the sample loop with liquid 
nitrogen (a polystyrene cup can be used Instead of a Dewar 
flask). After cooling the sample loop, heat the furnace 
around the combustion boat. The furnace temperature 
should be above 900” and attained m less than 1 min. 
Burn the sample for Smin in oxygen (more or less com- 
bustion time may have to he used, depending on sample 
size, matrix, and oxygen Aow). After the heat cycle, im- 
mediately purge with helium for 30~~. Turn the sample 
valve to the injection position and remove the liquid- 
nitrogen trap. Heat the sample loop to drive off the sample. 
The attenuation and detector-current settings will have 
to be monitored because of the great difference between 
the amounts of oxygen and carbon dioxide passing 
through the detector. Upon completion of the run, heat 
the column at 120” for 10 min. Determine the carbon diox- 
ide from the peak area and calculate the amount of carbon 
by means of the calibration curve. 

Sample preparation 

The column used was a 3-ft long, 3-mm bore, stainless- 
steel tube packed with Biorad silica gel (100-200 mesh). 

Calibration curves. Ahquots of potassium hydrogen 
phthalate solution containing l-2Opg of carbon were 
transferred by micropipette into quartz boats. The water 

Injection port temperature: 60”. Column temperature: 
60” isothermal. Manifold temperature: 150”. Detector: 
operated at 150” and 225 mA filament current. Helium 
carrter-gas flow-rate: 40 ml/min; Oxygen purifier trap: 
molecular sieve 5A maintained at - 7s” during operation, 
purged overnight with hehum at 50”. Oxygen flow-rate: 
100 ml/min. Hehum purge-gas Flow-rate: 100 ml/mm. 
Volume of sampling loop: 1 cm3. 

Tungsten carbide secondary standard, previously found 
by classical gravimetric combustion technique to contain 
69; carbon. Potassium hydrogen phthalate NBS standard, 
prepared so as to contain 5 fig of carbon per 100 ~1 of 
solution. Etch solution consisting of 50 parts of hydro- 
fluoric acid and 1 part of nitric acid. Matheson “Ultra 
High Purity Grade” oxygen and “High Purity Grade” 
helium. 

FIG. 3. Plastic holder used m etchmg tungsten wire 
(diagrammatic). 
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was evaporated under an infrared lamp. The boats were 
placed in the furnace and their contents were combusted 
and analysed. Various amounts of tungsten carbide 
powder, from 5 to 2Opg in carbon content, were weighed 
into quartz boats on a microbalance. The boats were 
loaded into the furnace and their contents were analysed. 

Wire A. The wires were free from splits (hairline cracks) 
and were chopped to uniform length, blended, etched wrth 
potassium hydroxide solution, and electropolished. Etching 
and electropolishing removed about 20% of the original 
weight. 

Wire B. The wire was heated for 2min in a reducing 
atmosphere at 2500”. 

Wire C. The wire was etched with a mixture of 50 
parts of hydrofluoric acid and 1 part of nitrrc acrd. The 
amount of materral removed was determined by weighmg 
the samples before and after etching. The diameter of the 
wire was measured with a precision micrometer before 
and after etching. Etching was accomphshed by using a 
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jig prepared by cutting off the top and bottom portions 
of a square cross-section polyethylene reagent bottle. 
Equally spaced slots were cut in opposite sides of the 
jrg and a single strand of wtre was woven back and forth 
between them (Fig. 3). The whole assembly was placed 
m a plastic beaker contaming the etching solutron. Etching 
was quenched after the desired time by copious washing 
wrth water. The wire was dried and removed from the 
jig. The portions of wire which were in contact with the 
plastic during etching were cut out and discarded. Thus 
etching procedure yielded considerably better precisron 
than the conventional approach in which small strands 
of the wire were Immersed m the etching solution. 

RESULTS AND DISCUSSION 

Typical chromatograms are presented in Fig. 4. 

Figure 4(a) shows the separation which can be 

(a) 

Time, m,n 

Oxygen 

0' I 1 I I 
2 3 4 5 6 7. 

Time, min 

FIG. 4. (a) Typical gas chromatogram obtained in analysis of samples; (b) typical gas chromatogram for a blank run. 
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Table 2. Results obtained on typical tungsten samples 

Sample 

Wm A 
Wxe A 
Wne B 

Wue C, unetched 
WIR C, etched 

Sample SLZC, Carbon content, AVerage, 

9 PPf= PPm 

0150 12. 12. 17. 18, 19 156 
0500 13, 14, 15, 14. 15, IS, 14 143 
0250 IO, II. IO, 11 IO.5 
O-100 1400 1400 

0100 109, 110, I58 126 

achieved between the carbon dioxide and oxygen. The 
carbon dioxide is readily detected in the presence 
of a relatively high level of oxygen. Figure 4(b) is 
a chromatogram representing the total background 
signal of the system. A calibration curve obtained 
by using tungsten carbide and potassium hydrogen 
phthalate standards was a straight line passing 
through the origin and exhibited a slope of 11.5 cm2 
peak area per pg of carbon. 

The results of the analyses of wire samples are 
summarized in Table 2. It can be seen that, for low 
carbon content, optimum precision is attained when 
using sample weights of at least 0.25 g. With a sample 
weight of 0.15 g, the relative standard deviation is 
22%, while at sample weights of 0.25 and OS g, it 
is 6% 

The determination of the carbon content of tungsten 
wire is complicated by the inhomogeneity of the 
carbon distribution in the wire, as shown by the 
dependence on the degree of etching to which the 
sample has been subjected. It is likely that this cir- 
cumstance is responsible for discrepancies found in 
the comparison of analytical results from different 
laboratories. It is essential that this be understood 
and that a standardized etching procedure be adopted 
as part of sample preparation, in order to obtain 
agreement among different laboratories. Furthermore, 
agreement must be reached on the extent of etching 
to be performed before analysis. 

In the course of generating the calibration curves, 
it was found that the background signal corresponded 
to 0.1 pg of carbon. The limit of detection is often 
defined as the signal that is twice the noise level. 
According to this definition, the limit of detection of 
the method is 0.2pg of carbon. One very important 
factor in maintaining the blank at a low level is the 
low-temperature molecular-sieve trap used to remove 
organic impurities from the oxygen gas. Mass spectro- 
metric analysis of the oxygen used showed the pres- 
ence of about 20ppm of hydrocarbons in the gas. 
These organic materials are converted into carbon 
dioxide while passing through the heated oven and 
yield a high blank having a magnitude proportional 
to the heating time. The use of a molecular-sieve trap 
eliminated this large source of background error. 

A crucial operating variable was found to be the 
combustion time. Ignition for too short a time pro- 
duces low results, probably because of incomplete 
liberation of the carbon from the tungsten matrix. 
Heating for a prolonged period also leads to slightly 
lower results, probably owing to aerosol formation 

in the sample loop. The optimum heating time has 
to be determined for each type of sample. Tungsten 
carbide powder, for instance, yielded a relative re- 
sponse of 73, 110 and 100 when 25 5.0 and 7.0min 
heating times were used with similar sample sizes. The 
optimum heating time for most samples was between 
5 and 7 min. 

The gas-sampling valve also serves as a precon- 
centration cold-trap. During combustion, the sample 
loop is maintained at - 180”, while during sample 
introduction, its temperature is elevated to about 
150”. The Perkin-Elmer gas-sampling valve did not 
give completely leak-free operation when subjected 
to these extreme temperatures. Alltech Associates 
manufacture a gas-introduction valve free from O-rings 
and containing a plastic rotor resistant to high tem- 
peratures. At an advanced stage of this project, this 
valve was evaluated and was found to be superior 
in performance. The geometry of this valve required 
the establishment of new optimum operating condi- 
tions, i.e., flow-rates, column temperature. 

The size and shape of the sample loop has been 
optimized. The use of larger volume traps yielded 
larger amounts of condensed oxygen, which was then 
difficult to separate from the carbon dioxide. Smaller 
traps did not provide enough volume to condense 
all the carbon dioxide; consequently, low results were 
obtained when they were used. 

In the course of the development of this method, 
a sample loop without a packing was found to be 
optimal, for it produced relatively narrow carbon 
dioxide peaks. Packed sample loops yielded flat wide 
peaks. The use of an empty sample loop required 
the application of liquid-nitrogen cooling. Dry ice- 
acetone mixture (-80”) failed to condense all the 
carbon dioxide while ethanol-liquid nitrogen mixture 
(- IlO>) did not prove to be reliable in providing 
constant temperature. The use of liquid-nitrogen cool- 
ing resulted in the condensation of some oxygen in 
the sample loop together with the carbon dioxide. 
The oxygen-carbon dioxide mixture was subsequently 
introduced into the gas chromatograph, where the 
two gases were separated. Passage of the oxygen 
through the column and detector demanded certain 
precautions. 

The columns found most satisfactory for the separ- 
ation of oxygen and carbon dioxide were packed 
either with silica gel or with Porapak T. Either of 
these columns had a useful life of about 40 determina- 
tions but exhibited deterioration. The Porapak T pac- 
king, which is a styrene-divinylbenzene copolymer, 
was slowly attacked by oxygen, and carbon dioxide 
was formed, leading to an increasingly large blank 
value. The silica gel column’s performance also slowly 
deteriorated, smaller and smaller responses being 
obtained for the same size of sample. A set of 
calibration curves obtained at various times during 
the useful life of a silica gel column, clearly showed 
the deterioration. These observations make it manda- 
tory that a working curve be prepared on each day 
of operation. In our experiments a new column was 
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prepared after every forty analyses. It is possible, 
however, to recondition a column by heating it over- 
night at 300”. 

The hot-wire thermal-conductivity detector used 
has to be of the type which is equipped with a protec- 
tive circuit so that relatively large amounts of oxygen 
passing through it will not burr; out the tungsten 
filaments. 

The sensitivity of the method was dramatically in- 
creased by using the flame-ionization detector instead 
of the thermal-conductivity detector. The carbon 
dioxide formed during combustion was converted 
into methane, followed by measurement with a flame- 
ionization detector.” The conversion into methane 
was achieved by using a nickel powder catalyst at 
280”. A stainless-steel tube 12.7 cm long and 3 mm 
in diameter was packed with lOO-mesh nickel powder 
and inserted in the manifold of the Perkin-Elmer 900 
GC between the flame-ionization detector and the 
T-fitting used for mixing the column effluent with 
the hydrogen detector-gas. The manifold oven was 
maintained at 280”. Thus, the hydrogen gas served 
a dual purpose; it reacted with carbon dioxide to 
form methane and also provided the fuel for the flame 
jet of the detector. This scheme was, however, aban- 
doned because the oxygen passing through the gas 
chromatograph poisoned the catalyst after a few 
determinations, necessitating lengthy regeneration in 
hydrogen gas. Should the trapped oxygen and carbon 
dioxide be separated before sample introduction, for 
instance by gradual elution of the gases from a 
packed trap, the catalytic conversion approach would 
become feasible. It should be pointed out. however, 
that no tungsten sample has so far been found which 
required greater sensitivity of detection than that 
attainable with the hot-wire thermal-conductivity 
detector. 

Although this work is primarily concerned with 
the determination of carbon in tungsten, in principle 
the method could be extended to the determination 
of carbon in other matrices. The method in its present 
form may be used for the analysis of any metal that 
oxidizes in an oxygen atmosphere at temperatures 
beI& 1100”. This maximum temperature may be in- 
creased by substituting a platinum-wound alumina 
furnace for the present combustion tube, provided 
that the new furnace does not introduce a serious 
blank problem. 
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Summary-Plutonium can be rapidly and selectively separated from the elements that interfere in 
‘its radiochemical determination, by the use of hydrobromic acid in a hydrohalic acid anion-exchange 
separation procedure. Plutonium(IV) and (VI) are adsorbed onto the resin column from 9M hydro- 
chloric acid, interfering elements such as americium and thorium are washed from the column with 
9M hydrochloric acid, and the plutonium is reduced to plutonium(II1) and washed from the column 
with 1lM hydrobromic acid. Interfering elements such as uranium and neptumum, which are adsorbed 
onto the column from 9M hydrochloric acid, are retained there during the hydrochloric and hydrobro- 
mic acid washes. This system would also appear to provide the means for effectively separating 
plutonium from those elements that commonly interfere in such chemical methods of analysis as 
redox titration. 

In radiochemical determinations of plutonium, the 
technique most frequently used to separate the plu- 
tonium from the other constituents of the sample 
is anion-exchange, the media most frequently used 
being nitric and hydrochloric acids. Plutonium(IV) 
is adsorbed onto a strongly basic anion-resin such 
as Dowex-1 from strong nitric acid, the resin 
is washed first with strong nitric acid and then 
with concentrated hydrochloric acid, and the plu- 
tonium is eluted with dilute hydrochloric acid con- 
taining a trace of fluoride. This approach 1s very 
selective for separation from inert sample constituents 
but the time required to obtain an adequate separ- 
ation from most of the other actinide elements is 
inordinate. Anion-exchange separations of plutonium 
in these and other media have been reviewed by 
Coleman. ’ 

A selective and rapid anion-exchange separation 
procedure has been developed for the separation of 
plutonium from the elements that interfere in radio- 
chemical determinations. The media are hydrochloric 
and hydrobromic acids. Plutonium(W) and (VI) are 
adsorbed onto the resin from concentrated hydro- 
chloric acid, the resin is washed with concentrated 
hydrochloric acid, and plutonium(IV) and (VI) are 
reduced to plutonium(II1) and eluted from the resin 
with concentrated hydrobromic acid. 

Anion-exchange separations of plutonium in hydro- 
chloric-hydrobromic acid media would also appear 
to be particularly applicable to the analysis of mater- 
ials in which plutonium is a major constituent. 

EXPERIMENTAL 

Column preparation, special reagents, and materials 

The ion-exchange resin used in this investigation was 
Dowex-1 X2, lo@200 mesh (Bio--ad Laboratories, Rich- 

* Work performed under the auspices of the U.S. 
Energy Research and Development Administration. 

mond, California). The columns used had a bore of 1 cm, 
The flow-rate was controlled at 1 ml/min, by the use of 
a capillary stop-cock at the bottom of the column. A 
small plug of glass wool was used to prevent the resin 
from entering the stop-cock. 

To prepare a column the resin was treated with 9M 
hydrochloric acid for about 5 min and then washed into 
the column with more acid. After the resin had settled, 
its height in the column was about Scm. To keep the 
resin bed from being disturbed during operation of the 
column, glass beads (_ 1 cm depth, SC-120 mesh) were 
added to the top of the column. 

Reagent grade hydrobro’mic acid, 9M, and hydrogen 
bromide gas were used to prepare the 11M hydrobromic 
acid. The 9M acid was placed in a polyethylene gas-wash- 
ing tower in an ice-bath, and hydrogen bromide was 
passed through the system until the gas was no longer 
being adsorbed. The concentration of the acid oroduced. 
(check by titration with alkali) was about 14M. ‘This acid 
was diluted to 11M. 

Chlorme was used to prevent the reduction of plutonium 
(IV) to plutonium(II1) by the resin in 9M hydrochloric 
acid. The chlorine was formed in situ by adding 30% hy- 
drogen peroxide to 9M hydrochloric acid. one drop of 
peroxide per lOm1 of acid, and heating the solution in 
a covered container for 1 hr at 8&90”.’ This acid was 
used to transfer samples and to wash the columns both 
before and after the addition of the samples. 

The behaviour of plutonium. thorium, uranium and nep- 
tunium on the anion-exchange columns was established 
by using the alpha-emittmg nuclides z38Pu, 230Th, 233U 
and 237Nu, the activitv levels beine 102. 103. IO5 and 
lo* dpm ‘respectively. -The activity-measuremknts were 
made with a 2n proportional counter. When the activity 
levels were particularly low, the Identity of the alpha-emit- 
ter was confirmed by alpha-spectrometry. 

Behaviour of plutonium 

To establish the effect of hydrobromic acid con- 
centration on the retention of plutonium by the column, 
individual aliquots of the 238Pu stock solution were eva- 
porated to dryness with 9M hydrobromic acid, the plu- 
tonium was dissolved in 05ml portions of 6, 9 or 11M 
acid, and transferred to columns that had been pretreated 
by washing them with acid of the appropriate con- 
centration. The columns were washed with the appropriate 
acids and l-ml portions of the effluents were collected, 
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Fig 1. Behaviour of plutonium on a Dowex-I column 
when introduced in and washed with 9M HBr. 

converted into n&ate medium by heating with excess of 
nitric aad, plated on stainless-steel planchettes, and 
counted. Figure 1 shows the behaviour of plutonium in 
9M hydrobromic acid. The behaviour in either 6 or tlM 
hydrobromic acid was not significantly different. 

To establish the conditions for eluting plutonium from 
the column after it had been adsorbed onto the resm 
from hydrochloric acid, individual aliquots of the 23*Pu 
stock solution were evaporated to dryness and the plu- 
tonium was dissolved by adding 1 ml of 9M hydrochloric 
acid and 10~1 of 30% hydrogen peroxide, and heating 
for 1 hr. The solution was transferred to the column, which 
was then drained until the liquid level was at the top 
of the glass bead layer. This operation and three successive 
washes with the 9M hydrochloric acid-chlorine mixture 
brought the plutonium into contact with the resin. The 
column was then washed with 3Otnl of the hydrochloric 
acid-chlorine mixture and j-ml portions of the ef%ent 
were collected. The plutonium was eluted from the 
columns by washing them with 6.9, and I IM hydrobromic 
acid, respectively, and l-ml portions of the eluates were 
collected. The portions of hydrochloric and hydrobromic 
acid effluents were assayed for their plutonium content. 
Figure 2 shows the plutonium behaviour when the eluent 
was 9M hydrobromic acid The plutonium behavlour when 
the eluent was either 6 or 11M hydrobromic acid was 
not significantly different. A comparison of Fig. I with 
Fig. 2 shows that the adsorptIon of plutonium onto the 
resin from hydrochloric acid followed by elution with hyd- 
robromic acid leads to tailing. However, experience has 
shown that more than 90% of the plutonium is always 
eluted by the first lOm1 of 6, 9 or 11M hydrobromic 
acid. 

To establish the behaviour of thorium on the column, 
ahquots of a Z30Th stock solution were evaporated to 
dryness, the thorium was dissolved in 9M hydrochloric 
acid. and the solutions were transferred to the columns. 
The columns were washed with 30ml of 9M hydrochloric 
acid and l-ml portions of the effluents were collected and 
assayed. The behavlour of thorium was Identical to that 
of plutonium in 9M hydrobromic acid as shown in 
Fig. 1. More than 99.97; of thorium was eluted in the 
first 10 ml of effluent. 

Behuwur of uranmm 

To establish the behaviour of uranium on the column dur- 
mg the hydrochloric and hydrobromIc acid washes of the 
column, ahquots of the 233U stock solution were evaporated 
to dryness, the uramum was dissolved in 9M hydrochloric 

acid, and the solutions were transferred to the columns. 
The columns were washed first with 30ml of 9M hydro- 
chloric acid and then with 30 ml of 9M hydrobromic acid. 
54 portions of the effluents being collected and assayed. 
The amount of uranium in each portion of hydrochloric 
acid and hydrobromic acid was less than 0.01% of the 
total. Since the first 1Oml of 9M hydrobromic acid con- 
tains more than 90% of the plutonium and less than O.Olp/; 
of the uranium, the decontamination factor for uranium 
is about 104. When the plutonium is efuted with 11.44 
hydrobromic acid, only 04003% of the uranium is in the 
first 10 ml of acid and the decontamination factor is there- 
fore about 3 x 105. 

Behaviour of neptumum 

To establish the behaviour of neptunium on a Dowex-1 
column in hydrobromic acid, aliquots of the stock solution 
were evaporated to dryness, the neptunium was &solved 
m 6, 9 or 11M hydrobromic acid, and the solutions were 
transferred to columns that had been preconditioned by 
washing them with hydrobromic acid of these con- 
centrations. The columns were then washed with 30ml 
of the appropriate acid; 54 portions of the effluents were 
collected and assayed, There was no significant retention 
of the neptunium by the column from 6 and 9M hydrobro- 
mic acid; there was complete retention from 11M hydro- 
bromlc acid. As neptunium(IV) is quantitatively adsorbed 
onto a Dowex-1 column from 9M hydrochloric acid, the 
adsorption of plutonium(IV) and neptunium(IV) from 9M 
hydrochloric acid followed by a wash with 1 IA4 hydrobro- 
mic acid is an effective means for separating these 
elements. 

It is interesting to note that Nelson and Michaelson 
have devised a procedure for the separation of neptunium 
and plutonium in hydrobromic acid media, on the cation- 
resin Dowex-50. In 6M hydrobromic acid plutonium(II1) 
passes through the column rapidly and neptunium@‘) is 
adsorbed. The neptunium is eluted with 9M hydrochloric 
acid or 0.2M hydrofluoric acid in 9M hydrobromic acid. 

No experimental evaluation of the behaviour of ameri- 
cium was made as it is common practice to separate ameri- 
cium from plutonium by selectively adsorbing Pu(IV) onto 
a Dowex-1 column from 9N hydrochloric acid and wash- 
ing the Am(II1) through the column with this acid. 

Behaviour of the elements in thr natural decay series 

Of the elements in the uramum and thormm natural 
decay series, only bismuth is not completely separated 
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Fig. 2. ~~viour of plutonium on a Dowex-1 column 
when introdu~d in 9M HCl, and washed wtth 9M HCl 

and 9M HBr. 
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from plutonium when the plutonium is adsorbed onto 
the resin from concentrated hydrochloric acid and eluted 
with concentrated hydrobromic acid. When the plutonium 
IS eluted with lOm1 of 9M hydrobromic acid the amount 
of bismuth eluted with the plutonium is about 5% of that 
present m the sample. Under a very special set of circum- 
stances this incomplete separation from bismuth will lead 
to an alpha-spectrogram in which the 239Pu peak is not 
discernible. The circumstances are a *39Pu activity level 
that is so low that it can only be established by counting 
the separated plutonium for a number of days and a very 
high 2’oBi/“3qPu activity ratio. ‘roBi (5Od) is the daughter 
of-“‘Pb (22~). The “‘Bi which has not. been separated 
will electroplate with the plutonium and will, during the 
counting period, decay to ‘r”Po (138 d). At very high 
210Po/23gPu activitv ratios. the 239Pu neak. which is at 
5.15 MeV, cannot be distinguished from the low-energy 
tail of the z’OPo peak, which is at 5.30MeV. For samples 
of this type it is necessary to separate the bismuth from 
the plutonium on a second anion-exchange column. The 
hydrobromic acid solution from the first column is evapor- 
ated to near dryness, 1M hydrobromic acid is added, and 
this solution is passed through the second column. The 
bismuth, as well as the polonium that has grown in, is 
completely adsorbed onto the column and the plutonium 
passes through rapidly. 

DiSCUSSION 

Chemistry of plutonium in hydrobromic acid and hydro- 
halic acid mixtures 

As one would predict from the standard potentials 
of the Pu(lKI)-Pu(IV) and Br(-I)-Br(0) couples, ele- 
mental bromine will oxidize Pu(II1) to Pu(IV) in 1M 
hydrobromic acid. The values of these potentials are 
0.97 and l.O6V, respectively. The equation for the 
reaction is: 

Pu3’ + ij2Brz + H,O+PuO’+ + I3r- + 2Ii+ 

However, owing to the small difference in these 
potentials and the fact that the reverse reaction has 
a first-order dependence on the bromide-ion con- 
centration and a second-order dependence on the hy- 
drogen-ion concentration, it is not surprising that 
Pu(IV) is reduced to Pu(II1) in concentrated hydro- 
bromic acid. The fact that elemental bromine reacts 
strongly with bromide ion to form the tribromide 
ion, Br; also promotes the reverse reaction. Davidson 
et al.* were the first investigators to observe this. 
When they attempted to prepare PuBr, by the reac- 
tion of PuO, with anhydrous hydrogen bromide, the 
product was not PuBr,, but PuBr,. They subse- 
quently reacted plutonium(~) hydroxide with 51w 
hydrobromic acid and observed from the colour of 
the solution (violet) that the plutonium had been 
reduced to the tervalent state. 

The observations that we have made which relate 
to the reduction of Pu(IV) to Pu(II1) by bromide, 
are that Pu(IV) which has been adsorbed onto a 
column of Dowex-1 from 9M hydrochloric acid, is 
rapidly eluted with 6, 9 or 11M hydrobromic acid 
but not by 8M hydrochloric acid-l&f hydrobromic 
acid. From these ob~rvations it is concluded that 
high concentrations of both bromide and hydrogen 
ions are required to reduce Pu(IV) to Pu(II1). It has 
also been observed that the tribromide ion is strongly 

adsorbed by the resin. This further promotes the 
reduction of Pu(IV) to Pu(II1) by removing one of 
the reaction products from solution. 

The reduction of both Pu(VI) and Pu(IV) to Pu(II1) 
will, of course, take place in concentrated hydro- 
chloric acid containing a small amount of hydriodic 
acid and there are a number of published plutonium 
separation procedures in which the separation from 
uranium is based on either or both of these reactions. 
Campbell and Moss’ use this reagent in their pro- 
cedure for the determination of plutonium in urine; 
Marsh et al.6 use it in their procedure for the deter- 
mination of plutonium in irradiated nuclear fuel. 

Hydrobromic acid is superior to a mixture of hy- 
drochloric and hydriodic acid as an eluent for plu- 
tonium in anion-exchange separation procedures for 
two reasons: the separation from other sample consti- 
tuents is more selective, and hydrobromic acid, unlike 
hydriodic acid, is not subject to air-oxidation. When 
a hy~oc~oric-hydriodic acid mixture is used to elute 
plutonium from the column, iron, which is a ~mmon 
sample constituent, is reduced from Fe(III) to Fe(II) 
and is eluted with the plutonium. This does not occur 
when hydrobromic acid is used. In concentrated hy- 
drochloric acid, iodide is rapidly oxidized by atmos- 
pheric oxygen to elemental iodine. For this reason 
it is necessary to prepare, preserve, and use this re- 
agent under an inert atmosphere. We consider this 
to be a particular nuisance. 

Application to trace constituent analysis 

For the analysis of materials in which plutonium 
is a trace constituent, the principal advantages of 
an anion~xchange procedure that uses hydroc~oric 
and hydrobromic acids rather than nitric and hydro- 
chloric acids are a significant reduction in analysis 
time and better decontamination from uranium and 
thorium. Adsorption of Pu(IV) onto a Dowex-1 
column from nitric acid followed by a nitric acid 
wash is a very effective means of separating plu- 
tonium from nearly all the non-actinide constituents 
of the sample but an inordinately large amount of 
time is required to separate plutonium from uranium 
and thorium. (There is some difficulty in separating 
plutonium from palladium, mercury and bismuth but 
it would be quite unusual to find sign~cant amounts 
of these elements in samples for which trace plu- 
tonium determinations are needed.) Uranium is not 
strongly adsorbed onto Dowex-1 from 7M nitric acid 
(the Kn is about 20) but the adsorption is such that 
uranium can only be removed from the column by 
washing it with a large volume of acid. Thorium, 
despite the fact that its adsorption onto the resin 
from concentrated hydrochloric acid is negligible, is 
somewhat difficult to wash from the column with 
this reagent. The Kn in 7iV nitric acid medium is 
about 300, and during the extended period in which 
the column is being washed with this acid, the thor- 
ium diffuses into the resin beads. Because of this, 
extensive washing of the column with hydrochloric 
acid is required to remove all the thorium. 
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Adsorption of Pu(IV) and Pu(VI) onto a Dowex-1 
column from hydrochloric acid followed by limited- 
volume washes first with hydrochloric acid and then 
hydrobromic acid provides a very rapid and specific 
separation of plutonium from both thorium and 
uranium. Thorium, because it is not adsorbed onto 
Dowex-I from hydrochloric acid, is washed through 
the column quanti~tively and rapidly; uranium, 
because it is strongly adsorbed onto the resin from 
both hydrochloric and hydrobromic acids. is retained 
quantitatively. More than 90% of the plutonium is 
eluted by a very small volume of hydrobromic acid. 
This is more than sufficient since the use of an iso- 
topic diluent (236Pu or 242Pu) and alpha-spectro- 
metric assay obviates the need for quantitative recov- 
ery. 

The separation of plutonium from the non-acttnide 
sample constituents has not been completely investi- 
gated but no serious problems are expected. It is 
expected that the anion~xchange behaviour of most 
elements in hydrobromic acid will be very similar 
to their behaviour in hydrochloric acid. Those ele- 
ments that are not adsorbed onto Dowex-1 from hy- 
drochloric acid will be washed through the column 
with the thorium; those elements that are adsorbed 
onto Dowex-1 are probably also adsorbed from hyd- 
robromic acid. However, there are bound to be excep- 
tions, e.g., vanadium(V) is strongly adsorbed from hy- 
drochloric acid, reduced to the quadrivalent state by 
hydrobromic acid, and eluted as such along with the 
plutonium. It is expected that such problems can be 
effectively dealt with in the other steps of the separ- 
ation procedure that customarily precede the anion- 
exchange separation, e.g., co-pr~ipi~tion of the plu- 
tonium with ferric hydroxide and/or lanthanum fluor- 
ide. 

Apphcatiorz to nlajor constiturnt analysis 

In the analytical methods that are used to deter- 
mine plutonium when it is a major constituent of 
the sample, the requirement of the separation pro- 
cedure that has been the most difficult to meet has 
been that of quantitative recovery. The elements that 
will interfere in the measurement methods (redox 
titrations) are few in number, and these elements are 
not particularly di~cult ones to separate by either 
the nitric-hydrochIoric acid or the hydrochloric---hyd- 
robromic acid anion-exchange procedure. 

In the anion-exchange procedures where plutonium 
is adsorbed onto the resin from concentrated nitric 
acid, washed with nitric and hydrochloric acids, and 
eluted with dilute hydrochloric acid containing a 
trace of fluoride, quantitative recovery IS thwarted 
by the oxidation adjustment step before the adsorp- 
tion step and the difficulty of eluting plutonium from 
the column once it has been adsorbed. When the 
sample medium is being changed to nitrate. some 
plutonium is oxidized to the sexivalent state and if 
the reduction of this plutonium to the quadrivalent 
state is not complete, the plutonium(V1) will pass 
through the column in the nitric acid wash. Elation 

of the plutonium(N) is a time-consuming process, 
because there is significant diffusion into the resin 
during the nitric acid wash. 

The application of the hydrochloric-hydrobromlc 
acid anion-exchange separation procedure to the 
analysis of samples in which plutonium is a major 
constituent has not been demonstrated, but the results 
obtained in this investigation indicate strongly that 
this approach should be quite superior to the one 
that uses nitric and hydrochloric acids. To separate 
uranium and iron. which are the principal interferences 
in the Pu(III)-Pu(IV) redox titrations, a concentrated 
hydrobromic acid solution of the sample would be 
passed through a Dowex-1 column. Uranium and 
iron, which are both strongly adsorbed onto Dowex-1 
from concentrated hydrobromic acid, would be quan- 
titatively retained on the column and the plutonium 
would be washed through with a iimited volume of 
acid. On the basis of the redox potentials and adsorp- 
tion characteristics of other elements in hydrochloric 
acid media, the only ones that would be expected 
to interfere in the subsequent titration would be vana- 
dium and thallium. 

To separate chromium and manganese, the princi- 
pal interferences in the Pu(VI)-Pu(lV) titrations, con- 
centrated hydrochloric acid solution of the sample 
would be passed. through the column, the column 
would be washed with a limited volume of hydro- 
chloric acid, and the plutonium eluted with concen- 
trated hydrobromic acid. The particular advantage 
of this approach over the one that uses nitric and 
hydrochloric acids is the assurance of complete 
adsorption onto the column. Both plutonium(IV~ and 
(VI) are strongly adsorbed onto Dowex-1 from con- 
centrated hydrochloric acid; only plutonium(IV) is 
adsorbed from concentrated nitric acid. Although 
quantitative elution of plutonium from the resin with 
concentrated hydrobromic acid requires extensive 
washing. the fact that the elution is accomplished 
at a very high acidity and with reduction of plu- 
tonium to the tervalent state may be beneficial. Elu- 
tion of plutonium(IV) with a dilute acid may. despite 
the fact that fluoride is present. lead to polymeriza- 
tion of plutonium. Polymerized plutonium could be 
irreversibly adsorbed onto the resin or be intractable 
in the analysis. 
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METALLSALZIMPRAGNIERUNG VON GRAPHITROHREN 
ZUR VERBESSERTEN AAS-SILIZIUMBESTIMMUNG 

H. M. ORTNER und E. KANTUSCHER 

Metallwerk Plansee AG. & Co. KG.. A-6600 Reutte. Gsterreich 

(Eingegangen am 6. September 1974. Angenomrnen am 20. De--ember 1974) 

Zusammenfassung-Es werden mehrere Methoden zur Verhmderung der Karbidbildung be] der Sih- 
ziumspurenanalyse mittels flammenloscr AAS getestet: die Verwendung von Graphitrohren mit 
eingelegten Wolfram- oder Tantalfolien. von titankarbonitridbeschichteten Rohren und von metallsalz- 
Imprsgnierten Rohren. Am giinstigsten erwles sich der Einsatz tantalsalz- bzw. natrmmwolframat- 
getriinkter Rohre. In letzteren lassen sich SiO,-Mengen von 0.5 bis 100 ng mit einer relatlven Standard- 
abweichung von 20 bls 3% bestlmmen. Bei Ausschaltung von Umgebungs- und Reagenzienkontamina- 
tion ware die Analyse noch wesenthch geringerer SiO,-Mengen maglich. Die Methode ist u.a. zur 
Erfassung von SiOz-Spuren in den Ausgangsmaterialien der pulvermetallurgischen Wolframproduktlon 
geeignet. 

Die flammenlose atomabsorptionsspektrophotome- 
trische (AAS) Erfassung von Silizium und Bor wird 
im Graphitrohr durch die Karbidbildungstendenz 
dieser Elemente erheblich gestiirt. Es wurde bereits 
verschiedentlich versucht, durch diverse Beschich- 
tungsverfahren bzw. durch den Ersatz des Graphits 
etwa durch Tantal als Rohrmaterial dieser Schwierig- 
keiten Herr zu werden.‘v2 Die leichte Verletzbarkeit 
solcher Schichten z.B. durch unterschiedliche ther- 
mische Ausdehrtungskoetiienten des Grundmaterials 
und der Schicht einerseits und die geringe 
Wandstirke einsetzbarer Metallrohre andererseits 
verhinderten bis jetzt einen breiteren Einsatz solcher 
Kiivetten. Auch wir untersuchten die Maglichkeit der 
Verwendung von Graphitrohren mit eingelegten Wol- 
fram- oder Tantalblechstiicken an der Einspritzstelle 
bzw. von Titankarbonitrid-beschichteten Rohren. Als 
wesentlich giinstiger erwies sich die Anwendung 
natriumwolframatgetfnkter Graphitrohre. Eine Im- 
prggnierung mit Metallsalzlijsungen anderer IVb bis 
VIb Nebengruppenmetalle fiihrte zu schlechteren 
Ergebnissen. 

Grrhte 
EXPERIMENTELLER TEIL 

Die Untersuchungen wurden an einem Perkin Elmer 
Atomabsorptlonsspektrophotometer Model1 306 mit Deu- 
teriumuntergrundkompensator in Verbmdung mit emer 
Graphitrohrkiivette HGA-72 durchgefiihrt. Fiir elek- 
tronenmikroskopische Aufnahmen stand ein Rasterelek- 
tronenmikroskop Jeol JSM-35R mit energiedispersivem 
RGntgenfluoreszenzansatz EDAX zur Verfiigung. Eich- 
lijsungen wurden unter Verwendung des Oxford Mikro- 
Pipettiersystems hergestellt. 

Materialien 

Wolframtrioxid und Tantalmetallpulver waren von H. 
C. Starck. Goslar, BRD, Titanschwamm von Treibacher 

Chemische Werke, Treibach, &terreich und Hafmumni- 
trid und Hafniumoxid von Research Organic/Inorganic 
Chemical Corp., Bellville. N.J., USA. 

Silizium-EichlGsungen wurden aus Na,SiO, 9Hz0 von 

Baker Chemical Co., N.J.. USA hergestellt (pH-Wert 12, 
eingestellt mit NaOH Suprapur, Merck). 

Alle iibrigen Reagenzien waren z.A. Reagenzien von 
Merck, Darmstadt. BRD. Die Tantal- und Wolframfolien 
stammten aus eigener Produktion. 

Graphltrohrimpragmerung 

Tantalmetallpulver bzw. Titanschwamm oder Hafnium- 
mtrid wurde (I g) in 5 ml 40%iger FluSsSiure. 10 ml 65%iger 
SalpetersBure und IO ml 30P/,igem WasserstoffPeroxid 
gel&, mit 5 ml konz. SchwefelsLure versetzt und bis auf 
ein Volumen von ca. 5 ml eingeengt. Dann wurde mit 
Wasser auf 100 ml aufgefiillt. HGherprozentige Titan-, Tan- 
tal- und Niob-Lasungen sind unbestsndig. Hafniumoxid 
ist in SIuren unlijslich und man ist daher gezwungen, 
Hafmummtrid zu verwenden. Zur Natriumwolframat- 
ImprPgmerung wurden entsprechende Li%ungen aus 
Na2W04.2Hz0 angesetzt. 

Zu Imprsgmercnde Graphltrohre wurden bei Zimmer- 
temperatur 24 Stunden m die entsprechenden LGsungen 
gelegt. hierauf 12 Stunden bei 120” im Trockenschrank 
getrocknet. In der HGA-72 wurde zunlchst 1 Min bei 120” 
(40 Einheiten) nachgetrocknet, sodann innerhalb von 
eineinhalb Mmuten von 100 auf 2600” aufgeheut (Rate 
8 2 500.0 Einheiten/Min) und 10 set auf Maximaltempera- 
tur (999 Einheiten) gebracht. Dieser Zyklus wurde dreimal 
durchlaufen. 

ERGEBNISSE UND DISKUSSION 
Einsatz von Graphitrohren mit eingelegtem Tantal- 
oder Wolframblech 

Es wurden Blechstiicke von 20 x 10 x 0,025mm 
in Graphitrohre eingeschoben und mtiglichst eng an 
die innere Graphitrohrwand angelegt. Trotzdem war 
der WHrmeiibergang vom Graphitrohr zum Blech un- 
befriedigend. Die Aufbringung und Trocknung von 

mehr als 10~1 Liisung auf Bleche ist problematisch. 
Dies trifft generell ftir jegliche glatte Schichten zu 
und stellt daher eine prinzipielle Schwierigkeit f$ 
den Einsatz von Metallkiivetten dar. Die Trocknung 
mu8 sehr langsam und vorsichtig erfolgen. oberdies 
verspriiden die Bleche recht bald durch Karburierung. 

Bei Tantal ist dies durch Goldgelbftirbung des Bleches 
such optisch zu verfolgen. Tantalbleche versprijden 
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so schnell, daB sie oft bereits nach zwei bis drei Ana- 
lysenzyklen Risse bekommen. Daher erscheint Tantal 
such als Kiivettenmaterial ftir organische Matrices 
ungeeignet, zumal nicht nur Kohlenstoff, sondern 
such Sauerstoff, Stickstoff, Wasserstoff, Silizium und 
Bor echt gel&t werden und das Metal1 schon bei 
geringen Gehalten an diesen Elementen stark ver- 

sprijdet. 

Emsatz von Graphitrohren mit Titankurhonitrid- 
heschichtung 

Nach einer von Schintlmeister entwickelten Me- 
thode3s4 wurden Graphitrohre innen mit einer etwa 
1 O-pm starken Titankarbonitridschichte belegt. Die 
goldgelben Schichten wandelten sich schon beim ersten 
Ausgliihen des Rohres in silbergraue Titankarbid- 
schichten urn. Ein Teil des Titans dampfte dabei weg. 
Trotzdem blieb eine vollkommene Titankarbid- 
Schicht am Graphitrohr erhalten, welche jedoch be- 
reits nach wenigen Analysen stark porijs wurde, wie 
entsprechende Rasterelektronenmikroskopaufnahmen 
zeigten. Auch besitzt Titankarbid trotz des hohen 
Schmelzpunktes ab etwa 1700” einen betrlchtlichen 
Dampfdruck,5 der bei der Atomisierungstemperatur 
fiir Silizium so hoch ist, da13 die Strahlung einer 
Titan-Hohlkathodenlampe vollkommen blockiert 
wird. 

Einsatz impriignierter Graphitrohre 

SchlieBlich wurde versucht, durch Imprggnierung 
von Graphitrohren mit MetallsalzlBsungen von 
Metallen der IVb bis VIb Gruppe des Periodensys- 
terns eine Verbesserung zu erreichen. Dabei wurde 
von der uberlegung ausgegangen, da13 beim Gliihen 
solcher imprlgnierter Graphitrohre in Schutzgasat- 
mosphlre die entsprechenden Karbide giinstigenfalls 
als diinner Film in jenen Bereichen des Graphitrohrs 
entstehen, welche von der Imprggnierung erfal3t 
wurden. So hergestellte Metallkarbidschichten sollten 
die Karbidbildung eingebrachter Probelijsungen ver- 
hindern, ohne jedoch die relativ rauhe saugftihige 
Graphitrohroberfltiche, welche, wie schon erwBhnt, 
ftir eine gut reproduzierbare Probenaufbringung und 
Trocknung von groDer Bedeutung ist, wesentlich zu 
modifizieren. Aus Tabelle 1 geht hervor, da13 Haf- 
nium, Tantal und Zirkon die thermodynamisch sta- 
bilsten Karbide mit den hiichsten Schmelzpunkten 
bilden. Allerdings ist iiber die Karbidbildung bei 
grol3em Kohlenstoffiberschul3, wie er im Graphitrohr 
vorliegt, nichts bekannt. 

Die Resultate dieser Versuche sind in den Tabellen 
2-5 ZusammengefaRt. In unbehandeken Rohren ist die 
Reproduzierbarkeit der Werte erst ab etwa long 
SiOz ausreichend, urn eine Eichfunktion erstellen zu 
kiinnen. Die erreichbare Empfindlichkeit schwankt in 
gewissen Grenzen von Rohr zu Rohr (unter Empfind- 
lichkeit wird hier wie iiblich die Steigung der Eich- 
geraden verstanden). Bereits durch Zugabe von 
NatriumwolframatlGsung zur Natriumsilikat-Eich- 

l6sung tritt eine wesentliche Empfindlichkeitssteige- 
rung ein, wie sie such anderenorts beobachtet wurde.6 

Tabelle 1. Normalbildungsenthalpien m kcal/Mol und 
Schmelzpunkte der wichtlgsten Karbide der IVb bis VIb 

Ubergangsmetalle’ 

TIC vc 
-43,9 -28 
3160” 2830 

w,c 1890 IWS, 

zrc 
-44.1 
3535’ 

HfC 

NbC 
- 33.7 
3500. 
fNb,C 3100’ zers, 
T&C 

-81 -17.0 
3890E f 150” 3400” Zen 

TaC 
- 38.5 
3780” 

Cr,,C, 
- 16.4 
I.520 7er\ 

Cr,C, 
-45.5 
17x0 Lrrb 
CIIc‘, 
-210 
Ix% LSTS 
Mo,C 
-A2 
2400 LClb 
(MoC 2700 , 
WC 

+ 8.4 
2600 zers 
(W.C 3700 It 50, 

Dies ist auf den schon erwlhnten Schutzeffekt des 
sich bildenden Wolframkarbids zuriickzufiihren. 
welches offenbar das Silizium weitgehend an der Kar- 
bidbildung hindert. 

Hafniumgetriinkte Rohre. Die Reproduzierbarkeit 
von Siliziumbestimmungen in hafniumgetrgnkten 
Graphitrohren ist schlecht, die Empfindlichkeitsstei- 
gerung gegeniiber unbehandelten Graphitrohren nicht 
grol3. Die gleichzeitige Aufgabe von Natriumsilikat- 
und Natriumwolframatliisungen hat eine beinahe 
dreifache Erhijhung der Extinktlon zur Folge. Auch 
die Reproduzierbarkeit wird wesentlich besser. Dies 
ist wiederum auf den Schutzeffekt des sich bildenden 

Wolframkarbids zuriickzuftihren. Bei Zugabe 

gr6Derer Natriumwolframat-Mengen sinkt die 
Extinktion wieder ab. Vermutlich wird die sich ausbild- 
ende Wolframkarbidschichte bald so dick, daD sie 
eine vollstgndige Atomisierung des Siliziums verhin- 
dert. Rasterelektronenmikroskopische Aufnahmen (im 
folgenden als REM-Aufnahmen bezeichnet) zelgten 
eine im Vergleich zu natriumwolframatimprlgnierten 
Rohren erhijhte Porositgt sowie im Hafnium-Raster- 
bild eine leichte Inhomogenitit der Verteilung. Eine 

Imprggnierung von Graphitrohren mit Hafniumsalz- 
16sungen erscheint somit nicht vorteilhaft ftir die Slli- 
ziumspurenanalyse (Tabelle 3). 

Titangetriinkte Rohre. Die m titangetrtinkten 
Rohren erhaltenen Extinktionswerte fiir Silizium 
liegen betrtichtlich unter denen, welche fiir hafnium-. 
tantal- und wolframgetrgnkte Rohre beobachtet 
werden. Eine Empfindlichkeitssteigerung gegeniiber 
unbehandelten Rohren ist praktisch nicht feststellbar. 
Die Werte sind auDerdem schlecht reproduzierbar. 
Titan-Rasterbilder zeigen eine sehr inhomogene 
Titanverteilung. Oft ist Titan kBrnig im Graphit- 
grundmaterial eingelagert (KorngrijDe etwa 1-5 pm). 
Die be1 beschichteten Rohren festgestellte starke 
Titanverdampfung diirfte such hier Empfindlichkeit 
und Reproduzierbarkeit negativ beeinflussen. Damit 
scheidet such Titan zur Imprlgnierung aus (Tabelle 

3). 
Tantalgetriinkte Robe. Die mlt tantalgetrgnkten 

Rohren erreichbare Empfindlichkeit liegt wesenthch 
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Tabelle 2. Extinktionswerte fur SiOl in unbehandelten Graphitrohren 

SiQ, ng 

20 
50 

100 
200 

20 
50 

100 
200 

4 
10 
20 
40 

Extinktionsmittelwert (Extutsktion) 2 Bemerkungen 

Versuche in unbehandelten Graphitrohren und 
mit reiner Na,SiO,-Losung 

0,070 0,012 17,5 Alle Werte mit dreifacher 
0,160 0,012 7 Dehnung, ohne Gas-Stop 
0,264 0,017 6,5 
0,483 0,021 4 

Versuche in unbehandelten Graphitrohren und mit 
reiner Na2SiOq-Losung; Empfindlichkeitsschwankung 
vo.n Rohr-zu Rohr - _ 

0.083 0.010 13 Alle Werte mit dreifacher 
0:188 0;016 8.5 Dehnung, ohne Gas-Stop 
0,344 0,043 13 
0,652 0,006 1 

Versuche in unbehandelten Graphitrohren und mit 
reiner Na,SiO,-Losung; Empfindlichkeitssteigerung 
durch gleichzeitige Aufgabe von 10 ~1 Na2W04- 
Losung (entsprechend 50 pg W) 

0,080 0,010 12.5 Alle Werte mit dreifacher 
0,163 0,010 6 Dehnung, ohne Gas-Stop 
0,322 0,020 6,5 
0,615 0,053 895 

Versuchsbedingungen. Probevolumen jeweils 50 d fur reine Na,SiOa-Losungen. Temperaturprogramm: Trocknen: 
35 Einheiten (etwa loo”) 60s~; thermische Zersetzung: 200 Einheiten (lOZOo) 45 set; Atomisierung: 999 Einheiten 
(> 2700”) ohne Gas-Stop 10 set, mit Gas-Stop 5 sec. Mittelwert, Standardabweichung s und Variationskoeffizient V 
beziehen sich jeweils auf funf Messungen. 

Tabelle 3. Versuche mit verschieden imprlgnierten Graphitrohren und mit reiner Na*SiO,-Losung 

sior, ng 
Extinktions- 
mittelwert (Extiiktion) Bemerkungen 

10 
25 
25 
25 

50 
100 
200 

5 
10 
20 
25 

5 
10 
20 
25 
50 

2 
5 

10 
20 
25 
50 

2 
5 

10 
20 
50 

Impragnierung mit l%tger Hafniumsalzlosung 
0,115 0,047 41 
0,244 0,044 18 
0.712 
01284 

0.025 
01011 

3.5 
4’ 

Imprlgnierung mit l%iger Titansalzlosung 
0,186 0,019 10.5 
0,385 0,018 4,5 
0,886 0,096 11 

Impragmerung mit l%iger Tantalsalzlosung 
0,111 0,010 9,5 
0,280 0,044 15,5 
0,453 0,017 4 
0.631 0.024 3.5 

Impragmerung mit S%iger Na,WO,-Losung 
0,060 (0,180) 0,011 18,5 
0,131(0,393) 0,026 20 
0,235 (0,705) 0,009 4 
0,300 (0,900) 0,005 2 
0,562 0.016 3 
Imprlgnierung mit lO%iger Na,WO,-Losung 
0,048 0,006 13,5 
0,081 0,011 13,5 
0,184 0,018 10 
0,374 0,026 7 
0,455 0.007 

0.019 
1.5 

0,853 2 
Imprlgnierung mit 20%iger Na,WO,-Losung 
0,064 0,009 13,5 
0,104 0,008 7 
0,229 0,025 11 
0,438 0,022 5 
0,905 0,024 2.5 

Alle Werte mit dreifacher Dehnung, ohne 
Gas-Stop. Na,SiOr-Losung + 500 
pg WOs/50 fi NarSiOs-Losung + 2500 
pg WG,/lOO ti 

Alle Werte mit dreifacher Dehnung, 
ohne Gas-Stop 

Alle Werte mit dreifacher Dehnung, 
ohne Gas-Stop 

Alle Werte ohne Dehnung, ohne Gas-Stop 
Auf dreifache Dehnung umgerechnete 
Extinktionswerte in Klammer 

Alle Werte mit dreifacher Dchnung, ohne 
Gas-Stop 

Alle Werte mit dreifacher Dehnung, ohne 
Gas-Stop 

Versuchsbedingungen-siehe Tabelle 2. 
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hoher als die von titan- und hafniumgetrlnkten 
Rohren (Tabelle 3). Sie ist vergleichbar mit der Emp- 
findlichkeit in wolframgetrankten Rohren. Auch 
beziiglich der Reproduzierbarkeit unterscheiden sich 

tantalgetrfnkte Rohre nicht von wolframat- 
getrankten. Die Streuung der MeBwerte urn die Eich- 
gerade ist allerdings etwas groger. REM-Aufnahmen 
zeigen keine Veranderung der urspriinglichen Gra- 
phitstruktur. Die Tantalverteilung iiber die Rohr- 
oberfllche ist homogen. Prinzipiell erscheint daher die 

Verwendung tantalimpragnierter Rohre durchaus 
giinstig und wird von uns weiter verfolgt. Im Hinblick 
auf die Erfassung von Siliziumspuren in Wolfram 
erschien es jedoch zweckmlgiger, wolframgetrankte 
Rohre zu verwenden. 

Wolframatgetrtinkte Rohre. Der Vorteil wolframat- 
getrlnkter Rohre liegt zunlchst in der iiberaus ein- 
fachen Herstellung such hiiher prozentiger Natrium- 
wolframat-Imprlgnierungslosungen. Die hijchste 
Empfindlichkeit wurde in mit S%iger Na2W0,- 
Liisung impdgnierten Rohren beobachtet (Tabelle 3). 
Die ursprtingliche Graphitstruktur bleibt bei S%iger 
lmprlgnierung vollkommen erhalten. Bei hoherpro- 
zentiger Imprlgnierung scheinen sich zus;itzlich zur 
Wolframkarbid-Uberzugsbildung kleinere Wolfram- 
karbidkristallchen (Durchmesser < I pm) an den 
Graphitkiirnern abzuscheiden. Die Wolframvertei- 
lung ist vor allem bei 5:; iger Impragnierung als sehr 
homogen zu bezeichnen. Die aus Wolfram-Rasterbil- 
dern von Querschnitten 59,; wolframatgetrlnkter 
Rohre ermittelte Eindringtiefe der Imprlgnierung 
betragt durchschnittlich 200 pm. Eine Impragnierung 
mit Sy/,iger Na,WO,-Liisung erweist sich somit als 

optimal. 
FaDt man die bis jetzt beschriebenen Versuche mit 

impragnierten Graphitrohren zusammen, so stellt sich 
die Frage, warum gerade in wolframatgetrlnkten 
Rohren trotz des relativ niedrigen Zersetzungspunktes 
und der geringen thermodynamischen Stabilit;it von 
Wolframkarbid so gute Ergebnisse zu erzielen sind. 
Weiters iiberrascht die geringe Empfindlichkeit und 
schlechte Reproduzierbarkeit in hafnium- und titan- 
getrankten Rohren. Abgesehen von schlechterer Ver- 
teilung iiber die Rohroberflache dtirfte dies mit der 
Ausbildung ternarer Phasen Metall-Silizium-Kohlen- 
staff zusammenhlngen. Derartige sogenannte No- 
wotny-Phasen’ treten besonders bei den IVb Uber- 
gangsmetallen auf, wlhrend fur Wolfram keine No- 
wotny-Phasen beobachtet wurden (es sind lediglich 
durch Stickstoff und Sauerstoff zusltzlich stabilisierte 
Phasen fur Wolfram bekannt)’ Auch fur Tantal is1 
die Stabilitat solcher Phasen relativ gering, obwohl 
eine durch 5 At.-?; stabilisierte Nowotny-Phase exi- 
stiert. Durch die Ausbildung solcher Phasen geht ein 
Teil des Siliziums fur die Atomisierung verloren. 

Wertere Versuche in Graphitrohren mit S%iger 
Natriumwolfiamatimpriignierung 

Empjindlichkeitsschwankungen und Rohrlebensdauer. 
Beim Arbeiten mit imprlgnierten Graphitrohren 
treten zwei haupts;ichliche Schwierigkeiten auf. 

Erstens ist fur jedes neu verwendete Graphitrohr eine 
neue Eichfunktion zu erstellen, d.h. die Empfindlich- 
keit schwankt in gewissen Grenzen von Rohr zu 
Rohr. Zweitens ist mit einer gewisscn Rohralterung 
zu rechnen. d.h. die Empfindlichkeit sinkt mit der 
Anzahl der durchgefuhrten Analysen. Ein Beispiel zu 
Punkt I ergibt sich aus dem Vergleich der entspre- 
chenden Werte von Tabelle 4. Ein Beispiel zu 

Punkt 2 ist such in Tabelle 4 angefiihrt. Es empfiehlt 
sich daher grundQtzlich, die Eichfunktion nach etwa 
15 bis 20 Analysenzyklen zu iiberpriifen. Die 
durchschnittliche Lebensdauer eines impragnierten 
Graphitrohres bei Anwendung der Gas-Stop-Me- 
thode wahrend der Atomisierung (5 set) bctrlgt etwa 70 
Analysenzyklen, ohne Gas-Stop (Atomisierungsdauer: 
10 set) etwa 120 Analysenzyklen. Der Linearbereich 
endet fur Analysen mit Gas-Stop bei 10 ng Si02. 

Mengenbereich 0,5 his 5 ng SiO,. Die fur diesen 
Bereich erhaltenen Extinktionswerte zeigen, daR die 
Nachweisstarke der Methode zur Erfassung noch 
wesentlich kleinerer Mengen ausreichen wtirde. In 
einem Industrielaboratorium wie dem unseren ohne 
die Mijglichkeit einer Ftlterung der Laborluft tritt 
hier jedoch die Umgebungskontamination als limi- 
tierender Faktor auf. Es kommt vor, dal3 von fiinf 
Werten in diesem Mengenbereich zwei oder drei 
Werte mit Schreibervollausschlag registriert werden. 
Dies wird vermutlich durch die Einschleppung von 
Staubpartikeln in das Rohr selbst oder bereits vorher 
in die Probelosung verursacht. Bei BautXtigkeit in 
Labornahe muBten wir den viilligen Zusammenbruch 
der SiO,-Analyse in diesem Bereich feststellen. 

Versuche zum Einsatz der Methode fir die SiO,- 
Spurenanalyse in Wolframtrioxid. Die in Tabelle 
5 aufgefuhrten Werte zeigen, da13 die SiO,-Ana- 

lyse in W03 im interessierenden Konzentrationsbe- 
reich von 10 bis 1OOOppm ohne Schwierigkeiten 
moglich ist. Allerdings liegt der Blindwert mit 40 bis 
60ppm recht hoch. Dies ist auf das eingesetzte WOJ 
zuriickzufiihren. Versuche zur Driickung des Blind- 
wertes durch den Einsatz aufoxidierten Wolframme- 
talls und damit zur Erweiterung des Megbereiches 
unter 1Oppm werden Gegenstand weiterer Untersu- 
chungen sein. Sowohl die Reproduzierbarkeit als such 
das Sinken der Empfindlichkeit bei steigender Analy- 
senzahl werden von der aufgegebenen WO,-Matrix- 
menge beeinfluDt. Dcr nicht absublimierende W03- 
Anteil lagert sich-vermutlich als WC-krustenMr- 
mig ab, was fur das Sinken der Reproduzierbarkeit 
und der Empfindlichkeit mit steigender Analysenzahl 
mit verantwortlich sein diirfte. Die Aufgabe von mehr 
als 1OOpg WO, pro Analyse ist daher nicht empfeh- 
lenswert. WHhrend des Zersetzungsschrittes treten 
dann such sehr hohe Peaks unspezifischer Absorption 
durch WO,-Verdampfung auf. Die Applikation von 
50 pg W03 erscheint optimal. Die Methode wird der- 
zeit im Routinebetrieb getestet. 

SCHLUSSFOLGERUNG 

Von den in Tabelle 1 zusammengestellten Karbid- 

bildnern scheiden die der 4. Periode infolge zu hohen 
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SiGz,ng 
Extinktions- 
rnittetwert 

.r 
(Extinktion) Bemerkungen 

Reproduzierbarkeit von Rohr zu Rohr, Bereich 2-100 ng SiO,; reine Na,SiOr-L&ungen 
2 0,084 0,014 165 Dreifache Dehnung. ohne Gas-Stop 
5 0,145 0,006 4 

10 0,288 0,013 4s 
20 0,548 0,013 2S 
25 0,688 0,028 4 
50 0,413 0,006 1,5 ohne Dehnung, ohne Gas-Stop 

100 0,847 0,035 4 
Verscbiebung der Eichgeraden durch Rohralterung, Bereich l-20 ng SiOt ; reine Na$iOa-Losungen 

neues Graphitrohr 
1 0,085 (3,018 21 Alle Werte ohne Dehnung, mit Gas-Stop 
2 0,131 0,014 11 
5 0,281 0,006 2 

IO 0,541 0,045 8S 
20 0,853 0,025 3 

da&be Graphitrohr nach 30 Analysen 
1 0,070 0,017 24,5 Alle Werte ohne Dehnung, mit Gas-Stop 
2 0,113 0,026 23,5 
5 0,243 0,006 2s 

10 0,456 0,040 
20 0,798 0,021 :: 

da&be Graphitrohr nach 80 Analysen 
1 0,050 0,019 38 Alle Wette ohne Dehnung, mit Gas-Stop 
2 0,092 0,025 27 
5 0,195 0,020 10 

10 0,355 0,032 9 
20 0,657 0,028 4 

SiO~-~stimmung im Bereich 05-S ng SiOz, reine Na~SiO~-L~sungen 
o-5 0,040 0,007 18 Alle Werte ohne Dehnung, mit Gas-Stop 
1 0,076 0,007 85 
2 0,122 0,006 4,s 
4 0,246 402 1 8s 
5 0,281 0,010 5 

Versuchsbedingungen-siehe Tabelle 2. 

Dampfdruckes ihrer Karbide bei der Atomisierungs- Molybdans, Tantals und Wolframs, wobei die Kar- 
temperatur des Siliziums aus. Die Metallkarbide der bide der 6. Periode den niedrigsten Dampfdruck auf- 
IVb-Gruppe scheiden andererseits aufgrund der Bil- weisen. Tats&chlich werden mit tantalsalz- bzw. wol- 
dung von Nowotny-Phasen zur Sili~um~st~ung framatgetdnkten Rohren sehr befiiedigende Ergeb- 
aus. Es verbleiben somit die Karbide des Niobs. &se erzielt. Die Anwendbarkeit von Nb- und Mo- 

Tabelle 5. Besttmmung von SiO, in WO1 

SiGr, ng 
Extinktions- s 
mittelwert (Extinktion) Bemerkungen 

0 
5 

10 
20 
25 
50 

100 

0 

44 
98 
20 
4,O 
890 

10 
20 

Versuche zur SiO,-Bestimmung in WO,, Bereich 50-1000 ppm, Matrix 100 ng WOs/lO ~1. Aufgabe 
jeweils von 10 ~1 Matrixlosung und 50 ~1 Na,SiO,-Eichlosung 

0.025 0.012 48 
0,071 0,025 35 

Alle Werte ohne Dehnung und ohne Gas-Stop 
entspr. SOppm SiOl 

0,113 0,023 20 entspr. 1OOppm SiOt 
0,180 0,027 1.5 entspr. 200ppm SiOr 
0,231 0,022 9,5 entspr. 250ppm SiOr 
0,420 0,016 3,8 entspr. 
0.783 

500ppm SiOr 
0,041 $2 entspr. 1OOOppm SiO, 

Versuche zur SiO~-~stimmung in WO,, Bereich 1@-400 ppm, Matrix 50 frg WO,/20 ~1. Aufgabe jeweits 
von 20 ~1 Matrixl~sung und 20 ~1 Na~SiO~-Eichl~sung 

0,149 0,008 55 Alle Werte ohne Dehnung, mit Gas-Stop 
0,178 0,013 7 entspr. 8 ppm SiOr 
0,194 0,018 9 entspr. 16ppm SiOz 
0,255 0,013 5 entspr. 40ppm SiOl 
0,367 403 1 8,5 entspr. 8Oppm Si02 
0,550 0,018 3,5 entspr. 160 ppm SiOr 
0,642 0,019 3 entspr. 200ppm SiOr 
0,956 0,018 2 entspr. 400ppm SiOl 

Versuchsbedingungen-siehe Tabelle 2. 
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salzgetrankten Rohren wurde bislang noch nicht 
geprilft. 

Weiters seien die Vorteile imprlgnierter Graphit- 
rohre gegeniiber andersartig beschichteten zusam- 
mengefagt : 

(a) Es tritt praktisch keine Anderung des elek- 
trischen Widerstandes gegeniiber unbehandelten Gra- 
phitrohren auf. Eine Temperaturneueichung ertibrigt 
sich daher. 

(6) Die saugfahige Struktur der Graphitrohr- 
oberflache bleibt vollkommen erhalten. Komplika- 
tionen bei der Aufbringung such relativ grol3er 
Losungsvolumen (100 ~1) bzw. bei ihrer Verdampfung 
treten somit nicht auf. 

(c) Die Lebensdauer getrlnkter Graphitrohre ist 
dieselbe wie die unbehandelter Rohre. 

(d) Die Imprtignierung ist das bei weitem einfachste 
Praparationsverfahren ftir Graphitrohre und kann fur 
jede Rohrart in gleicher Weise vorgenommen werden. 

Es ist anzunehmen, da13 derartige Impragnierver- 
fahren bei geeigneter Wahl der Impdgnierlosung 
nicht nur fm Silizium, sondern such fur andere Kar- 
bidbildner zu einer wesentlichen Steigerung der Emp- 
findlichkeit und Reproduzierbarkeit bei ihrer Bestim- 
mung durch die flammenlose AAS fuhren. 
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Summary-The synergic solvent extraction of zinc(II), cadmium(II), and lead(I1) with 1,1,1,5,5,5-hexa- 
fluoro-2,4_pentanedione,H(HFA), and trt-n-butyl phosphate (TBP) or di-n-butylsulphoxtde (DBSO) as 
neutral donors, into cyclohexane has been investigated. Quantitative extraction occurs at pH4.56.0 
m extraction times of lG30 min. depending on the metal species. The optimum pH, equilibratton 
time, stoichiometry and stability of the extracted species, as well as the effect of fluorinated j$diketone 
concentration, metal concentration and neutral donor concentration on the extraction are reported. 
The extracted species was found to be M(HFA)* .2DBSO or M(HFA)2 .2TBP by mass-action studies. 
Thermogravimetric analysis of the complexes is reported. The gas chromatographic behaviour of the 
ternary complexes of the three metals has also been studied. A calibration plot of peak area vs. 
the amount of zinc injected was linear over the range 4c-900 ng of zinc for the Zn(HFA), ZDBSO 
species; the cadmium and lead species apparently decomposed on the column and useful chroma- 
tographic peaks were not observed. The calibration plot for zinc was determined on the basis of 
the averages of 3-5 replicate determinations for 14 different concentrations over the range stated. 
The average relative standard deviation was 2.9”/0. 

The volatility of certain metal chelates, particularly 
chromium and beryllium chelates with various fluor- 
inated /3-diketones, has permitted the determination 
of these metals by gas chromatography.‘.’ With the 
use of the electron-capture detector, detection limits 
as low as lo-i4 g have been obtained.3 A problem 
encountered with many cations is that the co-ordina- 
tion number is more than twice the number of 
charges on the cation, and the resulting chelates with 
the bidentate /I-diketones are hydrated or polymeric.4-h 
Belcher et ~1.~ and Graddon pointed out that this 
may result in the neutral chelate molecules acting 
as Lewis acids that form stable base adducts. They 
expected that these adducts would not be sufficiently 
volatile to be determined by gas chromatography. 
The chelates of the lanthanides and several bivalent 
transition metals with the b-diketones shown this type 
of behaviour. Several approaches have been taken 
to surmount this problem. 

jI-Diketones with bulky terminal groups yield an- 
hydrous chelates in some cases, presumably owing 
to steric hindrance, and are reported to be superior to 
1,1,1,5,5,5-hexafluoro-2.4-pentanedione, H(HFA).7-9 
Ross, Scribner and Sievers” reported that cobalt(B) 
chelates with 1,1,1,2,2,3,3-heptafuoro-6,6-dimethyl- 
3,5-octanedione, H(FOD), could be determined 
down to subnanogram levels. 

Belcher. Uden and co-workers4*i ’ studied 
monothio-/I-diketones as well as bidentate and quadri- 
dentate b-ketoamines as ligands that enhanced the 
thermal stability of the chelates of some metals and 
reported superior results for copper. nickel, palla- 
dium, platinum, cobalt and zinc. Belcher” has 

recently published a review of the determination of 
metals by gas chromatography. 

Another approach taken in the case of the lan- 
thanides, uranium and thorium was the preparation 
of adducts of metal fi-diketonates with neutral donors 
such as tri-n-butyl phosphate, TBP, or di-n-butylsul- 
phoxide, DBSO. It was reported that these adducts 
could be separated by gas chromatography without 
decomposition.‘3-18 An advantage of this method is 
that the ternary complexes can be prepared quite 
simply by the synergic extraction of the cations. 

The synergic extraction and gas chromatography 
of iron(B) and iron(II1) adducts with hexafluoroacetyl- 
acetone, H(HFA), and TBP was reported by TomaiiE 
and O’Laughlin.’ 9 Burgett2’sz1 reported that iron( 
cobalt(II), nickel(I1) and lead(I1) were quantitatively 
extracted when O.OlM solutions of these cations were 
equilibrated with 0.3M H(FHD) (1 1 1 2 2 6 6 7 7 7- ,,,,1,*>, 
decafluoro-3,5-heptanedione) and 0.03M DBSO. He 
reported that all the adducts with the exception of 
that of lead could be eluted from a gas-chroma- 
tographic column. 

The present paper reports on the synergic extrac- 
tion of zinc, cadmium and lead by H(HFA) and either 
TBP or DBSO. It is shown that these metals can 
be quantitatively extracted by H(HFA) and either 
TBP or DBSO in cyclohexane, even when the metals 
are present in the aqueous phase at trace concentra- 
tions. The chromatographic behaviour of the zinc 
adduct permits the determination of zinc over the 
range 4&9OOng. Even with all-glass columns, no 
chromatographic peaks were obtained for either the 
cadmium or lead ternary complexes. 

587 
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EXPERIMENTAL 

Reagents 

The purity of the H(HFA), was checked by infrared, 
NMR and ultraviolet spectroscopy and by gas chroma- 
tography. The TBP and DBSO were commercial products 
anh used without purification. 

Dexsil 300 GC. SE-30. Chromosorb W-HP and OV-1 
were obtained commerciatly. Radioactive 65Zn and Io9Cd 
solutions were prepared at the University of Missouri 
Research Reactor Facility. All other reagents were reagent 
grade. 

instruments 

A Perkin-Elmer Model 403 Atomic Absorption Spectro- 
photometer equipped with a Perkin-Elmer Model 56 strip- 
chart recorder was used with an air-acetylene flame to 
determine lead in the organic and aqueous phases in these 
studies. 

Radioactive tracers were used to follow the partition 
of zinc and cadmium. A Picker Nuclear Model 5832A 
Single Channel Analyzer and Scaler equipped with a 
Picker Nuclear Model 2804 2 x 2 in. NaI scintillation well 
detector with the window of the analyser adjusted to count 
the I.1 15MeV and 0.088-MeV gamma-rays for ?% and 
*09Cd, respectively, was used to determine the activity 
of each phase after extraction. 

An Orion Model 801 pH-meter equipped with a Fisher 
combination electrode was used for all pH measurements. 

A Perkin-Elmer Model 180 Infrared Spectrophotometer, 
a Cary Mode1 15 Spectrophotometer and a Varian Model 
A-60 Nuclear Magnetic Resonance Spectrophotometer 
were used to check the purity of the reagents by compari- 
son of their spectra with those in the literature. 

A Bendix Model 2500 gas chromatograph equipped with 
a flame-Ionization detector and a Honeywell Model 194 
strip-chart recorder was used. A hydrogen flow-rate of 
40 ml/min, an air flow-rate of 150 ml/min and a nitrogen 
carrier-gas flow-rate of 40ml/min were used. Glass or 
stainless-steel columns (l/4-in.0.d.) of various lengths were 
employed. The columns were packed with 5% Dexsil 300, 
SE-30 or OV-1 on Chromosorb W-HP. Direct mjection 
was used in all cases. The temperature of the injection 
port was 210” unless otherwise specified, the column tem- 
perature was 170” and the detector temperature was 210”. 

The TGA analysis was performed with a DuPont Model 
950 Thermogravimetric Analyscr equipped with a DuPont 
Model 900 Differential Analyser and strip-chart recorder 
with a heating rate of 10”/min and a mtrogen Row-rate 
of 100 ml/min. 

A Burrel wrist-action shaker and an International Model 
CL Clinical Centrifuge were used in the extraction studies. 

Solvent extraction procedure 

The stock solutions of the cations were standardized 
by atomic-ab~rption spectrophotometry and/or by 
titration with EDTA with PAN or Xvlenol Orange as 
the indicator.2z The stock solution of approximately %.lM 
H(HFA) was prepared by weighing an appropriate amount 
of H(HFA) into a l-litre volumetric flask containing 100ml 
of a solution of potassium hydroxide (or in a few of the 
initial experiments sodium hydroxide). The concentration 
of the base was chosen such that the pH of the resultmg 
solution was 4.0 It 0.5. The stock solution was kept at 
this slightly acidic pH to prevent a reverse Claisen conden- 
sation. This stock solution was used to prepare more dilute 
stock solutions ranging in concentration from 1.0 x 10e3 
to 1.0 x 10-‘&f. These solutions were prepared the day 
they were used. 

The parhtion experiments were performed by pipetting 
ibid of H(HFA) solution of the appropriate con- 
centration into a Teflon beaker. The pH was checked and 
always found to be between 4 and 5. Then 1DM)ml of 
the appropriate stock solution of zinc, cadmium or lead 

was added. The concentrations of these stock solutions 
ranged from 1.0 x 10m5 to 2.0 x IO-‘M. The pH was 
then adjusted to the desired value with dilute solutions 
of potassium hydroxide or acetic acid, and the solution 
diluted to 100 ml. The pH of the aqueous phase was always 
measured after the equilibration step and this equilibrium 
pH value is the value reported m subsequent sections deal- 
ing wtth partition studies. Exactly 500 ml of the resulting 
solutions were pipetted into &ml screw-capped centnfuge 
tubes together with 500 ml of the appropriate cyclohexanc 
solution of DBSO or TBP, which ranged in concentration 
from 1.0 x IOe2 to 1.0 x 10-‘&f. The centrifuge tubes 
were capped with polyethylene-lined caps. The solutions 
were shaken for 1 hr and then were briefly centrifuged 
to separate the phases. In the case of lead a 2.00-ml ahquot 
of each phase was removed and diluted for analysis by 
atomic absorption. In the cases of zinc and cadmium, 
the aqueous phases were spiked with radioactive bSZn 
and “‘Cd before the organic phase was brought mto 
contact with the aqueous phase. After shaking and equi- 
libration, 2.00 ml of each phase were removed for counting. 

H(HFA) was used in the aqueous phase to ehmmate 
the possible interferences from the constituents of a buf- 
fered aqueous phase in either the extraction step or the 
subsequent gas~~omatographic study. The use of a 
sodium acetate--acetic acid buffer in the aqueous phase 
containing the metal ion, with the /?-diketone and neutral 
donor inrtially in the organic phase, was also studied. The 
extraction results were qurte similar except for a slight 
decrease in extraction at high buffer concentrations. There- 
fore, the former method was used in the remainmg studies. 

Gas-chromatographic columns 

The Chromosorb W-HP was prepared before coating, 
by a method suggested by Aue.23 The Chromosorb was 
placed in a Soxhlet extractor and continuously extracted 
with refluxmg concentrated hydrochloric acid. The acid 
was replaced periodically and the procedure continued un- 
til no trace of yellow developed in the acid. The Chromo- 
sorb was then removed and washed with distilled water, 
followed by an acetone rinse. The Chromosorb was then 
dried for 24 hr at t 10”. The dried product was then silaned 
with a solution of 5% dimethyldjchlorosilane m toluene 
and rinsed with methanol. The silaned product was then 
coated with Dexsil 300, SE-30 or OV-l by preparing 
a slurry of the product with a chloroform or toluene solu- 
tion of the appropriate coating material. Excess of solvent 
was removed by evaporation in a rotary evaporator till 
the residue was just moist. The product was then removed 
and dried at 110” with occasional gentle stirrmg and the 
dry product placed in a large smtered-glass filtering funnel. 
A gentle stream of dry nitrogen was passed upwards 
through the funnel to remove any fines. The resulting prod- 
uct was used to pack the columns, which were conditioned 
for 24 hr with a nitrogen flow-rate of 5ml/min at 340 
in the case of Dexstl 300 and at 300” in the cases of SE-30 
and OV-i. 

RESULTS AND DISCUSSION 

Solvent extraction 

The extraction of zinc, cadmium and lead as a 
function of pH is presented in Fig. 1. For all three 
metals quantitative extraction occurred between pH 
4.5 and 6.0. Above pH 6-O there was a decrease in 
the distribution ratio for all three metals; this is prob- 
ably due to hydrolysis of the metal ions. 

The degree of extraction as a function of equi- 
libration time is shown in Fig. 2. Equilibrium was 
reached after 10min for the lead species and within 
30min for zinc and cadmium. 
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Fig 1. Extraction of blvalent cations with O.OlM H(HFA) 
and 0.05M TBP into cyclohexane. 

The dependence of extraction on metal ion con- 
centration was studied, and no variation was seen 
over the concentration range 1.79 x 10-6-2.03 x 
10m3hl for zinc; 1.16 x 10-6-2Nl x 10m3A4 for cad- 
mium; and 1GO x 10-6-2G0 x 10-‘&f for lead. This 
suggests the metal species in the organic phase is 
monomeric. 

The overall extraction of ternary species such as 
M(HFA),S,, where M is a bivalent metal and S is 
a neutral donor can be expressed as M& + 
2HFA& + US,, s M(HFA),S,(,,. Because a neu- 
tral donor such as DBSO or TBP would not be 
expected to partition appreciably into the aqueous 
phase, the value of n can be estimated by simple slope 
analysis from plots of log D us. log [SJ,,,. Such plots 
gave slopes of approximately 2 with both DBSO and 
TBP for all three metals. Electroneutrality consider- 
ations would then suggest the species in the organic 
phase to be M(HFAb$. The fact that H(HFA) parti- 

I ’ 1 ’ J ’ J ’ 
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Fig. 2. Dependence of extraction efficiency on time for 
blvalent cations with O.OlM H(HFA), 005M TBP or 

0.05M DBSO at pH 5.0-5.6. 

tions between the aqueous and organic phases and 
the distribution of H(HFA) is a function of pH, the 
neutral donor concentration and even salt con- 
centration precludes any simple slope analysis of 
the H(HFA) dependence. An overall equilibrium 
expression for the extraction can be given as 

DfWFA),S,],,, 

Ke = CM2+1m, CHFA-I:,,, [S];.,, 
(1) 

where (aq) and (0) refer to species in the aqueous 
and organic phases. The following assumptions were 
made in developing the expression above and the 
subsequent expressions for the dependence of the dis- 
tribution ratio. D. on the HFA- concentration. 

1. Concentrations can be substituted for activities. 
2. The only metal-containing species in the organic 

phase is M(HFA)*S2. 
3. That the H(HFA) exists mainly as HFA- in 

the aqueous phase at the pH of optimum extraction. 
[pK for H(HFA) 4.6]25, and that at a given pH 
and neutral donor concentration the fraction of total 
H(HFA) in the aqueous phase is not a function of 
the H(HFA) concentration. 

4. The neutral donor does not partition appreciably 
into the aqueous phase. 

5. The principal metal species in the aqueous phase 
are Mz+ and M(HFA)‘. 

6. The partition coefficient of M(HFA)*S* into the 
organic phase IS large and the concentration of 
M(HFA), in both phases is negligibly small because 
of the adduct formation. 
The distribution ratio, D, can be expressed as 

CM(HFALS,l,,, 
D = lIM*+l~w~ + lN(HFA)+I,,,, 

(2) 

which on substitution from equation (1) gives 

D = KeCHFAl:a,, [sl:,, 
1 + K,[HFA-] 

(3) 

Plots of log D vs. log [H(HFA)],,,,,, as shown in Fig. 
3, would be expected to have slopes less than 2 and 
the observed log D value will be less than those pre- 
dicted for a slope of 2 by the term log[l+ 
K,(HFA-)] where K, is the formation constant for 
M(HFA)+. 

K, = MHFA)+l,,,, 
13f2+1w WA- Itas) 

(4) 

The phenomenon of the destruction of synergism at 
higher H(HFA) concentrations and the difficulty in 
measuring D values at low H(HFA) concentrations 
prevent any reliable estimate of K, from the present 
data. 

The reported extraction of sodium by H(HFA) and 
TBPz4 suggested that the presence of the sodium 
ion might adversely affect the extraction of bivalent 
metals. The effect of added sodium chloride on the 
extraction of lead(B) was studied and the results are 
presented in Table 1. A definite decrease in the distri- 
bution ratio was observed, that can be partially attri- 
buted to the change in ionic strength. In any event 
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Fig. 3. The extraction of bzvalent cations as a function 
of the concentration of H(HFA): pH M-5-8. 

ffBPJ = [DBSOJ = 0.05M. 

the decrease in the extraction of lead was not s&l- 
ciently large to be of concern in the extraction of 
trace amounts of lead although the extraction of 
sodium might well have important implications in 
the subsequent gas-chromatographic determination of 
ternary complexes prepared by extraction from 
aqueous media where the sodium ion concentration 
was moderately large. It has been shown by Belcher, 
Dudenery and Stephenz6 that the chelates of lithium 
and sodium with H{HFA) will sublime over a large 
temperature range above 185” without decomposi- 
tion. Belcher, Majer, Perry and Stephen2’tz8 have 
also shown that the chelates of hthium, sodium and 
potassium with 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl- 
4,6-heptanedione were eluted (but not separated) from 
a gas-chromatographic column, These authors” have 
also shown by mass-spectrographic studies that spe- 
cies such as NaML,[where M3+ was a tervalent rare- 
earth ion and L- one of several P-diketones. includ- 
ing H(HFA)] were volatile. 

derail properties of the ter~ry ~~~~~~~es 

Eisentraut and Sievers” have shown that thermo- 
gravimetric analysis (TGA) is helpful in predicting 
the gas-chromatographic behavior of metal P-dike- 
tones. Mitchell and Banks applied TGA as a method 

Table 1. Effect of salt concentration on the extractlon of 
lead [0.01&f H(HFA); 0.05M TBP; lOO.Oppm Pb” ; 

pH _ 5,101 

[Na’] M D E% 

0.0 255.4 99.6 
WI 187.5 99.5 
0.05 99.9 99.0 
0.10 82.6 98.8 

to determine the thermal stability of lanthanide+ 
diketonate-neutral-donor complexes.30 Thermograms 
were obtained for adducts of zinc, cadmium and lead, 
prepared by extraction of the metal chelates into cyc- 
lohexane containing an excess of DBSO. Careful eva- 
poration of the solvent resulted in oils. Elemental 
analysis for C, H, S and the metal indicated the stoi- 
chiometry fell between that of a diadduct, 
M(HFA)~S~, and a triadduct. M(HFA)~S~. As seen 
from the thermograms in Fig. 4, the zinc complex 
is more volatile than the lead or cadmium complexes. 
The residual amount of meta remaining indicates 
decomposition of the lead complex before complete 
volatilization. in agreement with the gas-chromato- 
graphic behaviour discussed below. 

Gas chromatography 

The elution behaviour of the bivalent metal che- 
lates was studied on both glass and stainless-steel 
columns that varied from 18 in. to 6ft. in length. 
No ~hromatographic peaks were observed for cad- 
mium or lead even on the short columns and an 
analysis of the coiumn-packing material on columns 
into which lead and cadmium adducts had been in- 
jected showed lead and cadmium deposits on the 
front of the column but not further down, indicating 
almost immediate decomposition. The lead and cad- 
mium were determined on portions of the column 
packing by atomic absorption after leaching of the 
packing material with dilute nitric acid. 

lnitial studies were performed on glass columns 
packed with 5% OV-1 on Chromosorb W. The OV-1 
is intermediate in polarity between SE-30 and Dexsil 
300 and nearly the same as SE-30. The elution band 
for the zmc adduct was broad and not well-resolved 
from the peak for dibutylsLllphoxide. Somewhat 
sharper peaks were obtained with columns packed 
with 5% SE-30 on Chromosorb W. The best-formed 
peaks for the zinc were obtained with the DBSO 
adduct on l/4 x 18 in. glass columns, with 5% Dexsil 
300 as the stationary phase. Peaks were obtained 

24 I I I I I 

16 - 

loo 150 200 250 

Temperature, ‘C 

Fig. 4. Thermograms of mixed chelates of the bivalent 
metals with H(HFA) and DBSO. N, flow-rate 100 ml/min; 

heating rate loo/mm. 
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I I I 

DBSO 

Time, mm 

Fig. 5. Chromatogram of Zn(HFA)2, ZDBSO at 170” on 
18 x 1/4in. glass column. The stationary phase was 5% 

Dexsil 300 GC on 100-120 mesh Chromosorb W-HP. 

for the zinc adduct with TBP but were not well 
resolved from the peak due to excess of TBP. A 
typical chro~tographic peak for the DBSO adduct 
is shown in Fig. 5 which shows the peak for the 
zinc adduct is well resolved from the peak due to 
excess of DBSO. A comparison of calibration curves 
for the zinc adduct on both glass and stainless-steel 
columns packed with 5% SE-30 or 5% Dexsil 300 
on Chromosorb W is shown in Fig. 6. 

A calibration plot for the zinc adduct was linear 
over the range from 40 to 900 ng of zinc. The adduct 
was prepared by the synergic extraction procedure 
and 2QO-fi portions of the organic phase were in- 
jected into the column. Each point on the plot was 
the average of 3-5 replicate injections, and 14 differ- 
ent amounts of zinc were used to cover the range. 

z2 
WJ xx 300 400 500 600 700 800 900 

Nanograms Injected 

Fig. 6. Dependence of peak area on number of nanograms 
of Zn(HFA)2. 2DBS0 injected at 170” on 18 x 1.4 in. glass 
and stainless-steel columns. The stationary phases were 5% 
SE-30 or 5% Dexsil 300 on 10&120mesh Chromosorb 

W-HP. 

The average relative standard deviation was 29%. 
The organic phases confining the zinc adduct were 
kept for up to 2 months at ambient room temperature 
(approximately 22”) in small glass vials with polyethy- 
lene caps. The peak areas observed when these solu- 
tions were chromatographed were the same as those 
observed immediately after extraction, indicating the 
stability of the zinc adduct. 
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Summary-Methods are proposed for the determination of soluble styphnate and nitrate in waste- 
water from lead styphnate primer plants. The styphnate is extracted from the waste-water with 
methylene chloride and is determined by measurement of the absorbance of the methylene chloride 
solution at 273 nm. The nitrate is determined in the aqueous solution left after the methylene 
extraction by measurement of the absorbance at 220 nm. For complete extraction of the styphnate 
by the methylene chloride, the solution must be moderately acidic (about 6% perchloric acid). 
The acidity for the determination of the nitrate is not critical. Before the determination of the 
nitrate in the aqueous extract, it is necessary to boil the solution to eliminate residual methyIe~ 
chloride which would interfere with the ~termination of nitrate. PETN is extracted by the methylene 
chloride but does not interfere with the determination of the styphnate, since tt shows no in~rfering 
peaks. Chloride, sulphate, phosphate, fluoride and carbonate do not interfere with the determination 
of styphnate or nitrate. 

This laboratory undertook the development of 
methods for the determination of styphnate and 
nitrate in waste-water from lead styphnate primer 
plants. “No work has previously been reported on 
the determination of styphnate and nitrate in the 
presence of each other. Nitrate when present alone 
has been determined in waste-water by the following 
methods: s~c~ophoto~~i~Iy by use of 
phenoldisulphonic acid, brucine or chromotropic 
acid;‘v2 reduction to nitrite, followed by spectro- 
photometric determination of the nitrite;i~2 measure- 
ment in the ultraviolet region.‘-’ Styphnate inter- 
feres with all of these methods. Styphnate when pres- 
ent alone in waste-water could be determined by 
measurement of the yellow colour of the styphnate 
ion. 

A procedure was developed whereby the styphnate 
is determined in the waste-water by extraction with 
methylene chloride and measurement of the absor- 
bance of the methylene chloride solution. The nitrate 
is then determined in the aqueous solution by 
measurement in the ultravioIet region. 

EXPERIMENTAL 

Reagents 

peated methylene chloride. Add about 450 ml of ACS- 
grade methylene chloride to about 50 ml of 5% perchloric 
acid in a 500-ml separatory funnel and shake it for 1 
min. Drain off the methylene chloride (bottom) layer and 
store in a dark bottle. 

Standard styphnate solution No. 1 (1 ml = 1.0 mg TNR). 
Dissoive 02500 g of trinitroresorcinol (TNR) in treated 
methylene chloride and dilute to 250 mi in a volumetric 
Bask -with treated methylene chloride. 

Sta~~rd st~~~~te solution No. 2 (I ml = @I mg TNR). 
Dilute 20 ml of standard styphnate solution No. 1 to 

200 ml in a volumetric flask with treated methylene, chlor- 
ide. 

Standard mtrnte solution No. 1 (1 ml = 1.0 mg NO,). 
Dissolve 0.6853 g of sodium nitrate (previously dried at 
150°) in water and dilute to 500 ml in a volumetric 
ffask with water. 

Standard nitrate solution No. 2 (1 ml = 0.1 mg NO;). 
Dilute 20 ml of standard nitrate solution No. I to 200 
ml in a volumetric flask with water. 

Preparutjon of cu~~brut~on curves 

Styphmzte. Transfer 20, 5.0, g0 and 100 ml of standard 
styphnate solution No. 2 to 100~ml volumetric flasks and 
dilute to the mark with treated methylene chloride. Mea- 
sure the absorbance at 273 nm, using treated methylene 
chloride in the reference cell. Plot absorbance against 
mg of TNR (per 100 ml). 

Nitrate. Transfer 2.0, 5.0, 8.0, l@O and 12.0 ml of stan- 
dard nitrate solution No. 2 to lOO-ml volumetric flasks 
and dilute to about 75 ml with water. Add 6 ml of 
perchloric acid and dilute to the mark with water. Mea- 
sure the absorbance at 220 nm, using 6% perchloric acid 
in the reference cell. Plot absorbance against mg of NO; 
(per 100 ml). 

Procedure 

Styphnate. If the solution is not clear, filter it through 
a smtered-glass crucible of fine porosity but do not wash 
the filter. Transfer the solution to a clean dry bottle. 
Pipette an aliquot containing preferably 04-1.0 mg of 
styphnate (but no more than 50 ml) to a 100~ml separa- 
tory funnel. Dilute to about 75 ml with water, add 6 
ml of perchloric’acid and dilute to about 100 ml wrth 
water. Extract with three 25ml portions of treated methyl- 
ene chloride. Collect the combined extracts in a lOO-ml 
volumetric tlask and dilute to the mark with treated 
methylene chloride. Save the aqueous layer for the deter- 
mination of nitrate. Measure the absorbance of the meth- 
ylene chloride solution at 273 nm, using treated methylene 
chloride in the reference cell. 
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Nrtrate. Wash the aqueous phase from the extraction 
into a 250-ml beaker and boil down to about 70-80 
ml. Cool and dilute to 100 ml with water in a volumetric 
flask. If the solutron contams more than 1.2 mg of NO;, 
pipette an aliquot containing preferably 041.0 mg of 
NO; into a loo-ml volumetric flask and dilute to about 
75 ml with water. Add sufficient perchloric acid to bring 
the total amount of perchloric acid to 6 ml and dilute 
to the mark wrth water. Measure the absorbance at 220 
nm, using 6% perchlortc acid in the reference cell. 

The cells should be cleaned daily by soaking them 
in concentrated sulphuric acid for 15 min. 

DISCUSSION AND RESULTS 

Much work was devoted to the choice of a solvent 
for extraction of the styphnate. Obviously the solvent 
should have the following characteristics: immiscibi- 
lity with water, high solubility for styphnate, low 
solubility for nitrate, no absorbance peaks that inter- 
fere with the spectrophotometric determination of 
styphnate, density heavier than water so as to facili- 
tate extraction with a separatory funnel. 

250 300 350 4aJ 

“Ill 

Fig. 1. Absorption spectra for (a) trinitroresorcinol dis- 
solved in treated methylene chloride (0.5 mg of TNR per 

100 ml) and (b) treated methylene chloride. 

There are very few solvents that fulfil these require- 
ments. The first choice was chloroform, but the 
results obtained were erratic. Attention was therefore 
turned to methylene chloride. First, absorption spec- 
tra were recorded. Technical-grade methylene chlor- 
ide was used for the preliminary work. It was found 
that trinitrorescorcinol was quite soluble in the tech- 
nical-grade solvent but when the solubility was sub- 
sequently tested with ACS-grade methylene chloride, 
it was found the material was rather insoluble in 
this solvent. This difference in solubility of trinitrore- 
sorcinol in the two grades of solvents was so pro- 
nounced that it was apparent by visual observation. 
At first, it was thought that the difference in solu- 
bility was due to the effect of impurities (for example, 
chloroform) present in the technical-grade methylene 
chloride but not in the ACS-grade. However, after 
much experimental work, it was ascertained that the 
cause of the phenomenon was the higher water con- 
tent of the technical-grade methylene chloride. In 
order to use ACS-grade methylene chloride in the 
method, it was concluded that it would be necessary 
to saturate it with water by shaking with water in 
a separatory funnel. Rather than use water alone, 
however, it was found advisable to use dilute perch- 
loric acid (Sg:), since shaking with water alone 
caused the methylene chloride to turn slightly yellow 
(although it still remained clear). The solubility of 
water in methylene chloride at 20” has been given 
as 0.14% w/w.iO 

cinol has peaks at 273 and 335 nm (the peak at 
273 nm seemed preferable for quantitative work 
because it was the stronger peak), and that the spec- 
trum of methylene chloride shows no peaks that 
would Interfere with the determination of trinitrore- 
sorcinol. A calibration curve, prepared as described 
above, obeyed Beer’s law over the range cl.0 mg 
of TNR per 100 ml. 

The effect of acidity on the extraction of styphnate 
from water by methylene chloride was investigated. 
For this study, lO-ml portions of a 0.1 ms/mi TNR 
solution were transferred to 125-ml separatory fun- 
nels containing about 50 ml of water, various 
amounts of perchloric acid were added and the 
volumes were brought up to about 100 ml. Three 
extractions were performed with 25-ml portions of 
methylene chloride and the combined extracts were 
diluted to 100 ml in volumetric flasks with methylene 
chloride. The absorbances were measured at 273 nm 
and the weight of trinitroresorcinol was calculated 
by referring to the calibration curve. The results 
(Table 1) show that no trinitroresorcinol is extracted 
from a neutral solution and that for essentially com- 
plete extraction the solution must have a minimum 
acidity of about 5% perchloric acid. The use of 6% 
perchloric acid is recommended. 

The trinitroresorcinol used was military-grade 
material (MIL-T-50611, Type I, pale yellow).” The 
assay requirement for the material as determined 
by titration of the nitro groups is 98.0% minimum 
(the actual assay was 99.2%). 

All calculations for styphnate were made on the 
basis of trinitroresorcinol. Some of the styphnate is 
present as dissolved lead styphnate but this is con- 
verted into trinitroresorcinol by the perchloric acid. 
The solubility of lead styphnate in water has been 
given as 0.04%. ” The method in this paper is 
designed for the determination of soluble styphnate 
(this determination by itself is important since the 
insoluble matter is ordinarily removed by settling 
or filtration of the waste before its discharge). 

The absorption spectrum for trinitroresorcinol dis- The spectrum of nitrate ion in the ultraviolet 
solved m the treated methylene chloride (OS. water range shows a strong peak at about 205 nm and 
in the reference cell) is shown in Fig. 1. The spec- a weaker peak at about 303 nrn.13,i4 The absorption 
trum for treated methylene chloride alone is also spectra obtained in this laboratory for nitrate are 
shown. It is seen that the spectrum of trinitroresor- shown in Fig. 2. 
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Table 1. Effect of perchloric acid concentration on extrac- 
tion of trimtroresorcinol by methylene chloride (1.0 mg 

of trinitroresorcinol present) 

Perchloric acid, “/‘, TNR, recovered, mg 

0 @Otl 
1 0.88 
2 0.90 
3 0.95 
5 0.98 
8 0.98 

IO 0.97 
20 0.98 

Ordinarily, it is desirable to measure the absor- 
bance of a peak at the point of maximal absorbance 
(203 nm in this case). However, it was decided to 
measure the absorbance at 220 nm as recommended 
by other investigators 1~2*4-7,g*‘o in order to reduce 
the effect of extraneous organic matter; also, 
measurement at 220 nm permitted the use of a Beck- 
man Model DU spectrophotometer (measurement at 
200-205 nm is not feasible with this instrument on 
account of errors caused by stray lightr3). 

As demonstrated by Bastian et 01.‘~ the acidity 
is not critical in the determination of nitrate by 
measurement in the ultraviolet region. These investi- 
gators used 5% perchloric acid (in the determination 
of nitrate in carbonates). 

It was found necessary to boil the aqueous solu- 
tion after the methylene chloride extraction in order 
to remove the residual methylene chloride that 
would interfere with the determination of nitrate (the 
solubility of methylene chloride in water has been 
given as 2GO”/, w/w”). If the aqueous solution is not 
boiled for several minutes, high results will be 
obtained for nitrate. To ascertain whether there is 
a loss of nitrate as nitric acid, solutions containing 

Table 2. Effect of boiling on the recovery of nitrate 

Volume to 
which solution 

NO; added, was evaporated, NO; recovered, 
W ml W 

0.80 80 0.81 
080 60 @79 
a80 40 0.80 
0.80 20 0.81 
8.00* 80 8.10 
800* 60 8.20 
84X)* 40 7.90 
8X)0* 20 8.00 

* l/10 aliquot taken after boiling. 

0.80 and 800 mg of NO; were transferred to 250~ml 
beakers. Perchloric acid (6 ml) was added and the 
solutions were diluted to about 100 ml. The solu- 
tions were then boiled down to various volumes 
and the NO; was determined by measurement at 
220 nm. The results (Table 2) show that no loss 
occurs even when the solutions were boiled down 
to 20 ml. The nitrate would be almost completely 
lost if the solutions were boiled until the perchloric 
acid fumed (at a volume of about 6 ml). 

In studying possible interferences with the 
methods, we considered only the interferences from 
ingredients from primer mixes made by Frankford 
Arsenal and other U.S. Army Arsenals. These primer 
mixes contain such constituents as lead styphnate, 
barium nitrate, PETN, tetracene, antimony sulphide, 
aluminium powder, calcium silicide and a binder (a 
gum such as gum arabic). Tetracene, antimony sul- 
phide, aluminium powder and calcium silicide are 
insoluble in water and would not interfere since they 
would be filtered off before the analysis. PETN is 
only slightly soluble in water and most of it would 

Fig. 2. Absorption spectra for nitrate in 6% perchloric acid. (a) = 1 mg of NO; per 100 ml; 
(b) = 1000 mg of NO; per 100 ml. 
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be filtered off, any PETN left in the aqueous solu- 
tion would be completely extracted by the methylene 
chloride but would not interfere (the absorption 
spectrum obtained for 1.0 mg of PETN per 100 
ml of methylene chloride was identical with that 
for methylene chloride alone). The spectrum of gum 
arabic does not show interfering peaks either for 
the aqueous solution or the methylene chloride extract 
(gum arabic is only slightly soluble in methylene 
chloride). 

Chloride, sulphate, phosphate, fluoride and car- 
bonate present in industrial water would not be 
extracted by the methylene chloride and would not 
interfere with the method for styphnate. It has been 
demons~ated by previous investigators1,z,~9,~3~15 
that chloride, sulphate, phosphate and fluoride do 
not interfere with the method for the determination 
of nitrate. The interference from carbonate is eli- 
minated by boiling the perchloric acid solution. 
Nitrite, if present, would be measured as nitrate. 
Possibly, the interference from nitrite could be eli- 
minated by treatment with such reagents as hydra- 
zine sulphate. This was not investigated. 

The problem of interference from extraneous 
organic matter had no vital bearing on the present 
problem. However, the question arose as to whether 
the methylene extraction technique might be used 
to reduce or eliminate the interference from organic 
matter with the determination of nitrate in general. 
Many schemes have been proposed for reducing or 
eliminating the interference of organic matter in the 
determination of nitrate in water. The American 
Public Health Association.’ Goldman and Jacobs4 
Hosther, and Hosther and Rackham corrected for 
the organic matter by measuring the absorbance at 

’ 220 nm (or 210 nm) and at 275 nm; they then 
deducted a multiple of the absorbance at 275 nm 
from the absorbance at 220 nm (or 210 nm) (the 
multiple depends on the organic matter present but 
is ordinarily 2 or 2.5). Navone’ made the measure- 
ments at 210 nm and used a blank obtained by 
reduction with a copper-zmc couple. Mertens and 
Massart made the measurements at 210 or 220 nm 
and used a blank obtained by reduction with Raney 
nickel. Morries8 subtracted the average of the in- 
crease in absorbance over the intervals 205-210 nm 
and 225230 nm from the increase in absorbance 
between 215 and 320 nm. Armstrong3 used a blank 
prepared by reducing the nitrate with hydrazine sul- 

Table 3. Results for trmitroresorcinol and barium tntrate 
in synthetic samples 

Added, mg Recovered, my 

TNR Ba(NG& TNR Ba(NG& 

0.50 400 0.49 388 
0.50 2QO 0.48 1.98 
0.50 1.00 0.47 1.00 
I .oo 4.00 097 4.20 
1.00 2,oo @97 2.05 
I.00 lxlo 0.96 I.02 

Table 4. Results for styphnate and barium nitrate in 
actuaf samples of waste-water 

Sample TNR g/l. WNW, s/l. 

1 0695 ;@700 2.33 ; 2.20 
2 0.036 ;0033 0.055 ; 0.050 
3 1.38 ; 1.40 64.0 ; 60.5 

phate (Armstrong’s method for determination of the 
nitrate is unusual in that it involved the addition 
of an equal volume of sulphuric acid to a dilute 
hydrochloric acid solution of the nitrate and 
measurement of the peak at 230 nm, probably due 
to NOCl). Some interfering organic materials can 
be removed from solution before the determination 
of the nitrate, by treatment with aluminium hydrox- 
ide.’ 

A few experiments with the methylene chloride 
extraction technique indicated that the interference 
by such materials as benzene and toluene could be 
eliminated by a methylene chloride extraction, since 
these substances are readily extracted. On the other 
hand, interference from such materials as acetone 
and pyridine cannot be so eliminated since these 
substances are not readily extracted. 

To check the accuracy of the methods for styph- 
nate and nitrate proposed in this paper, synthetic 
samples prepared from trinitroresorcinol and barium 
nitrate were analysed (Table 3). The recoveries were 
satisfactory. Three waste-samples were also analysed 
(Table 4). 
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Summary-The most important terms m informatlon theory (information, character, code, message 
and signal) are defined and interpreted with reference to automation in analytical chemistry. The 
aim of this conunumcation and the earlier one dealing with systems theory,’ 1s to facilitate communica- 
tion and understanding between all specialists working on or with automated systems for analysis. 

For further investigation of the problems connected 
with automation in and with analytical chemistry, it 
is necessary to follow up the definitions and interpre- 
tations of systems theory’ with a similar clarification 
and explanation of some terms from the field of infor- 
mation theory, particularly from the point of view 
of the analytical chemist. 

It must first be established that those systems ac- 
cessible to analytical chemistry, in which thermodyna- 
mic and kinetic relationships can be found and pre- 
cisely determined, are finite with respect to both mat- 
ter and energy, and must therefore contain within 
themselveein their totality-the information sought. 

The first step which is relevant to both analytical 
chemistry and information theory is usually the sam- 
pling of the system under investigation. 

The sample contains information which is compar- 
able to a certain extent with the information con- 
tained by the complete system, but which as a rule 
is not identical with that information in the sense 
of being a mathematical model of it. The aim of an 
optimized sampling technique in analytical chemistry 
is therefore to minimize the unavoidable differences 
between the information in the complete system and 
in the sample taken from it (problems of homo- 
geneity). 

On this basis, then, the sample material must carry 
items of information of which one or more may, 

* Published in 2. Anal. Chem, 1974, 272, 1. 
t Co-workers for this part: Dr. J. T. Clerc, Eidgeniis- 

sische Technische Hochschule, Zlirich; Prof. Dr. G. Gotts- 
chalk, Osram Studiengesellschaft, Miinchen; Dr. R. Kaiser, 
Institut ftir Chromatographie, Bad Diirkheim; Prof. Dr. 
H. Malissa, Technische Hochschule, Wien; Dr. I. L. Marr, 
University of Aberdeen; Dr. J. Rendl, Technische Hoch- 
schule, Wien; Prof. Dr. E. Schwarz-Bergkampf, Montanis- 
tische Hochschule, Leoben; Prof. Dr. H. Spitzy, Technische 
Hochschule, Graz; Dr. R. D. Werder. CIBA-GEIGY AG, 
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through chemical or physical reaction, be released in 
the form of signals to be transmitted to a detector 
and then decoded. In the field of automation, which 
also includes the handling of signals with the help 
of instrumentation, it is of some importance to define 
terms such as information, character, code, message, 
data and signal, since otherwise the interpretation of 
the analytical measurements is rendered that much 
more difficult, and communication with computers in- 
comprehensible. In what follows, an attempt has 
therefore been made to define these terms, based on 
the DIN Standards 44300 and 44301. 

DEFINITIONS AND THEIR INTERPRETATION 

Information 

De$nitions. Colloquially, information is the know- 
ledge of factual content and procedures. In systems 
theory, information is a system based on elements, 
called characters, and the relationships between them, 
called codes. Mathematically, information is the result 
of correlating a particular event with a probability. 

Interpretations. The colloquial definition implies, 
through the phrase “knowledge of”, some human 
activity. One should, however, attempt to understand 
a quantity such as information without relating it di- 
rectly to man. The systems-theory definition achieves 
this, illustrated in the following examples. 

Example 1. Information about the two possible 
states of a pedestrian crossing is conveyed by the 
characters “red light” and “green light”, and the con- 
vention (code) that “red means stop, green means go”. 
The characters would not contain information with- 
out the appropriate convention (except that the elec- 
tricity supply was working!) 

Example 2. When we consider Sb as a chemical 
element, the information is given by the character 
“Sb” and by the code “Sb means the chemical element 
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antimony, atomic number 51, atomic weight 121.75 

etc.“. 

To quantify infor~tio~ we must be able to link 
it with the probability p(x,) of an event x,, such that 

1(x,) = k .In p(x,) (1) 

i.e., the information I is equal to the probability of 
the event multiplied by a constant k, the magnitude 
of which is dependent on the choice of the unit of 
information. Inasmuch as the unit of information is 
arrived at when one considers the choice between two 
equally probable possibilities. then 

1 = klnj and k = -1jin2 

Substituting this value-for the constant in the equa- 
tion (1) we get 

1(x,) = -In p(xJln2 

= -log, P(x,) 
= log, I UPb4~ (2) 

One thus arrives at the dimensionless unit called a 
bit. The smallest quantity of information is given by 
a yesno decision and applies when one of two 
mutually exclusive and equally probable possibilities 
is chosen. 

The tossing of a coin, or the case mentioned in 
example 1 (as long as the red and green states are 
equally probable) each gives rise, according to equa- 
tion (2), to the smallest practical amount of informa- 
tion, i.e., one bit. Example 2 can be ‘considered in 
terms of the qualitative detection of the element anti- 
mony. The answer corresponds to an information 
content of about 7 bits (see example 5). 

The mathematical usage of the term information 
may lead to non-integral numbers of bits, which are 
clearly quite meanmgful for theoretical or compara- 
tive purposes. Experimental verification on the other 
hand, can involve only integral values. 

Information in analytical chemistry must be han- 
dled in a similar manner as in communi~tions 
theory, since we are concerned with realizing informa- 
tion in such a way that a relevant signal which con- 
tains that information is obtained from a source (e.g., 
a system or a sample) by a selection procedure (e.g., 
a reaction). 

For such chemical information to be quantified, it 
must be modified into a yes-no decision. Qualitative 
results are in any case already digital and therefore 
easily convertible into yes-no form. However, in most 
cases information is obtained in analogue form, as 
for example, in quantitative results. These results 
must be digi~l~ed according to some relevant scale 
of working, in order to quantify the infor~tion con- 
tained in them. 

The following important additional terms are useful 
for quantifying information. 

* From an analytical point of view 0% has no real mean- 
ing and cannot be allowed. However, for the sake of this 
present argument. it ~111 be taken as being the lower limit- 
ing value. 

Mux~~u~ ~~~r~t~or~. The maximum information 
ie IS given by the choice of one event from tt mutliaIly 
exclusive but equally probable events, i.e., 

IO = log, n (3) 

As an example we might consider the number of bits 
required to express one decimal digit: 

I, = log, 10 = 3.32 

Similarly, to represent a three-digit number, 9.96 bits 
are required. 

Spec$c infirmatron. The specific information I, of 
an event x, {e.g., the appearance of a particular char- 
acter) is the lo~rithm to the base 2 of the reciprocal 
of the probability &xi) of its occurrence. 

1, = -log, Cl/P(%)1 (4) 

If we consider the information content of one letter 
from our alphabet of 26 plus a space, we arrive at 
4.75 bits per letter, as maximum information. But in a 
piece of written text consisting of words the real mfor- 
mation content is much lower, since particular patrs 
or groups of letters occur rather often, and the indivi- 
dual Ietters do not all appear with the same fre- 
quency, i.e., the probability is not l/27 for all letters. 
This raises the point that, making use of experience 
and knowledge of the language and of the common 
combi~tions of letters, we find less information per 
letter (the specific information) than the maximum in- 
formation. 

Average information. The average information 1 of 
one event out of a group of n events s,. ,s, with 
respective probabilities p(x,). .p(x,) is the weighted 
average of the values of the specific information for 
each event: 

f = i P(x,).~o&cl/P(.~,)l 
I= I 

(3 

Red~n~n~~. The redundance is the difference 
between the ~ximum I, and the mean information 
I. -. 

R=Ie-I (6) 

The relative redundance Y is the redundance expressed 
as a fraction of the maximum information: 

r = R/I, = (I, - r^)/Io (7) 

These terms will be illustrated by examples, in which 
the otherwise indefinable and vague concept “analyti- 
cal experience” will be quantified in the form of state- 
ments based on information theory. 

~.~umple 3. The copper content of an unknown 
alloy can in theory lie anywhere between 03,* and 
100%. If an analytical procedure with a margin of 
error of + 1% Cu is used to determine the copper 
(i.e., error band A = 2%) only n = 100/2 = 50 equally 
probable events (analytical results) can be dis- 
tinguished. The probability for any one of these 
events Pi = 2/100 = 0.02. 

The maximum information contained by any one 
analytical result (the selection procedure menttoned 
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previously) such as 36 f 1% Cu is therefore [accord- information of one out of these 50 possible results, 
ing to equation (211: taking into account the appropriate probabilities. 

10 = log,(lOO/2) = 5.64 

Similarly, the ~ximum infor~tion carried by one 
result from a more precise procedure with a margin 
of error of only -t_O*l% Cu is 

I = (25 + 10)0001 log* 1000 
+ (5 + 5)0*01 log, loo 
+ @O-173 log, 5.78 

= 3.20 bits per result 

ICI = log,(100/02) = 8.97 

In this case the analytical result does indeed tell us 
“more” than in the first case. The higher information 
content is a result of the demand for higher accuracy 
being met by a more critical choice of working condi- 
tions or measuring apparatus.” 

Example 4. When, as a more specific case, brass 
samples are being routinely analysed m . he .% labora- 
tory of a non-ferrous metal foundry, the statistical 
frequency of the various possible copper results (still 
for the present given with a + 1% Cu margin of error) 
can be estimated from experience. For example for 
the range &SO% Cu there are 25 possibilities, each 
with a probability (based on experience) of OGOl, i.e., 

For the case of equal probability, as in example 3, 
the mean information is also the maximum mforma- 
tion I,, = 5.64 bits per result. The more the individual 
probabilities vary one from another, the smaller is 
the mean information per result. 

Comments on redundance. The redundance is not 
only the difference between I,, and 1, it is also a mea- 
sure of the repetitiousness of an information display. 
This part of the information is, however, also a mea- 
sure of the security from interference or falsification 
when the information is transmitted. 

possibilities 
O-500/, cu P, -Pzs = O@Ol 25 

Xl-60% cu P26--P,O = 0.01 5 
60-70x cu P31-P35 = 0.173 5 
70-80x Cu P3f,--P&+o = 0.01 5 
SCrlOO% Cu P41-P50 = OaOl 10 

which satisfies the criterion that 

The line emission spectrum of an element A is an 
example of a presentation of redundant information. 
One line should suffice for the identification of the 
element A, but if this line should be masked by a 
much stronger line from another element B, there still 
remains the possibility of using a second line for the 
identi~~tion, and overcoming the interference. This 
would not be possible with a single-line spectrum 
where there is no redundance. 

,$, Pi = 1 

It is not intended here to go into the terms informa- 
tion-flow, information-volume, and information-con- 
tent, which deal with the properties of transfer sys- 
tems (~ommuni~tions systems) and are closely con- 
nected with the corresponding practical formulation 
and realization of such systems. but the reader may 
be referred to relevant texts.‘,’ 

According to these figures, the result 36 t_ 1% Cu 
(range C&SO%) has a probability p = 0901 and thus 
according to equation (4) provides the specific infor- 
mation 

Character 

I, = log, (l/OQOl) = 9.97 

De~nitjo~. A character is an element of a finite set 
of elements agreed on for the representation of infor- 
mation. 

On the other hand, a result of 65 & 1% (range 60- 
70%) with a probability of p = 0173, provides only 

I, = log, ~1/0.173) = 253 

bits of specific information. These different amounts 
of information are not explicable purely from the 
result, but from works’ experience. 

Experience with previous results, suggests that a 
reasonable result 65 & I%, was “to be expected” 
while a rare and therefore unlikely result of 36 + 
1% points to an error in production, sampling, or 
analysis. This corresponds of course to the analyst’s 
own feeling simply on looking at the result. The 
higher information content is here a result of the “im- 
probability” which can be traced back to the statis- 
tics-the “input”, which is here the existing prob- 
ability scheme for an idealized concentration range, 
based on experience. 

Interpretation. The set agreed on is called a charac- 
ter set. A sequence of characters which are taken 
together in a particular order as a particular entity, 
is called a word. This is particularly impor~nt in elec- 
tronic data processing, but less so in analytical chem- 
istry when one is concerned primarily with obtain- 
ing the signal. and secondarily with handling it. 
Character is not synonymous with symbol: a symbol 
is a character or a word to which a meaning is 
attached. 

Example 5. If we now calculate, with the help of 
equation (5) a weighted mean of all the specific infor- 
mation contents in example 4, we obtain the mean 

The inte~re~tions of the terms character, symbol 
and signal only become clear when these terms are 
considered in the context of the terminology of auto- 
mation Characters represent the abstract content of 
letters, numerals, punctuation marks. function and 
command signs (e.g., carriage-return on a typewriter) 
etc. Characters can be reproduced in handwriting, or 
realized by combinations of holes on a tape, 
sequences of pulses and so on. In terms of an analyti- 
cal procedure, characters become of significance when 
the signal originating in analogue form is digitalized, 
or for example when only a yes-no decision must 
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be taken by the analytical apparatus (actual value 
greater or less than a preselected value). 

~~~~~~lo?z. A lode is a systematic correlation 
between the respective characters of two character 
sets. 

~n~er~re~a~io~. The ten characters (numeraIs) of the 
decimal system can be correlated with the two cbar- 
acters of the binary system through the so-called bi- 
nary code. 

The set of the chemical symbols in the periodic 
table of the elements is intentionally and unam- 
b~~ously correlated with the set of the atomic 
numbers. 

Coding has an extended sense, eG,, when the word 
‘iron” and all that is known about the material is 
correlated with the special character or symbol Fe, 

~e~~~tjo~. A merge is a particuiar form of infor- 
mation based on a ~nv~nt~o~ and used for the pur- 
poses of transmission. 

~n~r~re~~~on. A message embraces the data or 
facts being transmitted and can only be UndersFood 
with reference to a particular ~mmun~~tions system 
(involving ~ansm~tter, receiver, operator and 
machine). For example the infor~ti~n contained in 
a book becomes a message when the book is read. 
Reading therefore corresponds to the transmission of 
information in the form of characters, words, and sen- 
tences, and the convention lies in the representation 
of information by means of characters and words 
which must be known to both the writer and the 
reader. 

It must be made clear, however, that information 
can be ~an~itted in analogue form (as in an ana- 
logue computer) as well as in digital farm as char- 
acters, and it is of course possible to convert from 
ane into the other at any time, although there is quite 
a difference between, for example, a telegraph message 
sent in morse code fdigitaif and a broadcast message 
sent as amplitude modulation of a carrier frequency 
(analogue). This matters especially in analytical chem- 
istry, since the message (infor~tion obtained from 
the sample as a result of its infraction with the 
reagent) is initially always a continuous function 
(neglecting quantum mechanical consid~ations). The 
convention hem lies in the connection between infor- 
mation and message, based on a knowledge of the 
reaction mechanism. 

Data are, similarly to messages, a particular form 
of infor~tion based on a convention, but this time 
used for the purpose of processing rather than 
transmission. 

I~~~~~re~~~~~. The terms discus~d so Far--infor- 
mation, thwarter and message--are purely abstract 
concepts, and as such cannot be stored, processed or 
transmitted. For these purposes they must be im- 
printed on some kind of physical carrier, and this 
physica quantity carrying the infor~tion is called 
the signal. ,& is indis~ea~ble for the representation, 
transmission and storage of a message, but the magni- 
tude of the physical quantity alone is not a signal 
unless a ~onveniion has been agreed. The signal has 
the dimensions of the particutar physical q~ntit~ in- 
volved, is time”varian~ and possesses an infor~tion 
parame~r (mes~ge) which de~r~n~s the ~gni~de 
of the signal, Two types of display are possible: ana- 
rogue and digital signals. In the former the informa- 
tion parameter is infinitely variable between given 
limits, and in the iatter it can assume only discrete 
values. In the case of binary signals the infor~tion 
parameter can take only one of two possible values. 

Example 6. Air pressure. 
Signal: (physical representation of the pressure) is 

a ~olu~ of mercury. 
Information parameter: Iength of the column is the 

analogue represen~tion of the pressure. 
Infor~~on: air pressure equals, eg., 73~~mmHg. 
E~~~~ie 7. Auto~tic burette with Daniel counter. 
Signal: position of the piston. 
Infor~tion parameter: the position of the piston 

is tmnsformed m~hani~Ily into a setting of a digital 
counter calibrated to read volume, e.g., 14.3ml. 

Information~ volume delivered, if two signals (read- 
ings), before and after delivery, are recorded. 
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Summary-The anion-exchange characteristics of 27 elements toward the strongly basic anion-exchange 
resin Amberlite CG-400 in media containing aqueous formic acid and mixtures of formic acid with 
sodium formate, hydrochloric acid, sodium nitrite, acetone and methanol have been investigated. 
Possible separations are described and discussed. The quantitative separations achieved are Sr-La. 
Zn-Cd-Hg, and Ni-Fe. 

The most widely used method of separation of 
metal ions on anion-exchange columns was first de- 
veloped by Kraus and his co-workers’ and is based 
on the different complex formation tendency of metal 
ions with halide ions. Selective sorption and elution 
of metal complexes on anion-exchangers has been 
shown in recent years to be an extremely powerful 
tool for metal ion separations.‘*’ Formic acid is 
known to form complexes with many metal ions,“’ 
and use has been made of some of them to facilitate 
separations. 11~12~13 However, only a few studies on 
the adsorption of metal formate complexes on anion- 
exchange resins have been reported.’ The aim of the 
present paper was to investigate the adsorption 
characteristics and separation possibilities of elements 
in systems containing formic acid. For this purpose 
the distribution coefficients for 27 metal ions were 
determined in five systems with a strongly basic 
anion-exchange resin, resulting in some interesting 
possibilities for separations. Among these were the 
quantitative separations Sr-La, Zn-Cd-Hg and Ni- 
Fe. 

EXPERIMENTAL 

Reagents 

All the chemicals were of analytical grade. 
Ion-exchange resin. Amberlite CG-400(100-200 mesh) in 

the Cl- form was converted into the HCOO- form by 
washing with 0.1 M sodium hydroxide, then with deminer- 
alized water, shaking with 2M formic acid and again wash- 
ing with demineralized water. It was stored in an air-tight 
polythene bottle. 

Metal ion solutions. Most of the metal ion solutions 
were O.OSM and were prepared in demineralized water 
or 0.05M acid solution from the chlorides or nitrates. 
Rare-earth metal sesquioxides were first fused with sodium 
carbonate, then dissolved in the minimum amount of hy- 
drochloric acid and diluted with demineralized water to 

* Presented at the IVth Polish Conference on Analytical 
Chemistry in Warsaw, Poland, August, 1974. 

prepare a lOOO-ppm solution (except for neodymium, 
which was 500ppm). 

Determination of metaL ions. All the metal ions were 
determined titrimetrlcally with standard 0C02M EDTA. 
Chromium, vanadium and thallium were determined by 
back-titration methods. 

Apparatus 

A temperature-controlled mechanically-shaken water- 
bath was used for the distribution studies. For separations 
lo-mm bore glass columns were used. 

Determinatmn of distribution coejjkients 

The batch equilibrium method was used to determine 
the distribution coefficients according to the relationship: 

Kd = 
pg of element/g of resin 

pg of element/ml of solution 

Each equilibrium experiment was performed in a lOO-ml 
conical flask containing 3Oml of a mixture of 0.5 ml of 
the metal ion solution and 29.5 ml of the solvent system. 
To this mixture 0.5 g of resin in the HCOO- form was 
ad&d and the mixture was agitated for 3 hr in the water- 
bath maintained at 30 f 1”. The filtered solution was eva- 
porated to remove organic solvents and then it was diluted 
with water and the metal ion determined. 

Separation of metal zons 

Strontium and lanthanum. A slurry of 1 g of resin in 
water was poured into a column. The column was satu- 
rated by the passage of 5Oml of solvent number 3 and 
then the mixture of @5 ml each of the strontium and lan- 
thanum solutions in 3 ml of the solvent was added to 
the column. The strontium was eluted by passing solvent 
number 3 through the column at a flow-rate of 0.5 ml/min 
and the effluent was collected in lo-ml fractions. The lan- 
thanum was sorbed on the resin and the strontium passed 
into the effluent. The lanthanum was eluted with 2.5M 
hydrochloric acid at the same flow-rate. 

Zinc, cadmium and mercury. All the conditions were the 
same as above, except that solvent number 2 was used. 
The zinc and cadmium were eluted with solvent number 
2. The mercury was sorbed on the resin and zinc and 
cadmium passed into the effluent one after the other. The 
mercury was stripped by 0.5M perchloric acid at a flow- 
rate of 05 ml/min. 

Nickel and iron. A slurry of 1.5g of resin in water was 
poured into a column. The column was saturated by the 
passage of 50 ml of solvent number 3 and then the mixture 
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of nickel and iron in solvent number 3 was added to 
the column. The eluent was passed through the column 
at a flow-rate of 0.25 ml/min and the effluent was collected 
in 5-ml fractions. Nickel appeared first m the effluent fol- 
lowed by iron in the later fractions. 

RESULTS 

The anion-exchange behaviour observed for the 
various,elements in different systems is illustrated in 
Figs. 1-5. The solvent systems used are summarized 
in Table 1. 

Table 1. Solvent systems used m anion-exchange 

Solvent 
number Solvent system 

1 O.OlM Formic acid 
2 O.OlM Formic acid + O.lM HCl 

(2: 1) 
3 O.OlM Formic acid + 0.2&f sodium formate 

(1:2) 
4 001M Formic acid + acetone + O.lM 

sodium mtrite 
(1:1:2) 

5 O.OlM Formic acid + methanol + O.lM 
sodium nitrite 

(1:1:2) 

Quantitative separations 

Separations of 2.191 mg of strontium from 5OOpg 
of lanthanum, of 1.632 mg of zinc and 2.810 mg of 
cadmium from 4.912 mg of mercury, and of 1.467 mg 
of nickel from 1.935 mg of iron, are illustrated in 
Figs. 6-8. 

DISCUSSION 

The adsorption behaviour observed for the various 
elements in aqueous formic acid is illustrated in Fig. 
1 where the variation in Kd values of different metal 
ions is due to the formation of anionic formate com- 
plexes of varying strength. However, when dilute hy- 
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Fig. 1 Kd value of catlons. Solvent O.OlM aqueous formic Fig. 4. Plot K,, values of cations. System: O.OlM formic 
acid. acid + acetone + O.lM NaNO, (1: 1.2) 

Cations 

Fig. 2. K, values of catlons. Solvent 001M formic acid + 
@lM hydrochloric acid (2: I). 
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Fig. 3. K, values of cations. System: 001M formic acid + 
02M sodmm formate (1:2). 
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Cations 

Fig. 5. Kd values of cations. System: O.OlM formic acid + 
methanol + O.lM NaNO, (1: 1: 2). 

drochloric acid is added to aqueous formic acid (Fig. 
2) no pronounced change is found in the anion- 
exchange behaviour of most of the metal ions except 
that an increase in the adsorption of cadmium and 
mercury is observed. This is due to the formation 
of anionic chloride complexes even at this low con- 
centration of hydrochloric acid.i4 The difference in 
the K, values of Zn, Cd and Hg has been used to 
achieve quantitative separation of these three metal 
ions (Fig. 7). Mercury, which is strongly adsorbed 
on the anion-exchange resin, is eluted from the 
column with perchloric acid.i5 No adsorption of iron, 
manganese and copper from formic acid solution is 
observed in the presence of hydrochloric acid (Fig. 
2). This is probably due to the fact that weak formate 
complexes of these elements are unstable in the pres- 
ence of hydrochloric acid and to the formation of 
cationic chloride complexes such as FeCli, MnCIZ +. l4 
These species, being positively charged, are not 
adsorbed on anion-exchange resins. When the con- 
centration of formate ion is increased by adding 
sodium formate to the solution (solvent 3), consider- 
able increase in the Kd values of some of the cations 

Resin 

rate 0 5 ml/mm 

Fig. 6. Elution curve for the separation of Sr(II) and La(III). 
(a) O.OlM formic acid + 0.2M sodium formate (1: 2), (b) 2.5M 

hydrochloric acid. 
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Fig. 7. Elution curve for the separation of Zn(IIbCd(IIk 
Hg(II).(a)@OlM formicacid + 01M hydrochloric acid (2: 1). 

(b) 05M perchloric acid. 

such as iron, chromium vanadium and zirconium 
is observed. This is due to the fact that in the presence 
of excess of formate ion, strongly anionic forrnate 
complexes such as Fe(HCOO)i- and Cr(HCOO)z- 
are formeds which result in the high adsorption of 
these ions on anion-exchange resins. Zirconium is 
probably adsorbed as the anionic hydroxide complex, 
as the pH of this system (as compared to the other 
systems) is higher. Adsorption of lanthanum has been 
found to be significantly different16 from that of other 
lanthanides on anion-exchange resins from concen- 
trated nitrate solutions. Similarly in systems contain- 
ing excess of formate ions, lanthanum has a different 
behaviour from other rare earths and is highly 
adsorbed. Quantitative separation of strontium and 
lanthanum (Fig. 6) and nickel and iron (Fig. 8) has 
been achieved. Other possible separations in this sys- 
tem are Mg(II)-Ca(II), Mn(II)-Fe(III), Y(III)-Zr(IV) 
and Pb(IIkHg(I1). 

The results shown in Fig. 4 where a mixture of 
formic acid, sodium nitrite and acetone is used, are 
very interesting. The formate and nitrite anionic com- 
plexes of metal ions give a very different adsorption 
pattern from that of aqueous formic acid (solvent 
1) alone. The presence of acetone, an “inert” sol- 
vent,” interferes in the association between the 
charged species and having a low dielectric constant 
it does not solvate them.13 This system (solvent 4) 
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Fig. 8. Elution curve for the separation of N1(11) and Fe(II1). 
(a) and(b): 001M formic acid + 0.2M sodium formate (1: 2). 
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offers many possibilities of binary and ternary sepa- 
rations such as V-Cr-Fe, Sm-Gd, Pb-Tl-Hg, TbHo. 
and Ba-Ca-Mg. It is found that when acetone is 
replaced by methanol (solvent 5) the Kd values of 
some of the cations are lowered (Fig. 5). If an ion- 
exchange resin is brought into contact with a mixed 
solvent system, it is found that after equilibrium has 
been attained the solvent composition inside the resin 
may differ considerably from the composition of the 
external solvent mixture. Generally the resin prefers 
a more polar solvent to a less polar one. In this 
way the salting-out of the methanol in anion- 
exchange systems has been observed in water-meth- 
anol mixtures. Is Having a high dielectric constant 
compared to that of acetone, it solvates the charged 
species and reduces their adsorption on the ‘resin. 
This idea is supported by the higher Rs values 
reported for some elements in formic a~i~methanol 
systems.” The possible separations in this system 
are Ho-Er, Ba-La, Dy-Er. Ni-Cu-Cd, Mn-Fe-Cu 
and Ho-Pr. 

Acknowledgement-The authors are thankful to Dr. M. R. 
Nouri for the research facilities and his Interest in the 
work. 

REFERENCES 

1. K. A. Kraus and F. Nelson, Symposium Ion Exchange 

and Chromatog. in Anal. Chem. ASTM No. 195, Phila- 
delphia, 1958. 

2. Y Marcus and J. Naveh. J Phys Chem. 1969, 73, 
591. 

3. H. F. Walton, Anal. Chem., 1974, 46, 398R. 
4. R. Weinland and A. Stark, Ber., 1926, SPF3, 471. 
5. D. A. Shishkov and E. G. Koleva, Talantu, 1965, 12, 

865. 
6 H. Funk, C. Muller and A. Paul, Z. Chem., 1966. 6, 

221. 
7. J. Korkisch and S. Urabay, Talanfa, 1964, 11, 721. 
8. C. K. Jorgensen, inorganic Complexes p. 94. Pergamon, 

Oxford, 1966. 
9. A. Sarkar, Bull. Sot. Chim.. France. 1926,4. 1390. 

i0. F. D. Leipziger, W. J. Croft and J. E. Roberts, AI& 
Chem., 1964,36,3 14. 

Il. M. Qureshi, W. Husam and A. H. Israeli, Talanta, 
1968, 15, 789. 

12. M. Qureshi and W. Husain, Talanta, 1971 18, 399. 
13. M. Qureshi and K. Husain, Anal. Chum. Acia, 1971, 

57.387. 
14. K. B. Yatslmirskii and V. P. Vasilev, ~~s~Q~jZjt~~ Con- 

stants o,f Complex Compounds. Van Nostrand, New 
York, 1966. 

15. L. Wodkiewlcy and R. Dybczynskl, Proc. 3rd Symp. 
Ion-Exchange, Hungary, May 1974.235. 

16. Y. Marcus and F. Nelson, J. Phys. Chem.. 1959. 63. 
77. 

17. H. F. Walton, Principles and methods of Chemical 
Analysis, p. 275. Prentice-Hall. New Jersey. 1964. 

18. 0. Samuelson, Ion Exchange Separations m Analytical 
Chemistry, p. 139. Wiley. New York, 1963. 

19. M. Qureshl and M. A. Khan, Talnnta, 1966, 13, 117. 



Tafanro, Vol 22, pp HI-607 Per&mm Press. 1975 Printed m Great Bntam 

SHORT COMMUNICATIONS 

NEW COLORIMETRIC METHOD FOR THE DETERMINATION 
OF NYSTATIN 

M. M. AMER 

Analytical Chemistry Department, Faculty of Pharmacy, Cairo University, Cairo, Egypt 

and 

A. A. HABEEB 

Drug Research and Control Centre, Cairo, Egypt 

(Received 15 April 1974. Revised 6 December 1974. Accepted 30 December 1974) 

Vartous calorimetric reagents have been reported for the 
determination of nystatin, such as phosphoric acid,’ 
titanium tetrachloride,’ aluminlum chloride3 and meth- 
anolic hydrochloric acid.’ Chang et al.’ outlined a pro- 
cedure involving heating a solution of nystatin in dimethyl- 
formamide with 1M sodium hydroxide for 2 min. extract- 
ing the yellow product with chloroform in presence of a 
citrate buffer (pH = 2.3) and measuring the absorbance of 
the chloroform extract at 385 nm. The method was recom- 
mended for stability studies of nystatin. 

In the present work, the alkaline hydrolysis product of 
nystatin was found to produce a purple-red colour with 
p-aminoacetophenone in presence of concentrated hydro- 
chloric acid, the colour being a direct measure of the con- 
centration of nystatin. Sugars interfere with the colour- 
formation, but the presence of alumina m the reaction 
medium was found to eliminate this interference. 

Reagents 

Stundard nystatin solution, @I% w/v. Prepared by dis- 
solvmg 100 mg, accurately weighed, of USP reference stan- 
dard nystatin in lOm1 of pure dimethylformamide and 
dilution to lOOm1 with analytical-reagent grade methanol. 

Sodium hy~oxide solution, IM. 
P-A~~~ucetop~e~~~ blurts 05% w/v in methanol. 
Hydrochloric acid, concentrated. 

Preparation of samples 
Powders, capsules, tablets, vaginal tablets and oral suspen- 

sion. Weigh an amount of the powdered sample, containing 
about IOOmg of nystatin, into a 100.ml volumetric flask. 
Shake with fOm1 of dimethylformamide for 2mm, then 
dtlute.,to 100 ml with methanol, mix and filter through a 
dry filter paper; use the filtrate for the determination of 
nystatin. 

Creams. Extract an amount of the cream contaming 
about 100 mg of nystatin by stnrmg with 10 ml of dimeth- 
ylformamide, centrifuging If necessary, and transfer the 
supernatant solution into a LOO-ml volumetric flask. Dilute 
to the mark with methanol, fiitering rf necessary through 
a dry filter paper, and use the filtrate for the determination 
of nystatin. 

Procedure 
Into a 25-ml volumetric flask, introduce an aliquot of 

solution containing 02-I mg of nystatin. Add 1 ml of IM 

sodium hydroxide, and in the case of pharmaceutical prep- 
arations also add 0.5 g of alumina. Mix weli, heat in a boil- 
ing water-bath for exactly 2 min with continuous shaking, 
then cool rapidly for 2 min in an ice-bath. Add 1.5 ml 
of p-aminoacetophenone solution, followed by 1 ml of con- 
centrated hydrochloric acid, mix well and dilute to 25 ml 
with methanol. Measure the absorbance at 520nm, in a 
l-cm cuvette, against a blank simrlarly treated. 

Calculate the concentration of nystatm horn a 
calibration curve simultaneously prepared by the same 
procedure, using the standard ngstatm solution. 

RESULTS 

Tables 1 and 2 show the results of analysis of different 
concentrattons of nystatin by the proposed method and 
by the Chang’ method. Table 3 contains results for differ- 
ent forms of pharmaceutical preparations, analysed by the 
two methods. 

DISCUSSION 

Dilution wrth methanol does not affect the nature or 
the intensity of the colour, which has maximum absorption 

Table 1. Calorimetric determination of pure nystatm using 
the proposed ~-aminoa~tophenone method 

Nystatin taken, 
mg 

0.2 
@2 
0.4 
0.4 
0.4 
0.5 
0.5 
0.S 
0.6 
0.6 
0.6 
0.6 
0.8 
0.8 
0.8 

Recovery, 
% 

102.7 
1005 
103.1 
984 
95.8 
98.8 

100.0 
105.0 
101.0 
97,8 

103.7 
103.1 
101.7 
98.6 

100.5 
Mean 1007 
Std. devn. 25 
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Table 2. Calorimetric determmation of pure nystatin by 
the Chang method’ 

Nystatin taken, 
‘ng 

0.5 
0.6 
0.8 
1.2 
1.4 
1.6 

Recovery, 
% 

101.4 
101.2 
98.1 
98.2 
99.5 
97.9 

Mean 99.4 
Std. devn. 1.6 

at 520 nm (Fig.l). The colour is stable over a pertod of 
about 15 min. 

Smce the reaction is mainly dependent on the alkaline 
hydrolysis of nystatin, the effect of the length of heating- 
time was studied. Figure 2 shows that the intensity of the 
colour increases with the time of heating at loo”, reaching 
a maximum after 2 min. then decreasing rapidly upon 
further heating. The period of heating is so critical that it 
IS necessary to quench the reaction in an ice-bath after 
heating for exactly 2 min. A variation of + 10 set in this 
heating time causes an error of - 2%. 

The colour increases wtth the concentration of p- 
aminoacetophenone and of concentrated hydrochloric 
acid. reaching a maximum with 1.2 ml of 5% p-ammo- 
acetophenone solution, and 0.6 ml of concentrated hydro- 
chloric acid and remaining constant at higher concentra- 
tions; 1.5 ml of the p-aminoacetophenone reagent and 1 ml 
of concentrated hydrochloric acid are therefore used in 
the proposed procedure. 

The colour obeys Beer’s law over the range 0.1-l mg 
of nystatin. The nature of the coloured product is not defi- 
nitely known. However, the colour may be due to the con- 
densation of p-aminoacetophenone with the carbonyl func- 
tion of the carboxyl group resultmg horn the alkaline hy- 
drolysis of nystatm at its ester linkage. 

Statistical analysis of the results obtained by the pro- 
posed method and that of Chang et al.’ shows that, there 
is no significant difference between two methods as indi- 
cated by Student’s t-test and the F-test; the two methods 
are thus equally precise and accurate. However, the greater 
intensity of the purple-red colour produced by p-aminoace- 
tophenone (compared with the yellow colour in the Chang 
procedure) gives a higher sensitivity, allowmg determma- 
non of much smaller amounts of nystatin, viz. 0.221 mg. 

Table 3. Calorimetric determination of nystatin in phar- 
maceutical preparations by the proposed p-aminoaceto- 

phenone method and the Chang method 

Recovery, %* 

Preparation 
Present Chang5 
method method 

Mycostan capsules 
(Memphis Co.) 

Nystatin tablets? 
(Antibiotic works) 

Mycostan vaginal 
tablets (Memphis Co.) 

Memcostan Cream 
(Memphis Co.) 

Mycostatin oral 
suspension. (Squibb Co.) 

103.4 103.4 

81.3 80.8 

104.6 105.1 

106.6 107~1 

97.3 98.9 

* Assummg that each mg contains 5000 nystatin units. 
t Expired sample. 
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420 460 500 540 580 620 660 

Wavelength, nm 
Fig. 1. Absorption spectrum of reactton product of nysta- 

tin and p-aminoacetophenone (&,,aX = 520 nm). 

Moreover, it does not need an extraction or careful adlust- 
ment of pH, as is the case in the Chang method.’ 

However, when the method was applied to the deter- 
mination of nystatin in pharmaceutical preparations con- 
taining lactose or other sugars, it was observed that the 
purple-red colour formed did not reach its maximum. This 
problem was solved by including O.l-05g of alumina in 
the reaction medium; further addition of alumma does not 
affect the colour intensity, and the clear supernatant ltqmd 
is used for the spectrophotometric measurement. There is 
no obvious explanation for the role of the alumina, 
although it has been proved that both the sugar and nysta- 
tin were adsorbed on its surface. It is probable that either 
adsorptron of the sugar inhibits its reaction with the col- 
oured p-aminoacetophenone product, or that adsorption 
of nystatin together with p-aminoacetophenone allows for 
a better reaction at the alumina surface. 
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La chromatographie sur r&sines Cchangeuses d’ions est 
devenue une mtthode de separation precise qui est appli- 
q&e par de nombreux auteurs dans le cadre de l’analyse 
chimique organique et inorganique pour la separation de 
multiples ions. 

Nous avons particulierement Ctudie et adapt6 cette 
methode de separation pour son application au microdo- 
sage du fluor dans les composes organiques phosphor&s. 
Ces dermers donnet en effet naissance, apres la combustion 
en fiole a oxygene que nous mettons en oeuvrer a des 
ions phosphoriques, g&ant le titrage des ions fluorures 
par colorimttrie spectrophotometrique; c’est pourquoi 
nous isolons les ions Ruorures des ions g&ants par un 
entrainement intermediaire, a la vapeur, de I’acide fluosili- 
ctque,* d’apres le principe de Willard et Winter (ce 
qui exige l’emploi dun appareillage encombrant et l’aug- 
mentation sensible de la durte de la determination du 
fluor). 

Plusieurs auteurs, visant le remplacement de cette 
mtthode, ont decrit la separation des ions fluorures d’ions 
g&rants au moyen des r&sines echangeuses d’ions. Ainsi 
Coursier et Saulnie? ont s&part des traces d’ions fluorures 
de sels d’aluminium; Newman4 determine le fluor contenu 
dans les mmerais de phosphates de calcium; Gla& dtcrit 
une methode de separation du fluor dans les minerais 
ferreux et roches phosphatees. 

Nous nous sommes propose de comparer, sur le plan 
pratique, le principle de separation des ions fluorures au 
moyen des tchangeurs d’ions a celui de Willard et Winter, 
en vue de son application dans le domaine de la microana- 
lyse organique. 

Princzpe 

Le microdosage du fluor dans les composes organiques 
fluores, object du travail dtcrit dans la prtsente note, com- 
Porte les trois &apes suivantes. 

Mineralisation de la substance organique par combustion 
en fiole de Schoniger, survant la methode publiee par Levy 
et Debal.’ 

Separation des ions fluorures des ions phosphoriques 
g&ants, par chromatographie sur r&sine echangeuse 
d’amons. 

Titrage des ions fluorures, dans la solution obtenue par 
le complexe ferrisulfosalicylique, formation concurrentielle 
de fluorure ferrique et mesure de la diminution correspon- 
dante de la coloration du premier complexe par absorption 
spectrophotometrique.’ 

Aprts mintralisation du compose organique, la solution 
recueillie est chromatographiee sur une colonne de r&sine 
anionique, fortement basique, en milieu alcalin. Les condi- 
tions optratoires (nature de la r&sine, dimensions de la 
colonne, concentration de l’eluant, debit de l’icoulement) 
ont Cti: determinees de telle sorte que les coefficients de 
partage des ions a s&parer soient suffisamment difftrents 
et le nombre de plateaux theoriques assez tlev&6 

Ainsi le phosphore et le fluor existant respectivement 
sous forme des ions PO:- et F-, en milieu alcalin, les 
premiers sont retenus sur la r&sine et les seconds, pour 
lesquels l’affinite de l’tchangeur est trbs faible, sont Clues 
quantitativement de la colonne. 

PARTIE EXPERIMENTALE 

Appczreillage 

Colonne de verre Pyrex de 200 mm de hauteur et 7 
mm de diametre surmontee d’un reservoir de 60 ml. 

Ouate en chlorofibres Rhovyl, comme support des grains 
de resine dans la colonne. 

Pompe ptrrstaltique Michel, modtle Al-2 vitesse reglable 
de 0 a 400 tours/min, debit 407 ml/tour. 

React@ 

R&sine Dowex-2 X10, echangeuse d’anions, du type 
ammonmm quaternaire; 100-200 mesh. 

Solutions d’hydroxyde de sodium 3M et 0,lM. 
Solution d’acide chlorhydrique 0,3M prtparee a partir 

d’acide chlorhydrique fumant. 
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Tableau 1. Acide p-fluorobenzdique; teneur en fluor calculte: F = 13,56x 

Prtkvement, Masse de fluor, w Ecart 

W 

6,392 
8,303 
6,550 
7,357 
7.79 1 
6,768 
8,206 
7,566 
7.400 
7.758 
7.922 
8,072 
8,938 
7,258 
8,097 

F/P 

2 
2 
7 
; 
2 
1.4 
1,3 
I 
0.9 
0.8 
0.7 

calcuke 

867 
1126 
888 
998 

1056 
917 

1113 
1026 
1003 
1052 
1074 
1095 

* 1212 
984 

1098 

trouvk F%, corrige* F% talc. - F% corr. 

858 13.76 +0,20 
1181 13,34 - 0,22 
862 13,50 - 406 
962 13,40 -0.16 

1014 13,34 -422 
902 13,67 +0,11 

1083 13,53 -0,03 
1008 13.66 +0,10 
988 13,69 +0,13 

1012 13,37 -0,19 
1044 13,52 -0.04 
1078 13.69 +0,13 
1179 13,53 -0,03 
956 13,51 - 405 

1079 13,67 +0,11 

* Facteur de correction K = 1,026 

Mode ope’ratoire 

PrPtrauement de la r&he. La r&sine anionique, Dowex-2 
X10, sous forme chlorurke, est prtalablement mise en sus- 
pension dans I’eau bidistilke et agitke de faGon g en dis- 
perser les agglomkrats, puis verske dans la colonne de 
chromatographie oh elle subit plusieurs cycles d’tchanges. 
Trait&e par une solution d’acide chlorhydrique 43M jus- 
qu’g saturation en ions Cl-, PUS rincke a l’eau bidistillke 
dCchlorurCe, la r&sine est mise sous forme oxhydrilte par 
passage d’une solution trks alcaline d’hydroxyde de sodium 
3M et enfin lake & l’eau bidistillie jusqu’8 neutralit de 
l’effluent. La hauteur du lit de risine ainsi actike, atteint 
18 cm. Le d&bit de l’koulement est fix& ?t 1,5 ml/mn. 

ficient de correction car les rtsultats obtenus sont systkma- 
tiquement faibles mais reproductibles. Ce coefficient K est 
calculk avant chaque skrie g l’aide de plusieurs dttermina- 
tions effect&es sur une substance-type & teneur connue 
en fluor: 

K= 
masse de fluor calcuke 

masse de fluor trouvte 

Elution. L’Cchantillon mis en solution aprks la mintra- 
lisation est verl dans le reservoir de la colonne de chro- 
matographie qui est connect6 B une pompe afin de main- 
tenir le d&bit de koulement B 1,5 ml/mn. Aprks fixation 
sur la r&sine des ions g s&parer, les ions F- sont dCplacCs 
par une solution tluante d’hydroxyde de sodium OJM. 
L’bluat est recu directement dans une fiole jaugke jusqu’g 
Cpuisement de la r&sine en ions F-. La dksorption des 
ions fluorures dure environ 90 mm. 

L’Ccart-type estimC pour l’ensemble des rksultats a pour 
valeur s = J[Z(x, - Z))‘]/[n - l] = 0,13 avec x, = rCsul- 
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RESIJLT.4TS 
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dans les conditions d&rites ne nous permet pas de rCduire 
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Nous remercions vivement Monsieur Rosset pour les 
conseils qu’il nous a prodiguk 

* F/P repksente le rapport des masses de fluor et de 
phosphore en prksence. BIBLIOGRAPHIE 
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R&aum&Un exemple de separation au moyen des tchangeurs d’ions est Ctudie en vue de montrer 
la possibilite d’application de cette methode dans le domaine de la microanalyse organique. Des 
ions fluorures peuvent &tre separes d’ions phosphoriques sur r&sine anionique fortement basique, 
en milieu alcalin, ce qui permet, notamment, le microdosage du fluor, en presence de phosphore, 
dans les composts organiques. 
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Location of the end-point is currently the least accurately 
measured of the variables in high-precision coulometry, 
the other quantities-weight, potential, resistance, time and 
molecular weight-being measurable or known to 2 or 
3 ppm. The constant current used in such titrations is 
cut back to a low value, O+lOmA, in the region of the 
end-point and the problem of detecting the end-point is 
that commonly experienced when titrating with very dilute 
solutions, albeit under the favourable circumstance that 
no increase in volume occurs. In the titration of weak 
acids or weak bases, the titration curve becomes almost 
linear in the neighbourhood of the end-point and the loca- 
tion of the point of inflexion by eye assumes the subjective 
features of a betting game. Although the “placing of equal 
bets” has received some sanction in the realistic assessment 
of the error of measurement in work mvolving the deter- 
mination of values of the fundamental physical constants,’ 
the end-point location problem is obviously one in which 
application of theoretical and mathematical tools might 
well prove useful. 

Yan’ in a recent paper refers to Fortuir? and the latter 
in turn supplies a good bibliography to the earlier papers 
on the subject, principally to works of Kolthoff and of 
Hahn. The approach of these workers is essentially that 
of making plots of the first derivative and of obtaining 
data directly in difference form. 

Yan, in the paper just cited, by an elegant finite differ- 
ence approach based on the assumption that the curve 
of pH us. moles of titrant could be approximated by a 
third-order polynomial (cubic equation), developed a neat 
and rapid numerical method utilizing four sets of data 
chosen symmetrically about the end-point. Yan selected 
a cubic equation simply because it is the simplest function 
having an inflexion point, but this selection has no theor- 
etical justification. It should be noted that although a 
cubic equation is symmetrical about its point of inflexion, 
titration curves are not symmetrical, except in a very nar- 
row region. Examination of titration curves (e.g., those 
shown by Dieh14) and a few simple manipulations with 

* Developed by the Computer Services Group, U.S. Ato- 
mic Energy Commission, Ames Laboratory, Ames, Iowa. 
A similar routine available in the U.K. is NAG. EOZABF, 
developed by the Numerical Algorithms Group, NAG 
Central Office, 13 Banbury Road, Oxford, U.K. 

tracing paper can show this clearly. Yan’s method is a 
neat procedure and our own feeling, after applying it to 
end-point data from various high-precision titrations, is 
that it is considerably better than visual estimation. How- 
ever, only four data points are used and there is some 
dependence on the selection of these. Some questions 
therefore arise. Can a better result be obtained if all the 
data points are used? Is the cubic equation the best to 
use.? How well dots a cubic fit the experimental data? 

These questions were tested, using an IBM 360/65 com- 
puter, and with the help of the subroutine OPLSPA*, 
which tits polynomials up to tenth order to experimental 
data. 

The tests were made on data from five different coulo- 
metric titrations: of tris(hydroxymethyl)aminomethane 
(THAM) and of 4-aminopyridine by addition of excess 
of perchloric acid and back-titration with alkali generated 
at the cathode; of THAM and 4-aminopyridine with acid 
generated at the newly devised hydrazine-platmum 
anode,s and titrations of perchloric acid alone with alkali 
generated at the cathode. Two programs were used, the 
difference between them being that the independent and 
dependent variables were reversed. 

The fit was excellent for the titrations involving THAM 
and 4-aminopyridine. The agreement between programs 
A and B was excellent. Agreement with Yan’s method 
was only fairly good (Table 3). However, the method failed 
for the titrations of perchloric acid, the calculated equa- 
tions being not even a reasonably good fit. Fifth-order 
equations proved no better. 

Some dependence was tound on the selection of points. 
The calculated curve fits better when more data points 
are used and best if the points are disposed symmetrically 
about the point of inflexion; a considerable latitude is 
allowable, however. For example, if 25% of the points 
at one end of the curve are not used, the relative error 
will be less than 2% (and the value obtained for the point 
of inflexion even then is better than the value obtained 
by the Yan method). With the same poor choice of data 
points, namely, three of the four points being on one side 
of the point of intlexion, the Yan method yields an absurd 
result. 

It must be pointed out that the data being handled 
were within 30 wq of the end-point in titrations involving 
30 meq. 
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Table 1. Computer print-out for titration of 4-aminopyrl- 
dine by back-titration of excess of standard perchloric acid Table 2. Computer print-out for titration of 4-aminopyridme 
with alkali generated at the cathode (pH as a function of by back-titration of excess of standard perchloric acid with 

time) alkali generated at the cathode (time as a function of pH) 

CATHODIC TITRATION OF +-A~lNOPYRIOINE CATHOCIC TITRATION OF +-APINCPIRIDINE 

Pli = 4,11 + 4,2,*r + Ql3l*T**2 + 4,4bw**3 T = 4,1, + alZ)*Pn + Pl3l*PH**z + 0(4l*PH**3 
acu n 0.4Ot.836270 0‘ 4111 = -0.752489110 04 

PIZI = -0.689721410-02 at21 = 0.485468600 04 
a(3) - 0.499390380-04 P(3) - -0.988197480 03 
a148 * -0.703305120-07 414, - 0.689980590 02 
I- 1 rinE = 100.00 PH = 4.010 PHCAIX = 4.008 Ii 1 PH - 4.010 TIME = 100.00 7CALC = 101.16 
I= 2 TIME = 139.98 PH = 4.170 PHCALC = 4.168 I* 2 PH = 4.170 TIME = 139.98 TCALC - 138.65 

I- 3 TIME = 160.13 PH - 4.271 PHCALC = 4.276 I * 3 Ph = 4.271 TlPlE = 160.13 TCALC - 15.3191 
I- 4 TIME - LBO.02 PH = 4.390 PHCALC = 4.395 I- 4 . 4.390 

4.520 PHCALC = 4.523 19 5 :: = 4.520 
Tl#E * 180.02 TCALC - 180.10 

t= 4 TIME = 199.9, PH = TIUE = 199.91 TCALC = 200.611 
I= 6 TIME = 219.82 PH = 4.66” PHCALC - 4.658 I- 6 PII = 4.660 TINE * 219.82 TCALC = 220.89 
I- 7 TIME = 239. 71 PH = C.001 PHCALC - 4.795 I- 7 Pli - 4.801 TIME = 239.7, TCALC = .?40*31 
I= 8 TIRE = 259.60 PI+ = 4.94” PHCALC q 6.932 I= B PH = 4.940 TINE = 259.60 TCALC - 259.66 
I- 9 TIME = 279.>5 PH = 5.0b7 PHCALC - 5.046 1s 9 PIi- 5.067 TIME = 279.55 TCALC = 270.29 
I = 10 TIME - 299.52 PH = 5.192 PHCALC - 5.192 I = 10 PH - 5.192 TlME - 299.52 TCALC = 298.91 
I - 11 TIRE - 319.c2 PH = 5.303 PHCALC = 5.307 I-11 PIi= 5.303 TIME - 319.42 TCALC - 319.29 
I - I2 TIME = 339.40 PH - 5.403 PHCALC = 5.409 I = 12 PH * 5.403 TlRE = 339.+0 TCALC = 339.95 
I = I3 TIME = 359.40 PH = 5.488 PHCALC - 5.494 I = 13 PH - 5.488 TIME = 359.40 KALE = 359.53 
I = 14 TIME = 379.38 PH = 5.566 PHCALC = ,.558 I - 1, FH . 5.566 TIME - 379.38 TCALC - 379.38 

TIME AT ENDPOINT - 236.09 PH AT ENDPOINT = 4.774 TINE AT ENDPOINT = 236.61 PH AT ENOPilINT = 4.774 

SLOPE AT ENOPOINT * 0.692273E-OZPHlSEC SLOPE AT ENOPOlNT = 0.729955E-02PHISEC 
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Fig. I. Titration of tris(hydroxymethyl)aminomethane with 
acid generated at the hydrazine-platinum anode. Time as a 
function of pH. + , Experimental data. Solid line, cubic 
equation fitted by computer. The corresponding plot for pH 

as a function of time appears identical to the eye. 

COMPUTER PRINT-OUT PROGRAMS 

In program A, pH is obtained as a cubic function of 
time : 

pH = Q, + QZ (time) + Q3 (time)2 + Q4(time)3. 

In program B. time is obtained as a cubic function of 
pH: 

time = Q1 + Q2 (PH) + Q3 (PH)’ + Q4 (PH)‘. 

In both programs the best values of the coefficients Q,-Q., 
are determined, the second derivative of the resulting cubic 
equation is set equal to zero, and the equation is solved 
for the independent variable. The value found is the point 
of inflexion. If the calculated cubic equation fits the 
titration data exactly, then the point of inflexion will in- 
deed be the end-point of the titration (and the equivalence 
point to the extent that the two are identical). In the 
computer output are listed: (1) the computed coefficients, 

Table 3. Comparison of end-pomts obtained by computer 
programs A and B and method of Yan (data from various 

titrations) 

End-pow& WC . 

Tltratlon pH = f(tlme) Time = /(pH) Yan 

4.Ammopyrldme. 
cathodic’ 

4-Ammopyndme, 
236 69 236 61 230 18 

anodlct 206 90 20621 208 47 
THAM. cathodic* 218 58 218.18 21391 
THAM, anodlct 572 49 573 ox 57909 

* Back-titration of excess of standard perchlorrc acid 
with alkali generated at a platinum cathode. 

TTitration with acid generated at the hydrazineplati- 
num anode. 
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ture of the compound indicates that it is a dipolar aprotic 
solvent. This solvent also has been shown to be useful 
as a titration medium for selected barbiturates and sulpha 
drugs.“ 

manently stored under a mtrogen atmosphere. The solvent 
was never in contact with the atmosphere until after use. 

Chemicals and equipment 

EXPERIMENTAL 

Synthesis and puriJcation of 3Me20x 

Most of the acids used in this study were recrystalhzed 
from suitable solvent systems, vacuum-dried, and stored 
in a desiccator over “Anhydrone”. The phenol was doubly 
distilled before use. 

The solvent was synthesized by the Homeyer method’ 
from diethyl carbonate and methylethanolamine, according 

The titrant used was tetrabutylammonium hydroxide 

to the method of Huffman and Sears,’ except for certain 
(TBAH) obtained as a 25% solution in methanol. Marple 

modifications based on the following observations, A 
and Fritz have shown that the two most likely impurities 

diethyl carbonate-water azeotrope6 could not be distilled 
are tetrabutylammonium carbonate and tri-n-butylamine.4 

from the reaction mixture. Instead, the by-product, eth- 
The formation of these impurities was prevented by storage 

anol. began to distil at 0.2-0.3” below its reported boiling 
of the reagent at -20” under nitrogen free from carbon 

point, indicating the probable presence of an ethanol- 
dioxide. It has been found in these laboratories that any 

water azeotrope.7 The reaction proceeded to approxi- 
other storage procedure leads to decomposition products 

mately 60% completion without the addition of the cata- 
which produce unsatisfactory results. An approximately 

lyst, potassium hydroxide. Further distillation, without 
O.lM solution was prepared by diluting with absolute 
methanol. Solutions of TBAH m 3Me20x were not suffi- 

catalyst, produced copious quantities of decomposition 
and polymerization products. Addition of the catalyst at 

ciently stable to serve as titrant. Quaternary ammonium 

the start of the reaction allowed it to proceed to 95-98x 
titrants such as tetra-n-butylammonium compounds pre- 

completion (based on the stoichiometric amount of ethanol 
pared m less acidic solvents than isopropyl alcohol are 

recovered) without excessive decomposition or polymeriza- 
unstable.” Tetrabutylammonium hydroxide can undergo 

tion. This provided a crude product which could be readily 
Hofmann elimination to give tributylamine, I-butene and 
water ‘i The TBAH-methanol solution was standardized 

purified. The time required to prepare a 4-l. batch was 
approximately 18 hr. 

against benzoic acid (purified by sublimation) dissolved 
in 3Me20x. 

The crude solvent was purified by first removing the 
ethanol and starting materials under vacuum. The solvent 
was further purified by fractional freezing’ in a Sargent- 
Welch Model 43105 incubator-refrigerator controlled to 
t0.1”. Before the final stages of purification the infrared 
and NMR spectral characteristics were determined. A Karl 
Fischer titration showed the water content to be 0.034%. 
Purification was continued until the solvent remained solid 
at 15.5”. 0.4” below its reported melting point.’ Gas chro- 
matography of this product gave only one peak at the 
most sensitive attenuation of an F & M, Hewlett Packard 
Model 700, fitted with a 72 x 1/4in. column packed with 
10% SE-30 silicone on Chromasorb AW support. 

The fractional freezing vessel was a 6-htre separatory 
funnel. The top was fitted with a standard taper jomt 
containmg a glass centre core and a stop-cock. The core 
was used to melt the impurities which collect in the centre 
of the vessel, and these were removed under vacuum 
through the stem of the funnel. Nitrogen was admitted 
through the stop-cock to return the vessel to atmospheric 
pressure. This procedure allowed the solvent to be per- 

Potential measurements were made with an Orion 
Model 601 digital readout pH/mV meter equipped with 
a Model 605 electrode switch. All determinations were 
made with previously paired Jena glass Sargent 30050-15C 
electrodes and Sargent 30080-15C calomel reference elec- 
trodes. These were chosen because of the low leak-rate 
(- 25 &hr) made possible by the porous ceramic Junction. 
Also, to avoid aqueous contamination, the aqueous potas- 
sium chloride solution was replaced with a saturated solu- 
tion of potassium chloride in ethanol. All electrode pairs 
were soaked m 3Me20x for several days before use. Past 
experience has shown that the potential readings stabilize 
more readily if the electrodes are soaked in the solvent 
after each use 

The titrant was dispensed from a Kimax (17110) Class 
A 5-ml microburette graduated in @Ol-ml steps and read 
to the third decimal place by means of a Sargent (S-81565) 
burette reader (magnification up to 5 x ). Titrations were 
performed in a 200~ml beaker fitted with a rubber stopper 
to hold the electrodes in place and to carry a nitrogen 
purge line and the burette tip. The solution was stirred 

Table 1. Carboxylic acids 

Acid 
Aqueous 
P!$'S AL. @L Taken, w Found, mm~ Recovery, %* 

3.5~Dinitrobenrolc 2.824 390 0.1306 
0.2120 
0.2070 

c-Chlorobenzoic 2.943 379 0.2892 
0.3034 
0.2706 

Salicylic 2.996 377 0.1862 
0.1574 
0.1822 

fi-Nitrobenzoic 3.450 363 0.2159 
0.2048 
0.2247 

o-Benzoylbenmc 3.536 309 0.2050 
0.2607 
0.2311 

pToluic 4.373 262 0.2179 
0.2064 
0.2168 

pAnisic 4.492 259 0.2832 
0.2341 
0.3008 

0.1312 99.9 f 0.3 
0.2116 
0.2061 

0.2887 99.6 f 0.3 
0.3007 
0.2700 

0.1849 99.9 f 0.4 
0.1577 
0.1826 

0.2154 99.8 f 0.1 
0.2041 
0.2248 

0.2035 99.3 f 0.1 
0.2593 
0.2293 

0.2190 100.4 ? 0.3 
0.2064 
0.2185 

0.2822 99.8 t 0.2 
0.2333 
0.3008 

Wean deviation based on three reported values. 
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Table 2. Phenols 

Compound 
Aqueous 
,!$I3 AC, fl Taken, a Found, = Recovery, X' 

Picric acid 

Pentachlorophenol 

e-Nitrophenol 

e-Hydroxybenzonitrile 

pPhenylpheno1 

Phenol 

e-Methoxyphenol 

0.29 

4.11 

6.70(a) 

7.149 

7.95 

9.55 

9.998 

10.21 

586 

361 

328 

276 

0.1543 0.1530 
0.1551 0.1547 
0.1510 0.1502 

0.2444 0.2450 
0.1608 0.1601 
0.1946 0.1948 

0.1542 0.1529 
0.1665 0.1662 
0.1865 0.1872 

0.16a9 0.1686 
0.2254 0.2254 
0.2056 0.2064 

0.2613 0.2611 
0.1912 0.1926 
0.2713 0.2725 

0.2277 0.2268 
0.2092 0.2094 
0.1980 0.1976 

0.2709 0.2706 
0.3026 0.3037 
0.1622 0.1619 

0.2930 0.2928 
0.2088 0.2082 
0.2831 0.2834 

99.4 + 0.2 

100.0 f 0.3 

99.8 + 0.4 

100.1 * 0.2 

100.4 f 0.3 

99.8 t 0.2 

100.0 f 0.2 

99.9 f 0.1 

* Mean deviation based on three reported values. 

(a) see reference 22 

magnetically and thermal insulation from the stirring 
motor provided by l/2 in. of polyurethane insulation 
covered with a 1/4in. asbestos plate. 

calculations and statistical evaluations were performed by 
additional FORTRAN programs. 

A blank titration of the pure solvent with TBAH pro- 
duced a nearly linear change in e.m.f. with constant volume 
increments of the titrant. Thus the solvent does not have 
any acidic properties or impurities. Titration of the solvent 
(3Me20x) in methanol with methanolic sulphurtc acid 
showed the absence of basic impurities. In the review by 
Dyen and Swern, I2 it was pointed out that oxazolidones 
are susceptible to oxidation. This precluded the use of 
perchloric and nitric acids. Also hydrogen chloride and 
phosphoric acid cause decomposition into the original /I- 
amino-alcohol. 

RESULTS AND DISCUSSION 

In this initial evaluation of 3Me20x as an acid-base 
titration medium determination of exact pK. values was 
not attempted. However, it is possible to estimate the rela- 
tive acid strength by an examination of the potential 
change in the,vicinity of the end-point. By this approach, 
it was found that the carboxylic acids investigated fall 
in the same order of acid strength as in water. These 
results are presented in Table 1. Similar results were 
obtained for the various phenols titrated (Table 2). 

Procedure 

For each analysis a separate sample 01 2G50 + 0.1 mg 
was weighed by difference. This corresponds to about O.l- 
@3 meq of an acid. Approximately 50 ml of 3Me20x were 
added to dissolve the sample. After the addition of the 
solvent the head space above the solution was con- 
tinuously flushed with nitrogen which had been scrubbed 
free from carbon dioxide and moisture by passage through 
“Ascarite” and “Anhydrone”. A stable initial potential was 
attained in 2-5 min (depending on the rate of dissolution 
and mixing). 

The recovery values obtained in this solvent are compar- 
able to those for other solvents.10*11*‘~2’ Phenol behaves 
in 3Me20x much as it does in numerous other sol- 
vents.i6-i9 Harlow and Bruss titrated weak acids in four 
inert solvents, with tetrabutylammonium hydroxide in iso- 
propyl alcohol,i’ and pointed out the influence of the 
structure of various phenols on the shape of the titration 
curve. 

Once the titration was begun, potential readings stabil- 
ized (k@2 mV) in less than 1 min after each addition 
of titrant. In the immediate vicinity of the end-point 2- 
3 min were required to achieve potential stability. As the 
equivalence point was approached, the increments added 
were decreased to @Ol ml or less, with the burette tip 
just immersed in the solution. Smce the potential measured 
stabilized quickly, there was no discernible diffusion of 
tttrant into the solution. 

Recently, Eller and Caruso titrated several acids in sul- 
pholane, using much larger samples than in this study.‘s 
The same acids give equally accurate results when titrated 
in 3Me20x. Morman and Harlow compared three sulpho- 
lanes with large potential spans (as high as 1100 mV) as 
solvents lor use in potentrometric titrations with tetrabutyl- 
ammonium hydroxide. i9 However, the potential range of 
800mV available with 3Me20x is probably smaller than 
the true potential range of the solvent because the meth- 
anol in the titrant limits the lower end of the potential 
scale. Morman and Harlow” reported that phthalic acid 
had to be heated to dissolve it in sulpholanes; no such 
difficulty was encountered with 3-methyl-2-oxazolidone. 

A FORTRAN program was used to compute the end- Inspection of the tables shows that the accuracy and 
point volume by means of the first and second derivative precision of these analyses, as given by the computed recov- 
procedure. The program was written for the general case eries, were acceptable, considering the limited sample size. 
and did not require the normal stmplifying assumption The precision reported as the “+” value was the mean 
that all increments added in the region of the end-point deviation. A range can be seen by inspection of the data. 
were equal. Since one meq of the titrant reacts with one 
of the acid the stoichiometric equivalence point was taken 

Several dibasic acids were analysed, as well as tetrazole. 

as the inflection point of the titration curve. Subsequent 
The results in Table 3 show that both neutralization steps 
of dicarboxylic acids and of acids containing a carboxylic 
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and a phenohc group can be distinguished in titrations 
m this medium. No attempts were made to tttrate mixtures 
of different acids. 

Some of the acids titrated have indicator properties in 
aqueous systems, but except for picric acid and dinitroben- 
zotc acid they do not in 3Me20x. The picric acid colour 
change from yellow to amber did coincide with the end- 
point but appears to be of little value because the colour 
change is so slight. On the other hand, dinitrobenzoic 

4. G. M. Davis, J. E. Taphorn III and J. A. Caruso, 
J. Pharm. Sci., 1974, 63, 1136. 

5. A. H. Homeyer, U.S. Patent 2.399,118 (1946) Chem. 
Abstr., 1946, 40. 4084. 

6. L. H. Horsley, Azeotropic Data, American Chemical 
Society, Washington, D.C.. 1952. 

7. Handbook of Chemistry and Physics, 49th Ed., Chemi- 
cal Rubber Publishing Co., Cleveland, Ohio. 1968. 

8. L. R. Dawson, J. W. Vaughn, G R. Lester. M. E. 
acid gives a change from yellow to blue which also coin- Pruitt and P. G. Sears, J. E%ys. Chem., 1963. 67, 278. 
tides with the inflection pomt of the titration curve. Pre- 9. L. W. Marple and J. S. Fritz, Anal. Chem.. 1962. 34. 
liminary investigations indicate that other indicators may 796. 
be available for titrations in 3Me20x. 10. F. N. Harlow and G. E. A. Wyld, rhld. 1958. 30, 

In summary. 3Me20x has shown considerable potential 73. 
tor use as a non-aqueous titration medium. Various car- 11. J. S. Frttz and L. W. Marple, ibid., 1962, 34, 921 
boxylic acids, phenols, and dibasic acids can be effictently 12. M. E. Dyen and D. Swern. Chem. Rev., 1967, 67, 197. 
titrated in it. The approximate order of acidity of each 13. L. Meites, ed., Handbook of Analytical Chemistry, 
Series resembles that found in aqueous medium. Many McGraw-Hill, New York, 1963. 
organic acids which are sparmgly soluble in water dissolve 14. R. H. Cundiff and P. C. Markunas, Anal. Chrm.. 1956. 
readily m 3Me20x. Some compounds exhibit indicator 28, 792. 
properties. 15. H. A. Laitinen, Chemical Analysis, McGraw-Hill, New 

York, 1960. 
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Eight o-hydroxychalcones (2’-hydroxy-,‘s 2,2’-dihyd- 
roxy-,I9 2’,4-dihydroxy-,‘9 2’,4’-dihydroxy-,20 2’-hydroxy-4- 
methoxy-,2’,4’-dihydroxy4methoxy-,212,2’,4’-trihydroxy,‘9 
2’.4’,4-trihydroxychalcone”) synthesized from benzalde- 
hyde, salicylaldehyde, anisaldehyde and p-hydroxybenzal- 
dehyde by condensation with o-hydroxyacetophenon and 
resacetophenone have now been examined for their reac- 
tions with beryllium and aluminium ions at pH 80-9.0. 
The first four gave orange-yellow and the remaining four 
deep yellow precipitates with beryllium, but all eight gave 
yellow precipitates with aluminium. The precipitates 
obtained with beryllium were more crystalline and bulky 
than those with aluminium. None of the reagents showed 
any specificity either for beryllium or aluminium directly. 
In the presence of EDTA, however, all of them showed 
specificity for beryllium. The sensitivities of these reactions 
were determined according to Feigl’s method.** The limits 
of identification and dilution for detection of beryllium 
were 0.125 pg and 1:4 x 10’ and of aluminium 5.0 lg and 
1: 104. These results show that all eight chalcones have 
higher sensitivity for beryllium than aluminium. Reagents 
which are in use as spot-test reagents for beryllium are 
morin (0.07 pg; I :7 x-105), quinalizarin (0.14hg; 1:4 x 
10’) and p-nitrobcnzeneazo-orcinol (0.20 tig; 1:2 x 105). 
The present investigations revealed that all eight chalcones 
are much more sensitive reagents than p-nitrobenzeneazo- 
orcinol and quinalizarin, and can be used as spot-test 
reagents for beryllium in their stead. The effect of complex- 
ing agents such as oxalate, fluoride, tartrate, citrate and 
EDTA was examined. Oxalate was found to be unsuitable 
because its complexes with both metals were not suffi- 
ciently stable, and the hydrous oxides precipitated on addi- 
tion of ammonia. Fluoride formed a sparingly soluble alu- 
minmm complex and it was difficult to keep the aluminium 
in solution. In the presence of tartrate, citrate or of EDTA, 
aluminium failed to yield a precipitate with any of the 
chalcones, but precipitation of beryllium was incomplete 
m presence of tartrate and citrate; it was complete in 
the presence of EDTA, however. 

2’-Hydroxychalcone, which is readily prepared in a high 
state of purity by condensing o-hydroxyacetophenone and 
benzaldehyde, gave an orange-yellow precipitate with ber- 
yllium at pH 80-9.0 and no precipitate with aluminium 
or iron in presence of EDTA. The complex was soluble 
in dilute mineral acids, dilute acetic acid, and sparingly 
soluble in alcohols (methanol, ethanol, n-butanol, isobutyl 
alcohol, cyclohexanol), ether, or carbon tetrachloride, and 
moderately soluble in acetylacetone, ethyl acetate, acetone, 
ethyl methyl ketone, chloroform, benzene, toluene, dimeth- 
ylformamide and dioxan. Detailed investigations were 
made of the gravimetric determination of beryllium with 
this reagent and its separation from aluminium, iron and 
other elements associated with it in its minerals, and the 
procedure developed was applied to the gravimetric deter- 
mination of berylhum in beryl. 

EXPERIMENTAL 

Reagents 

Chalcone solution. A @5% solution of 2’-hydroxychal- 
cone in alcohol. 

Beryllium solution. A O.lM solution of beryllium sulphate 
tetrahydrate, standardized by the oxide23 and pyrophos- 
phate*s methods. Lower concentrations were prepared by 
proportionate dilution. A solution containing 0.36mg of 
beryllium per ml was used in this investigation. 

Ammonia solution, l.OM. 

Procedure 

A measured volume of beryllium sulphate solution was 
transferred into a 250-ml beaker and diluted to about 
100 ml with distilled water, then 1.0 g of ammonium chlor- 
ide was added and the solution was heated to .about 70”. 
A small excess of chalcone solution was added and the 

pH adjusted to 80-9.0 with ammonia. The precipitate was 
digested on a hot water-bath for about 45 min with oxa- 

sional stirring and then set aside. The cold solution was 
filtered through a weighed sintered-glass crucible (porosity 
4) and the precipitate washed with 5% aqueous alcohol 
made slightly alkaline with ammonia. The complex was 
dried to constant weight at 1051 lo”, cooled and weighed. 

For determinations in presence of EDTA, only 0.5 g 
of ammonium chloride was added, followed by the EDTA 
and the chalcone solution. The rest of the procedure was 
then followed. 

Determination of beryllium in beryl 

A beryl crystal (sample obtained from L.N. Mica Mine, 
Rapur Taluk of Nellore district, Andhra Pradesh, India) 
was crushed into coarse powder in a steel mortar, further 
ground in an agate mortar and finally in a mechanical 
mortar, then dried at 105-110” and stored in a desiccator. 

The finely powdered dry ore (1.0 g) was fused with anhy- 
drous sodium carbonate (6.0 g) and the cold melt dissolved 
in 4M hydrochloric acid. The solution was evaporated 
to dryness on the water-bath and the residue dried in 
an oven at 105-110” for 1 hr in order to dehydrate the 
silica. The residue was moistened with 10-15 ml of concen- 
trated hydrochloric acid, stirred, set aside for 10 min. 
diluted with 30ml of distilled water and heated on the 
water-bath with frequent stirring until only silica remained 
undissolved. The solution was filtered, then the silica was 
washed by decantation with hot dilute hydrochloric acid, 
transferred to the filter and washed with hot water. The 
filtrate was again evaporated to dryness and the sequence 
of operations repeated. The filter papers were ignited in 
a platinum crucible, and the cooled product was treated 
with 1 ml of water, 3 drops of concentrated sulphuric acid 
and 5 ml of hydrofluoric acid. The solution was evaporated 
to dryness on the water-bath, then heated over a sand-bath 
in a fume-cupboard, and finally over a Mtker burner for 
15 min. The crucible was cooled and the residue (tf any) 
was fused with sodium carbonate, then extracted with 
dilute acid, and the solution filtered, Both filtrates were 
transferred to a 2%ml volumetric flask and the solution 
made up to the mark. The solution was examined for 
metals of the hydrogen sulphide group and phosphate, 
and these were found to be absent. 

The beryllium content of the solution was determined 
(50 ml for each determination) by the oxide and pyrophos- 
phate methods. 24 Another 50ml of beryl solution were 
transferred to a lOO-ml volumetric flask and diluted to 
the mark. Portions (15.0, 20.0 and 25.0 ml) of this solution 
were transferred into 400~ml beakers and the beryllium 
content determined in presence of EDTA according to 
the procedure already described. 

RESULTS AND DISCUSSION 

The gravtmetric results show (Table 1) that the chalcone 
complex can be dried to constant weight and that the 

Table 1. Determination of beryllium as the chalcone 
complex 

wt. of Beryllium, q Error, 
complex, mg Taken *Found W 

18.2 0.36 0.36 OQO 
36.4 072 0.72 000 
54.6 1.08 1.08 OQCI 
725 144 1.43 -001 

109.4 2.16 2.16 @OO 
1460 2.88 2.89 +001 
182.2 3.60 3.61 + 0.01 

* Calculated on the basis of the suggested structure for 
the complex. 
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2. Determination of beryllium as chalcone 
in presence of EDTA 

of alummium, 
in beryl of beryllium. 

is not to the 
of Beryllium mg Error, of the to adhere to the 

mg Taken mg sides of the to adsorption 
In the if the 

* 0.1 2.88 2.89 +0.01 tions of 
+ 0.1 144 1.44 O@O departures from the expected theoretical composition of 
+ 0.1 0.72 0.72 0.00 the ignition product (Be,P*O,) resulting in 

of accuracy. 
* Average values of 
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results are reproducible. The molecular weight of the chal- 
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in the work. 

cone compfex is very high (conversion factor OtX978X so 
very small amounts-of beryllium can be determined with 
considerable accuracy. These are distinct advantages over 
several other organic reagents used for the gravimetric 
determination of beryllium which require ignition of the 
complexes to the oxides before weighing. 

REFERENCES 

3. 

5 

J. I-IV, 
Van Nostrand, New York, 1947. 
T. Akiyama, Bull. Kyotu. Coil. Pharm., 1955, 3, 15. 
K. Motojima, Butl. C&m. Sot. Japan, 1956, 29, 29. 
Idem, Nippon Kagaku Zasshi, 1954 77, 95. 
idem, Proc. U.N. Intern. ConjI Peace&f Uses At. 
Energy, Ind, Geneva, 1958.28. 667. 
L. M. Moiseeva, N. M. Kuznetsova and I. I. Pal’shina, 
Zh. Analit. Khim., 1960, 15, 561. 
I. Dema, Rev. Chim., 1960, 11, 485. 
Ch. B. Rao and V. Venkateswarlu, Z. Anal. Chem., 
1961, 178, 277. 
J. Das and S. C. Shome, Atnat. Chim. Acta, 1961, ‘24, 
37. 

The ratio of chalcone to beryllium in the complex IS 
2: 1. The structure of the complex is probably 

The results obtained in the spectrophotometric study’s 
of beryllium with 2’-hydroxychalcone also support this 
conclusion. 

The values reported in Table 2 clearly show that beryl- 
lium can be quantitatively precipitated with this chalcone 
in presence of EDTA. 

The reaction of the chalcone with various ions whrch 
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Summary-Several o-hydroxychalcones were examined to develop specific reagents for the precipitation 
of beryllium in the presence of elements such as aluminium and iron, which occur in its ores. 
All these reagents showed specificity only in the presence of EDTA. Among them, the readily obtainable 
~-hydroxychalcone is proposed as a new specific reagent for beryllium. The chalcone complex can 
be dried to constant weight Bt 105-110” and the conversion factor is 0.01978. A probable structure 
for the complex has been suggested. Quantitative separation of beryllium from aluminium and iron 
carried out by this method gave good results. This method was applied for the gravimetric determina- 
tion of beryllium in beryl a’nd the results were in good agreement with those obtained by the oxide 
and pyrophosphate methods. 
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The titration of Zn(K1) in acid solution to give a precipi- 
tate of K,Zn,[Fe(CN),], by the procedure of Belcher et 
al.’ has been cited as a student experiment2 Lingane and 
Hartley3 studied the effect of pH on the reaction by using 
electrogenerated K+Fe(CN&, and decided that the compo- 
sition of the product depended both on the pH and on 
the other ions in solution. The method is reviewed in 
the treatise by Kolthog and Elving4 where it is noted 
that heavy metal cations must be absent. Much earlier, 
Willard and Furman5 suggested that Zn,Fe(CN), was 
formed as a preliminary to the final precipitate. 

In the references cited above, the amount of Zn(I1) 
titrated was normally greater than 1 mg. In the present 
work, as little as 2 pg of Zn(II), in concentrations as low 
as about 10w6M, has been titrated (Table 1) in the presence 
of Cu(II), Ni(II), Al(III), Fe(II1) and U(V1). Cd(H), which 
forms compounds similar to those of Zn(II), interferes in 
the titration. 

Reagents 

EXPERIMENT 

8-Quinoiinot-5-sulphonic acid. A commercially available 
sample was used without further purification, as an ap- 
proximately lO-3M solution. 

Zinc chloride solutions, IO-‘M. Prepared from ACS-cer- 
tified arsenic-free zinc metal. 

Potassium ferrocyanide solution, IO-“M. The solution 
was standardized against potassium bromate by an ampero- 
metric method. 

Potassium hydrogen phthalate, O-1 M solution, pH 4. Other 
solutions were prepared from common salts. 

Procedure 

A sample confining the desired amount of ZN(I1) was 
pipetted into a 30-ml beaker confining a magnetic stirring 
bar. An excess of S~uinolinol-5-sulphonic acid solution 
was added, followed by f0 ml of phthalate buffer, and 
the fluorescence of the solution was measured, using an 
excitation wavelength of 360 nm and an emission wave- 
length of 420 nm. The solution was then titrated with 
K4Fe(CN),. As the titration proceeded, samples were 
removed for a fluorescent measurement, being returned 
after the measurement. The result of such a titration can 
be seen in Fig. 1. 

In order to determine the amount of 8quinolinol-S- 
sulphonic acid needed to provide an excess for the solution 
being titrated, an initial complexometric titration was done 
with this reagent. Such a titration is illustrated in Fig. 
2. Only the first sample in a batch need be run in this 
manner, but such a run should be made in any analysis 
involving other cations in addition to zinc. 

A titration such as that shown in Fig. 2 may be used 
for the determination of cations forming non-tluorescing 

TAL. 2217-t 

8quinolinol-5-sulphonate complexes.* However, van Sla- 
geren et af? have recently tried to use 8-quinolinol& 
sulphonic acid as a self-indicating t&ant, and also as an 
indicator for titration of Zn(I1) with EDTA, and found 
that there was interference from other cations by formation 
of 8quinolinol-5-sulphonate complexes. 

When other cations were to be present in addition to 
Zn(II), they were added after the Zn(II), with the Squino- 
linol-S-sulphonic acid being added before the buffer, to 
ensure complexation of all the cations. The cation con- 
centration in the solutions prepared for titration was IO-‘- 
10A6M, before the titrant was added. 

DISCUSSION 

Figure 1 shows the results obtained by titrating standard 
Zn(I1) solution with standardized K4F&N),. &lculation 
of the ZN/FelCNk ratio from 3 runs save a value of 
2.10 f 0.14, in&a&g a compound Zn,F&X)e. In calcu- 
lating the results shown in Table 1, a ratio of 2: 1 has 
been assumed. 

Consideration of the formation constants for the S- 
quinolinol-S-~lphonate complexes and the solubihty pro- 

1 I I I I I 
0060 0400 O.ISO 0.200 0.250 

Volume of titrant 

Fig. 1. Titration of Zn(I1) with K,Fe@X& at pH 4. O-164 
mole of Zn(I1) as. 1.21 x 10v3A4 K,Fe(CN),. Starting 

volume 22.5 ml. 
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Volume Of tltrant 

Fig. 2. Titration of solutions of Zn(H) with other cations 
vs. HL. HL = 2 x 10m3M 8-quinolinol-5-sulphonic acid: 
x = 3.28 pmole of Zn(II) + 2 pmole of Cu(I1) in 50 ml; 

o = 164 pmole of Zn(II) + 1 pmoie of Al(H1). 

ducts of the ferrocyanides,” along with the reqmrements 
for masking agents,’ indicated that the reactions given 

At pH 4, the reaction for bivalent cations may be taken 
as 

in the present paper might be used in an analytical method. 

H+ + 2ML i- HFe(CN)z- = M2Fe(CN}, + 2HL- (1) 
where L is the 8-quinolinol-5-sulphonate ion. ZnL fluor- 
esces but HL- does not. 

The equilibrium constant for this reaction is 

W-l2 
K = [H’] [ML]‘[HFe(~N)~-] = 

where &+(tN#- = the acid dissociation constant for 
HFe(CN):- 

KHL_ = the acid dissociation constant for HL- 
KYL = the formation constant for ML 
K,, = the solubility product for M,Fe(CN), 

Substitution of the literature values* in equation (2) gives 
values (rounded off) for pfc for a number of cations as: 
Zn 0; Cd 1; Ni 5; Co 5; Cu 7. 

The greater the values of pR the less the chance of 
interference, since this indicates that the cation will be pres- 
ent predominantly as the ML complex, rather than as 
a ferrocyanide precipitate or complex. 

When Zn(II) is titrated in the presence of other cations 
which have low pK values, the titration curve is similar 
to that in Fig. 1, but the position of the horizontal line 
will vary according to the setting of the instrument, and 

Table 1. The effect of interfering cations 

[Zn’+],* Cation, 
i0-6iCI c1s 

7.5 Cu 6.4 
4.5 Cu 3.8 
3.0 cu 1.3 

Zn, l(y No. 
of Error, 

Taken Found runs 7; 

IO.70 10.30 3 2.8 
16.42 6.15 2 45 
4.28 4QO 2 7.0 

13.0 Cu 6.4 
NI 59. 

10.70 1044 2 2.4 

5.5 1 cu 2.5 
Ni 6. 

4.28 4,42 2 3.2 

2.8 cu 1.3 
Ni 

3 
6. 

2.14 209 2S 

8.8 ‘Al 3.1 10-70 1@45 3 73 
6.5 Fe3+ 5.5 1070 LO.20 2 5 
3.9 Fe3+ 5.5 6.42 6.00 3 4 
6.0 Fe3+ 5.5 4.28 4.30 3 OS 
3.0 Fe3+ 5.5 2.14 2.10 3 2 

*The con~ntration in the sample plus buffer before 
starting the titration. 

will depend on whether the other cations form a tluores- 
cent complex ML at pH 4; e.g. Al(II1). The results of 
titrations mvolving mixtures are also shown in Table 1. 

Be(H) and UO,(II) were titrated at a pH > 7 (where 
their complexes with 8-quinolinol-S-sulphonic acid Auor- 
esce) with K,Fe(CN), and it was found that the titrant 
did not affect the tluorescence. It IS felt that they may 
indicate the effect of other light and heavy metals. 
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Summary-A method has been suggested by which pg amounts of Zn(I1) in 10-5-10-6M solution 
can be titrated with K,Fe(CN& in the presence of heavv metal cations. by using 8quinolinolS- 
sulphonic acid at pH 4 as a combined indicator and masking agent. Cd(H) interferes. 
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Two common methods for the titrimetric determination 
of phosphate are discussed by Ayres.’ Schwarzenbach and 
Flaschka’ give an extensive discussion of complexometric 
procedures in which a precipitating cation is titrated after 
the filtration and washing of a phosphate precipitate. In 
the method presented here phosphate is titrated with lan- 
thanum, 8quinolinol-5-sulphonic acid being used as a 
fluorescent indicator which also acts as a masking agent. 

EXPERIMENTAL 

Reagents 

8-Quinolinol-5-sulphonic acid solution, IO-‘M. The re- 
agent was used without further purification. 

Metal ion solutions, 10e3M. The solutions were prepared 
from reagent-grade nitrates, and standardized against 
DCTA, itself standardized against reagent-grade copper 
sulphate pentahydrate. 

Standard phosphate solution, 001M. Prepared from 
NaH,PO,, and standardized against carbonate-free 
sodium hydroxide which had been standardized against 
potassium hydrogen phthalate. This phosphate solution was 
used to prepare more dilute solutions. 

Procedure 

Preliminary experiments showed that there is a fluores- 
cence maximum for the 1: 1 La(IIIt-S-cminolinol-5-sul- 
phonate complex between pH 65 and 75 (excitation at 
360 nm, emission at 520 nm). 

The phosphate-lanthanum titrations were performed in 
small beakers as follows. Pipette a sample of phosphate 
solution into a beaker containing a small magnetic stirrer 
bar. Add an excess of IJquinolinol-5-sulphonic acid solu- 
tion, followed by sufficient O.lM ammonium acetate 
(adjusted to pH 7) to bring the pH to 7. Add distilled 
water and stir the solution: then measure the fluorescence 
against a water blank. Add an increment of La(II1) solu- 
tion, centrifuge*, measure the fluorescence again, replace 
the sample in the beaker and continue the titration with 
another increment of titrant. 

DISCUSSION 

The anion of fully dissociated 8-quinolinol-S-sulphonic 
acid will be denoted by L. When equilibrium has been 
reached the reaction involved is assumed to be 

LaL+ + HPO:- = LaPO, + HL- (1) 

WI 
K = [LaL+][HPOi-] = 

K HPO:- 

K I &a_ K, 
(2) 

* Figure 1 shows a curve determined without centrifug- 
ing. When the sample is centrifuged, the portion of the 
curve representing precipitation of LaPO, is parallel to 
the x-axis. 
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Fig. 1. Titration of HPO:- with La3+. (See Table l-each 
solution contained 10 ml 01 10e3M HL- and 10 ml of 

pH 7 buffer. Solutions were not centrifuged.) 

where KHPO:- is the acid dissociation constant for HPO:- 
K,,, that for HL- 
K, the formation constant for LaL’. and 
K,, the solubihty constant for LaPO,. 

At pH 7. the predominant acid species are those shown 
in equation (1). 

The results of the series of titrations shown in Fig. 1 
are shown in Table 1. The results found are usually slightly 
high, and this was also found when much smaller amounts 
were determined (Table 2). 

Table 1. Titration of HPO:- with La(II1) at pH 7 

PO:- taken, PO:- found, Volume of 
Sample* ms ms solution, ml 

A 3.16 3.32 125 
B 1.58 1.72 100 
C 095 0.97 100 
D 0.63 064 100 
E O-32 0.32 100 

*See Fig. 1. 
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Table 2. Determmatton of small amounts of P 

P taken, w P found, ng 

36-4 36.9 
18.2 186 
9.10 9.21 
2.72 2.28 

La(III) = 1.45 x 10-3M. Initial volume = 9 ml. con- 
taining 0.5 ml of 10S3M HL and 2 ml of buffer. 

The effect of interference by ions that mtght form preci- was proportional to the amount of these ions present, 
pitates with either phosphate or LafIII) is shown m Table 
3 for typica ions that show only slight interference. The 

suggestmg that they react m the same way as La(II1). 

fluorescent alumimum complex was corrected for. 
There was no such simple relationship in the case of 
Th(IV). 

Of ions showing greater interference, arsenate, as might 
be expected, could itself be titrated by the method outlined 
here for phosphate, and the sum of the two determined. 
The rare earths and quadrivalent cations would be 
expected to interfere, so Ce(III), Gd(II1) and Th(IV) were 
tested. With Ce(tI1) and Gd(II1) the extent of interference 

REFERENCES 
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Harper & Rowe, New York, 1968. 

2. G. ~hwa~en~ch and H. Flaschka, C~~~~exo~~r~~c 
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Table 3. Effect of other ions on P determination* 

F- C-:+ HSi+ Cd”’ Fe’- Al’+ B,” 

19 33 10 .cii ? 76 13 10 

1 x2 943 943 943 X06 X116 X06 
198 961 911 942 X84 xx0 xx0 

*All samples were 10.0 ml at the start of titration. in- 
cluding 05 ml of 10e3M HL and 2 ml of buffer. 

La(II1) = 1.24 x 10M3M. 

Summary-The use of g-quinolmol-Ssulphonic acid as both masking agent and indicator m the 
titration of phosphate with La(II1) has been Investigated. The reagent forms complexes with most 
cations in preference to the formation of their phosphate precipitates at pH 7, but the reverse is 
the case for the rare earths, which permits the precipi~tion reaction to be carried out in the presence 
of these other cations. Amounts of P of the order of 5 ng have been determined at a concentration 
of 5 ppm. 
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Summary-A r&view is made of the analysis of detergents, covering the determination of all classes 
of compbnent materials. 

From time to time reviews have appeared in a 
number of jour&ls on various aspects of detergent 
analysis. It is again considered a favourable time for 
a complete review to appear. The present work con- 
siders the procedures for the analysis of anionic, 
cationic, non-ionic and ampholytic (including zwitter- 
ion) surfactants, procedures for the analysis of manu- 
factured products, including methods for the organic 
components incorporated in formulations for specific 
purposes, and procedures, for the essential and inci- 
dental inorganic constittients that are present. Gravi- 
metric procedures are applied only for the major 
co&ponents. The same is normally true for titrimetric 
methods, but often the only difference between macro, 
minor and trace level concentrations is a question 
of dilution of the original sample. This comment also 
holds for calorimetric procedures and it is not un- 
usual for extensive dilution to allow the application 
of calorimetric methods to major components. Not 
infr~uendy the ~term~ation of a particular com- 
ponent depends on its decomposition by hydrolysis 
or other reactions. The products then have to be 
determined and identified and their precise nature 
must be established. In other words the simple analy- 
sis for the quantit) of each component present will 
provide insufficient data for the calculation of a reli- 
able imposition. Because of the complexity of manu- 
factured products of all types separation procedures 
are an essential preliminary to the determination of 
the numerous components and this is equally as 
essential when instrumental methods are used for 
their identification. Then with all the data assembled, 
the ~m~sition of the products can be calculated, 
although in many cases experience in the art is a 
marked advantage. 

Modern manufa?tured products include commer- 
cial washing or laundry products, household powder 
and liquid products for automatic w&h&g and dish- 
washing machines, liquid washing-up products, cos- 
metic prepar&ions, wall and floor cleaners, car&t 
and furniture shampoos, metal and oven cleaners, 

* For reprints of this Review see Publisher’s announce- 
ment near the end of this issue. 

leather ~nditioning products, dye-levelling agents, in- 
dustrial cleaning pre~rat~ons, dairy and agricultural 
cleaning preparations and sprays, insecticide and dis- 
infecting preparations, scouring products and wet&g 
agents. For the manufacture of all these products a 
variety of detergent raw materials are necessary and 
methods for their analysis are often required before 
~~encing ~nu~cture. These various iroducts all 
contribute to present-day pollution problems and this 
aspect now con&utes an important part of the field 
of detergent analysis. 

The complete analysis of manufactured products is 
becoming more and more difficult as the complexity 
of form~ations increases. The use of mixtures of sur- 
factants is now a common practice and often as many 
as four different fluorescent whitening agents may be 
used.’ These examples give some indic+ion of the 
difficulties facing the analyst, and the problems iire 
even greater for newcomers to the field. Even. those 
experienced in the field are finding it vital to carry 
out research cont~uousiy to find new procedures to 
keep pace with manufacturing advances. Instrumental 
methods will not as a rule furnish complete quantita- 
tive data for ,#culation of composition, although 
often liquid-gas chromatography, thin-layer chromat- 
ography and sometimes infrared spectroscopy furnish 
quan~~tive results. In the main the function of in- 
strumental techniques will be identification after qua- 
litative separations have been achieved. 

The recognised publications on the subject are 
those of Rosen and Goldsmith,* Hummel, and 
Cross,4 whilst that of Swisher’ is the accepted text 
in the biodegra~tion and pollution field. 

ISOLATION PROCEDURES 

Modern detergent products may contain a variety 
of organic and inorganic constituents. These may iti- 
ciude unreacted components from surfactant raw 
materials, lather improvers, fluorescent whitening 
agents, organic bleaches, low-temperature bleach pre- 
cursors, suspending agents, anti-tarnishing agents, 
hydrotropes such as urea and short-chain alkylben- 
zene ilphonates, free ethanolamines, ethanol or 
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methanol, carbonates, perborates, silicates, phos- 
phates, borates, sulphates, EDTA, NTA and chlor- 
ides. In order to identify these components it will be 
necessary to effect separation if possible in the form 
in which they occur in the product although this may 
be difficult when mixed inorganic constituents are 
present. The presence of urea in the product upsets 
all the normal procedures used for separation and 
it is essential to destroy it first. 

The separation procedures most commonly used 
are extraction procedures, ionexchange,6-8 column 
chromatography on silica geL9 alumina,‘O*” cellu- 
lose,i2 Sephadex, 13,i4 brine-impregnated cellulose or 
carbon. ’ 5 but separation by thin-layer chromat- 
ography on silica gel9 alumina16 or silaned silica 

gel, 1 ‘-l 9 paper chromatography20*2 ’ and sometimes 
gas-liquid chromatography22s23 are often used for 
identification. None of these procedures will be uni- 
formly applicable and it may be necessary sometimes 
to proceed by trial and error. Chemical separations 
include extraction with petroleum spirit or diethyl 
ether from aqueous alcohols or from acidified 
aqueous solution if soap or sarcosinates are present,24 
with chloroform or carbon tetrachloride from acidi- 
fied aqueous ethanol,25 or from dry solids with eth- 
anol,26 isopropyl alcoho1,27 butanol,28 chloro- 
form24*29 or acetone. Often separations can be 
effected by alkaline or acid hydrolysis. Recent sugges- 
tions include Milwidsky’s3’ liquid-liquid extraction 
which by slight modifications enabled free oil, soap 
fatty acids, non-ionic surfactants and anionic sul- 
phonic and sulphuric acids to be isolated, and 
Kupfer’s, 31 for the separation of mono-, di-, or poly- 
sulphonates in alkyl sulphonate preparations. Ali and 
Laurence32 used a cellulose column for the separation 
of long-chain mono-, di- or polysulphonates prepared 
from aliphatic hydrocarbons, while Milster, Meckel 
and Schimmering33 examined the known chroma- 
tographic procedures for the separation of anionic 
and non-ionic surfactants, but they claimed that these 
failed to give a separation of 7 out of 45 binary mix- 
tures. Ion-exchange has been used by Leschenko and 
Ishutina34 but the technique uses essentially the 
apparatus recommended by Voogt.’ Riley3’ also used 
ion-exchange to effect quantitative separations by col- 
lecting lo-ml fractions and determining each succes- 
sive component radiometrically via i4C, fluorimetri- 
tally or spectrophotometrically. Wickbold has de- 
veloped an excellent foam-flotation procedure for the 
isolation of trace quantities of anionic and non-ionic 
surfactants from sewage and activated sludge liquors. 
Kinoshita and 0yama3’ report that phosphate-based 
surfactants can be separated by thin-layer chromat- 
ography (TLC) on silica gel, whilst McCoy and Bul- 
lock3* have obtained a good separation of the non- 
ionic telomers of a non-ionic surfactant by circular 
TLC of the 3,5-dinitrobenzoyl esters. Every com- 
ponent which had the same number of ethoxylate 
units appeared in the same ring. GaspariE39 has pub- 
lished a procedure based on paper electrophoresis 
which enables surfactants to be separated and identi- 

fied, but gives no quantitative data. Sahasrabudhe4’ 
published a silica gel TLC procedure for separating 
the various types of fractions in sucrose fatty acid 
ester surfactants and Ludwig4’ described a separation 
procedure for non-ionic surfactants based on the gas 
liquid chromatography (GLC) of their trimethylsilyl 
esters. LewL2 has published a phosphoric acid degra- 
dation/capillary GLC procedure for the identification 
of surfactants. It involves controlled high-temperature 
decomposition followed by separation of the resulting 
volatile pyrolysis products, aldehydes, saturated and 
unsaturated hydrocarbons and alkylphenols. The 
point of cleavage is quite selective and is usually at 
C-S or C-O, so each type of surfactant gives a charac- 
teristic reaction product. The paper claims that the 
procedure is quantitative for both carbon number and 
isomer distribution in alkylbenzene sulphonates, 
semi-quantitative for ethylene oxide derivatives and 
for branched-chain hydrophobes, and qualitative for 
hydrotropes and other surfactants. 

Analysts will find column chromatography pro- 
cedures the most useful for separation of essential 
components. These yield quantitative data and give 
the most complete separations of components for 
identification and further analysis. Alumina is the 
most useful adsorbent although brine-treated cellu- 
lose will be found useful, particularly when dealing 
with non-ionic and amphoteric systems. Foam flo- 
tation is particularly useful for sewage, activated 
sludge, lake and river liquors and waters, for it has 
the advantage that the surfactant is isolated pure and 
the effects of natural impurities on calorimetric deter- 
minations are eliminated. 

Borecky43 has proposed the use of paper chromat- 
ography in the analysis of a variety of surfactant 
types. He used two parts of propanol-ammonia solu- 
tion (2 : l), butanol-ammonia solution (2 : 1) or forma- 
mide-methanol-water (32 : 3 : 3) for the chromat- 
ography after the compounds had been hydrolysed 
with hydrochloric acid and extracted with ethanol. 
The resultant components were chromatographed as 
their 3,5-dinitrobenzoates. Compounds containing an 
aromatic sulphonate group were fused with potassium 
hydroxide to yield phenols, and were then chromato- 
graphed on paper impregnated with dimethylforma- 
mide. 

THE DETERMINATION OF ANIONIC SURFACFANTS 

In the past five years no basically new technique 
has been proposed for the determination of soaps, 
anionic, cationic or non-ionic siirfactants, but a 
number of modtications and developments of older 
methods have appeared. The procedures which the 
analyst will adopt depend upon whether the composi- 
tion of the product to be examined is known or un- 
known. In the latter case it is normally advantageous 
to use a gravimetric procedure because this, gives the 
product in a form from which its true nature, proper- 
ties and mean equivalent weight can be deduced. 
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Gravirnetric methods 
It is an advantage to know which elements are 

present in each component of the product. Their 
quantitative determination will enable the empirica 
formula and the mean equivalent or mokxz&ar weight 
to be calculated. Before attempting the isolation and 
determination of the surfactants it is important to iso- 
late the fractions extractable fram aqueous alcoholic 
solution. This involves extraction with petroleum 
spirit (b.p. 40-60’ or 30-40”) and with diithyl ether. 
These will remove (I) adventitious ~~uI~~t~ un- 
sulphonated or unreacted hydro~ho~s, (2) deiibera- 
tely introduced components such as fatty alcohols, 
(3) neutral products such as sulphones formed as by- 
praducts during surfactant manufacture, (4) perfume, 
(5) fatty alkanolamide lather improvers, (6) soaps and 
(7) any added fatty or waxy component. Some of t&se 
components are soluble in petroleum spirit and others 
such as fatty alkanolamides and monoglycerides in 
diethyl ether; procedures are detailed in published 
work.43 Soap and sarcosinate acids will be removed 
by petroleum spirit after acidification with sulphuric 
or hydrochloric acid, The various fractions isolated 
must be further examined so that the nature and 
quantity of each constituent can be established. 

The gravimetric determination of anionic surfac- 
tams can be achieved by ethanol extraction, by hy- 
drolysis with ethanolic or aqueous potassium hydrox- 
ide,44 by acid hydrolysis,44 by acid hydrolysis under 
pressure,& by dry chloroform extraction,44 by eth- 
a&-acetone extraction, by wet chloroform exirac- 
tion.44 by diethyl, ether extraction from concentrated 
hydrochloric acid solutions,44 by amyl alcohol extrac- 
tion,45 b y isolation in ethanol by saturating an 
aqueous ethanol sohstion with solid potassium car- 
bonate, by use of c~omato~phy on ah_zmina& or 
by ion-exchange, procedures8 

No single gravimetric procedure can be recom- 
mended for all types of anionic surf&ant and the 
ethanol extraction procedure is a general one for iso- 
lation, but it is not recommended for quantitative 
purposes unless afl other f3rocedures fail; the number 
of corrections44 to be apphed makes accurate assess- 
ment very difficult. These comments apply also if the 
potassium carbonate technique is used. Hydrolysis 
procedures are applicable to carboxylate ester surfac- 
tams or to polyoxyethyleneglycol sulphates and the 
dry chloroform extraction procedure is applicable 
only to alkyIhenzene and non-ionic surfactants. Hyd- 
roiysabie surfs&ants give rise to components other 
than fatty derivatives, such as inorganic sulphate, gly- 
cerol, monoethanolamine, i&hi&ate, taurine, methyl- 
taurine, etc. Each of these must be determined and 
the nature of the fatty matter estabhshed before the 
content of the hydrotysabie component can be 
deduced. Gravimetric procedures based on alkahne 
hydrolysis44 are reserved for carboxylate ester deriva- 
tives only; while acid, hydrolysis is applicable to both 
carboxylate and, lsulphate ester types, and acid hy 
drolysis under p8’essure44 must be used for certain 
a~~d~~ti~s~ Their structure is deduced from the 

nature and amount of the products of hydrolysis. 
When both ester types are present together it is 
necessary to hydrolyse first with alkali and then with 
acid. 

The diethyl ether/hydr~blor~c acid method4& 
serves to isolate the true monosulpho~tes from 
alkylbenzene sulphonates, while the dry chloroform 
procedure determines the total mono-, di- and poly 
sulphonates present. Special tests will be necessary 
to ascertain the precise nature of alkylbenzene sul- 
phonates and often the source of the hydrocarbon 
used can be deduced. These tests include a mass-spec- 
trometric examination after isolation of the hydrocar- 
bons by the phosphoric acid procedure. The alumina 
and ion-exchange procedures can be used for quantita- 
tive assay of the total anionic surfactant but if hydro- 
&sable components are present then ethanol& hydro- 
chloric acid must not be used to eiute the surfactant 
from the ion-exchange column as decomposition will 
occur during removal of the solvent. 

Most titrimetric methods use some form ofcationic 
surfactant as titrant. A large number of procedures 
have been reported and they differ in the choice of 
indicator and the titration conditions. The earliest 
procedures were single-phase titrations wherein the 
disappearance of micehes produced a change in 
colour. Modern two-phase titrations began with the 
work of Jones,46 Epton4’ and Barr.48 The various 
methods can use either anionic or cationic dyes as 
indicator and the effect of using these is to alter the 
underlying RrincipIe. No surfactant/dye complex is 
formed with an anionic dyestuff. Hence the first EXCESS 
of cationic titrant wiR result in the transfer of the 
titrant/dye salt to the organic solvent. With a cationic 
dyestuff a surfactant/dye salt is formed, which 
transfers the colour to the organic phase, and com- 
plete transfer of colour back to the aqueous phase 
should show the end-point. Roth these changes are 
dig%& to observe and the former may tend to be 
prematurely observed. The end-point is therefore nor- 
mally taken as equal colour intensity in the two 
phases. This means that anionic dyes give over- 
titration and cationic dyes give under-titration. This 
difficulty led Herring” to propose the use of mixed 
indicators, one cationic and the other anionic. He 
chose dimidium bromide and Disufphine Bhrc 
VNlSO. This modification has been extensively stud- 
ied by Reid, Longman and Heinerthso and has led 
to a marked improvement in the accuracy of the two- 
phase titration technique. The outstanding virtues of 
this modification are that for the first time the 
titration is stoicbiometric and the end-point can be 
very easily and readily observed. Initially the colour 
due to the surfactant/dimidium bromide complex is 
concentrated in the chloroform phase. Near the end- 
point this colour shifts into the aqueous phase and 
immediately the ~ion~~~~rnidi~rn bromide c&our 
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has disappeared the blue titrant/Disulphine Blue salt 
shows in the chloroform layer. The end-point is thus 
a sharp change from pink to blue. 

A large number of titrants have been used in the 
numerous modifications. They include cetylpyri- 
dinium bromide (CPB), cetyltrimethylammonium 
chloride(CTC), cetylbenzyldimethylammonium chlor- 
ide (CBC) and Hyamine 1622 (p-t-octylphenoxyethyl- 
dimethylammonium chloride), Careful examination of 
the different titrants has established that in single-dye 
procedures the benzene-derived titrants give titrations 
closer to stoichiometry than do the alkyl-based 
titrants. Of the benzene derivatives Hyamine 1622 is 
preferred because of its high solubility in water, its 
constant composition, its ready purification by recrys- 
tallization, and its almost quantitative reaction with 
a number of different anionic surfactants. It has been 
established that the normal hydrotropes used, soap, 
urea, fatty alkanolamides, non-ionic surfactants, 
bleaches and the inorganic salts normally incorpor- 
ated do not have a deleterious effect on the titration. 
There is one other advantage this mixed-indicator 
system has over single-indicator systems. With the 
latter it is essential to use a fixed aliquot of titrand 
and a limited volume (10 + 0.5 ml) of cationic titrant 
if reliable results are to be obtained. This is unnecess- 
ary with the mixed-indicator system. The aliquot used 
can vary ,between 6 and 50 ml and the volume of 
titrant may vary similarly without accuracy being 
affected. The titrant must be standardized precisely 
as des&ibed in the publication. In fact the dimidium 
bromide/Disulphine Blue two-phase titration sys- 
tem” is recommended above all others, but it must 
be remembered that components with a chain length 
of eight carbon atoms or less will not be titrated 
quantitatively. This procedure gives an end-point 
which is very sharp and is easily observed. The pro- 
cedure can be used under acid or alkaline conditions, 
but the operator should standardize the titrant for 
each set of conditions. Single-phase titrations are less 
accurate. 

A very large number of dyes have been proposed. 
The principa1 ones are Methylene B1ue,47 Bromo- 
phenol Blue, 48 Pontamine Fast Red 8NBL,‘l Rose 
BengaL’* acriflavine,53 dichlorofluorescein,54 Bro- 
mocresol Green,” Methyl Violet,56 Orange II,” 
tetrabromofluorescein,sa Thymol Blues9 and Rhoda- 
mine 6G.60 The procedure using Methyl Violet pub- 
lished by Abramovich s6 is a novel one. It is a single- 
phase reaction in which the reagent is an aqueous 
Methyl Violet solution decolorized with sodium sul- 
phite at a pH of 95. The addition of this colourless 
reagent’ to an anionic surfactant results in the redeve- 
lopment of the violet colour, the depth of which is 
proportional to the concentration of surfactant pres- 
ent. It is thought that the reaction takes place within 
surfactant micelles from which sodium sulphite is 
excluded and therefore unable to decolorize the 
anionic surfactant/Methyl Violet salt formed within 
the micelle. This however is a calorimetric procedure 
and it cannot compete for accuracy with the two- 

phase mixed-indicator system. Alternative titrimetric 
procedures are those involving the use of benzidine 
hydrochloride6’ and p-toluidine hydrochloride.62 In 
the former the benzidine’ salt of the anionic surfactant 
acid is precipitated, filtered off, dissolved in ethanol 
and the free addity titrated with sodium hydroxide. 
In the latter the p-toluidine surfactant salt is dissolved 
in diethyl ether and after dilution with ethanol is 
titrated ,wfth sodium hydroxide. The p-toluidine pro- 
cedure is the more satisfactory but neither is as reli- 
able as’ the mixed-indicator method. Chromniak et 
a1.63 reported a modification of the benzidine hydro- 
chloride technique. The surfactant solution’is neutra- 
lized with hydrochloric acid and then titrated conduc- 
timetrically with benzidine hydrochloride solution, 
platinum electrodes being used. 

Recent developments include the work of 
Hellsten64 which uses the sudden breaking of emul- 
sion and the coagulation of the ‘anionic/cationic sur- 
t&ant salt in a single-phase system and that of 
Saitobs which extracts the Rhodamine 6G complex 
into benzene and measures the absorption at 530 nm. 
Lewkovich66 heats the sample in a glass autoclave 
for 2 hr at 140” with 7 ml of l.ON sulphuric acid. 
The amount of active detergent is deduced from 
the increase in amount of 05N sodi&n 
hydroxide needed for the titration with phenolph- 
thalein as indicator. Shapoval et aL6’ propose the ap- 
plication of the polarograph to the determination 
provided the nature of the, surfactant is known. 
Izawa6* suggests a procedure For the direct assay of 
anionic sutfactant in ternary mixtures of anionic/ 
ampholyic/non-ionic surfactants whereby the anionic 
surfactant/Methylene Blue colour complex is isolated 
in chloroform after removal of any ampholyte/Methyb 
lene Blue complex on cotton; the anionic surfacmnt 
content is measured from its absorbance at 655 nm. 
Bartha et a1.6g used an ultraviolet spectrophotometric 
method for surfactants containing an aromatic ring, 
by measuring the absorbance at 220 nm; if aryl 
anionic surfactants are absent the procedure is applic- 
able to alkylphenol ethoxylates. 

It should be noted that reactions involving anionic 
dyes are performed in alkaline solution, and those 
with cationic dyes normally in acid solution. The stoi- 
chiometry of ‘these different dye reactions vary and 
this aspect must be examined before any comparison 
is made between results obtained by different tech- 
niques. 

DETERMINATION QF CATIONIC SURFACTANTS 

The most reliable work on the analysis of cationic 
surfactants is that due to Cross.3p70 In His 1965 
paper he published a series of titration techhiques 
which enable the cationic surfactants to be differen- 
tiated into three classes and each,assessed separately. 
Sodium tetraphenylborate is us&d as titrant. ‘By use 
at pH 1.0, pH 10 and pH 13’ it alassifles (1) alkyl 
and aryl quaternary alnmonium~derivatives, (2) pyri- 
dinium, quinolinium and biguaaidine derivatives and 
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(3) the tertiary amines present as impurities in qua- 
ternary surfactants. 

The one general gravimetric procedure is acetone 
extraction but this cannot be applied directly when 
any non-ionic sur$ctam is present. Gravimetric pro- 
cedures in the main involve the formation of insoluble 
salts. and are liable to be far from acceptable. This 
is illustrated by Epton’s4’ original dichromate pro- 
cedure for standardizing cetylpyridinium bromide 
solutions, where it has since ,been demonstrated that 
the solubility of the salt increases with decrease in 
the molecular weight of the quaternary compound. 
A large number of precipitating agents have been 
used. They include potassium ferricyanide” and fer- 
rocyanide, phosphotungstic acid,” reineckates,73 
Dragendorffs reagent,36 phosphomolybdic acid and 
silicotungstic acid. Great care is necessary in the use 
of precipitating agents for quantitative assay. The 
reaction is often not stoichiometr+z and lower molecu- 
lar weight surfactant components, are more readily 
soluble in the aqueous phase. Careful choice is necess- 
ary and if possible the surfactant under examination 
should be used as a standard. Readers would do well 
to follow the recommendations of Cross.3*70 

A more recent quantitative determination as the 
reineckate by Miyagishi et a1.,74 involved a pressed- 
disc infrared method and absorption measurement at 
1250 cm-’ but each surfactant required its own 
calibration curve. Kasai, Yano and Kimura75 have 
presented a combined gravimetric and titrimetric pro- 
cedure. The surfactant solution is titrated in dilute 
hydrochloric acid solution with phosphotungstic acid 
and Congo Red as indicator. The molecular weight 
is deduced from the weight of precipitate and the 
titration value and this, is used to deduce the content 
of the cationic surfactant. 
, The .two-phase. mixed-indicator titration technique 

already described can be applied equally well to 
cationic surfactants, but here a standard solution of 
sodium lauryl sulphate should be used as titrant and 
the same comments apply as those stressed for 
anionic surfactants. Some care is necessary in the ,ap- 
plication of calorimetric procedures to the determina- 
tion of this type of surfactant. The absorption spec- 
trum of the dye complexes can vary with the con- 
centration of each particular quaternary ammonium 
halide and with the pH, of the solution. For details 
the reader is referred to Colichman.76 Few and 
Ottewill” use Orange II dye in their procedure and 
they measure the extracted colour complex at 485 nm. 
This was improved on by Scott7s who used more 
stringent <reaction conditions. Methods for complete 
examination of dimethyl-di-(long-chain alkyl) qua- 
ternary ammonium derivatives are described by Rab- 
cock, Terry and Milun.79 

Recently Jansson, Modin and Schills’ have dis- 
cussed the two-phase titration of organic ammonium 
ions with lauryl sulphate, with Methyl Yellow as indi- 
cator. The operating conditions for quaternary 
ammonium compounds and amines are derived from 
experimentally-obtained extraction constants for the 

ion-pairs between lauryl sulphate, Methyl Yellow and 
the sample. This is an unusual approach to eliminat- 
ing the difficulties in obtaining stoichiometric end- 
points in two-phase titrations. The procedure is too 

new for extensive examination to have been made of 
its reliability and reproducibility and,until ,these have 
been established the author would recommend that 
the dimidium bromide/Disulphine Blue VN 150 tech- 
nique So be used. One and two-dimensional chroma- 
tographic procedures have been developed for identi- 
fication of cationic surfactants. Neu’ ’ describes a pro- 
cedure which enables quaternary ammonium cationic 
surfactants to be differentiated from amphoteric sur- 
factants by development with a butanol-acetic acid- 
water (4: 1:4) mixture. Murier and Sarrazins* report 
a combination of two-dimensional electrophoresis 
and TLC for a satisfactory separation of these 
cationic surfactants. They employ silica gel treated 
with a pyridine-acetic acid buffer adjusted to pH 65. 

DETERMINATION OF NON-IONIC SURFACl-ANTS 

Some 20 basic types of non-ionic surfactant are 
now in use. They are almost all derivatives of ethylene 
oxide or propylene oxide, or mixed ethylene oxide/ 
propylene oxide derivatives which can exist as block 
or random co-polymers. These types are manufac- 
tured to contain a variable number of alkylene oxide 
groups and each product contains a large number 
of telomers which may differ in composition from 
batch to batch. These products. may contain 2-30x 
of free polyoxyalkylene oxide impurities and these also 
are present as telomers. They also contain free hydro- 
phobes and the degree to which these impurities are 
present can affect the performance of the product. 
This complicated character of individual non-ionic 
surfactants and the even more complicated nature of 
mixtures means that their analysis can be a difficult 
problem, for industry requires to know not only the 
type of non-ionic surfactant but also the mean chain 
length of the telomers and often the content of the 
various telomers present. Some of these non-ionic sur- 
factants are sugar or sorbitan esters. 

For the analysis of this type of product some 25 
different determinations may be necessary, depending 
on the particular product being examined. Many of 
these are conventional tests such as water, ash, refrac- 
tive index, cloud point, alkalinity, hydroxyl value and 
ester value. The greatest problem is the determinatian 
of the content of total ethylene oxide and/or propy- 
lene oxide. The best procedure to adopt depends 
upon the nature of the products and each is liable 
to give anomalous results in certain cases, A variety 
of chemical methods based on hydriodic, acid degra- 
dation may be used but these are invalid if sulphur, 
glycerol, glycerides or sugars are present. Moreover, 
complete decomposition of the alkylene oxide does 
not result when it is combined through a nitrogen 
atom; the initial N-C linkage is not destroyed Nor 
can the procedures be applied if propylene oxide 
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forms part of the product of t-butyl or t-octyl groups 
are present; anomalous results are produced because 
of degradation of these alkyl groups. Again if the hyd- 
riodic acid used is less than 57”/, w/v low results are 
obtained. If the alternative Siggia methods3 is 
employed then it is preferable to use potassium iodide 
and orthophosphoric acid as the source of hydriodic 
acid. This procedure suffers from the same failings 
except that it is not affected by the presence of t-butyl 
or t-octyl groups. Infrared procedures have been de- 
veloped for the quantitative assessment of these two 
groups, but these again can lead to anomalous results. 
The Voogts4 procedure makes use of the bands due 
to the ethoxy group at 2485 or 4030 cm- ’ but this 
procedure is more reliable for alkylphenol ethoxylates 
than for alcohol derivatives. Actually, the 2485cm-’ 
band is due to -CH,O, not -CH2CH,0-. Hence the 
response from alcohol derivatives is different from 
that of alkylphenol derivatives but even when due 
allowance is made for this in the standards, anoma- 
lous results are still obtained and the procedure is 
not suitable for reliable work. Far more difficult is 
the analysis of simple and complex ethylene/oxide 
propylene oxide co-polymers. Chemical methods can- 
not be applied. Infrared methods show varying 
degrees of bias depending on the relative proportions 
of the two oxides. The great difficulty is that with 
random co-polymers the instrument fails to detect the 
presence of a single ethoxy group joined to two pro- 
pylene oxide groups. The most promising procedure 
is a differential overtone method using the doublet 
at 1675 and 1688cm-’ but this can only be used 
with very expensive instruments and is less reliable 
for random co-polymers than for block co-polymers. 
Uno and Miyajima *5 base their procedure for the 
analysis of these co-polymers on the stretching bands 
of -CH, and <Hz- at 2780 and 2975 cm-‘, plotting 
absorbances against molar y0 of ethylene oxide. 
Steads6 has published a very promising procedure 
which is applicable to simple alkoxylates or to co- 
polymers. This he claims is more reliable than the 
infrared methods which he criticises. His procedure 
depends on hydrobromic acid degradation of the non- 
ionic surfactant. The degradation products ethylene 
dibromide and propylene dibromide are more stable 
towards heat than are the corresponding di-iodides. 
The bromides formed are determined by GLC. The 
fission reaction is not quantitative but Stead has over- 
come this by using two bracketing standards which 
span the sample composition within narrow limits 
and this makes accurate determination possible. The 
procedure has the advantage that it is applicable both 
to simple and to complex co-polymers, and has the 
added advantage that it also assesses any hydrophobe 
present, It is therefore applicable to simple ethylene 
oxide or to propylene oxide derivatives and to block 
and random co-polymers of any type. 

The determination of ethylene oxide/propylene 
oxide or ethylene oxide content is not an easy matter 
because of thi varying accuracy of a given procedure 
with different types of non-ionic surfactant. Infrared 

procedures must be applied with great care, for the 
accuracy is dependent on the type of non-ionic surfac- 
tam, the content of ethylene oxide and the ratio of 
ethylene oxide to propylene oxide. NMRE7 is prob- 
ably the most reliable method provided that mixed 
non-ionic components are not present, and the Stead 
methods6 is reliable for either ethylene oxide or ethyl- 
ene oxide/propylene oxide derivatives. Of the chemi- 
cal procedures for determination of ethylene oxide 
content, the modified Siggia procedure using potas- 
sium iodide and orthophosphoric acid to derive hyd- 
riodic acid is recommended. 

Both Williams and Graham*’ and Lamendins9 
have used phosphoric acid fission for the analysis of 
these co-polymers. The latter found that the chemical 
procedure for the determination of the reaction pro- 
ducts was unsuitable. He therefore combined pyro- 
lysis with GLC. A small furnace, in which the fission 
occurs to give acetaldehyde and propionaldehyde, is 
attached directly to the chromatograph and the rela- 
tive proportions of the two are determined after appli- 
cation of standard corrections. This procedure 
enables simple and co-polymers to be analysed. 

NMR has also given good results as exemplified 
by the procedure of Greff and Flanagan.” The hyd- 
rophile/hydrophobe ratio can be deduced and the 
ethylene oxide chain length established; the ratio of 
ethylene oxide to propylene oxide in simple co- 
polymers can also be established. This technique is 
likely to prove one of the most reliable for co- 
polymers. The hydrophileflipophile balance is also 
assessed by gas chromatography by Petrowski and 
Vanatta.” Lamendin 91 has made good use of refrac- 
tive-index measurements. By plotting refractive index 
at 50” against n, the mean ethylene oxide chain length, 
for a variety of different hydrophobe derivatives, he 
found that each different type had its own specific 
curve and with a known type he was able then from 
the refractive index to deduce the value of n; with 
products of unknown composition, knowing the 
refractive index and the ethylene oxide content, he 
could deduce the mean chain length n. 

Two techniques are available for the determination 
of polyoxyethylene glycol in non-ionic surfactants. 
One is a development of the Weibullgz procedure. 
It involves the ethyl acetate extraction of the polyoxy- 
ethylene glycol from aqueous solution under care- 
fully controlled temperature and concentration wndi- 
tions. The glycol remains in the aqueous phase, from 
which it is extracted with chloroform44 and the non- 
ionic surfactant is recovered quantitatively from the 
ethyl acetate fraction. This procedure will also enable 
polyoxyethylene glycol to be isolated from poiyoxy- 
propylene glycol, as the latter is soluble in ethyl ace- 
tate. The other method is that due to Voogt.93 This 
uses reverse-phase chromatography on silaned silica 
gel; the glycols are eluted first, followed by the remo- 
val of the non-ionic surfactant. 

Numerous methods have been reported for dedue- 
ing the telomer distribution within these products. 
They involve circular TLC, paper chromatography, 
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GLC and mass spectrometry. The quantitative appli- 
cation of GLC is difRcult, as each telomer gives a 
different degree of response; it is necessary that a cor- 
rection value be known for each so that a correct 
qu+ntitative distribution can be calculated. Gilden- 
berg and Trowbridge94 isolated the first thirteen units 
of a system as the acetates and ,the isolation of some 
15-20 telomers seems to be the limit at the present 
time. The polyoxyethylene glycols are even more diffi- 
cult, although separations of the trimethylsilyl ether 
derivatives have been effected. Neither paper chro- 
matography nor TLC has proved any more success- 
ful. Nonetheless the ability to effect this degree of 
separation can often be invaluable. Pioneers in this 
field include Ginn,‘” Patterson96 and Vaktina et u/.,~’ 
all of whom used mixed solvents for development of 
chromatograms. Konishi and Yamaguchi9s used cir- 
cular TLC for the nonylphenol ethoxylates, visualized 
the chromatogram with iodine and assessed the rela- 
tive intensities of the photographed stains with a mic- 
rophotometer. Gauthier and Mangeney99 chromato- 
graphed the 3,5-dinitrobenzoate esters by the Borecky 
and Gaspat% method.“O These separations showed 
the same limiting separation of components. Often 
mixed non-ionic surfactants are used in commercial 
products. Analysis of these by this technique can then 
be misleading unless some wa& can be found of separ- 
ating the active constituents. Rosen”’ published a 
column-chromatography procedure using increasingly 
polar solvents and reported effective separation of the 
component types from a number of four-component 
mixtures. There is still much to be done with regard 
to telomer distribution, for products of mean chain 
length 30-80 can be encountered in commerce. 

Quantitative isolation and determination of non- 
ionic surfactants from aqueous solution can be 
effected either by extraction of the dried solids with 
acetone or preferably by chloroform extraction from 
aqueous ethanolic solution. If mixed types of surfac- 
$nt are present it will be necessary to use either alu- 
mina-column or ion-exchange separation before 
attempting the isolation of each surfactant. Fatty acid 
and sugar esters are best analysed by alkaline or acid 
hydrolysis; the amount of liberated fatty and/or sugar 
component can be determined and the content of 
non-ionic surfactant deduced from this figure. Many 
precipitation methods have been used based on phos- 
photungstic acid,1o2 phosphomolybdic acid’v3 and 
silicotungstic acid lo4 but for accurate application 
these procedures require that the actual surfactant 
present shall be available as a reference standard. 
Wetterau et al.“’ have developed a countercurrent 
extraction procedure which permits the quantitative 
isolation in turn of polyoxyethylene glycol, fatty acid 
monoester of polyoxyethylene glycol, and the corre- 
sponding dies&r. 

A number of calorimetric procedures have 
been reported. These include the use of hetero- 
poly_a~ids.'o2-104~l05 ammonium cobaltothio- 
cyanate’07-‘“y potassium mercuri-iodide, 2,4-dinitro- 
phenylhydrazine, ’ lo sodium tetraphenylborate,’ ’ 1 

ferrocyanide I lz and dichlorofluorescein.’ lo There is 
one peculiarity with these precipitation and colori- 
metric procedures and this has been reported by a 
number of observers.109~1 i ‘*l l3 No ethylene oxide 
telomer containing less than six EO units will respond 
to the reaction and as the number of units increases 
beyond six so the amount of reagent reacting with 
the molecule increases. The cobaltothiocyanate deri- 
vatives of n-dodecanol provide an example. The 6-EO 
derivative gave a molar absorptivity of 812 l.mole-‘. 
cm- ’ at 319 nm and the IO-E0 derivative a value 
of 2.78 x 103. Addition to the surfactant molecule 
occurs at the ether oxygen atom. It is interesting that 
with the cobaltothiocyanate method for pure n- 
alkanol derivatives varying between 4 and 32 in mean 
molar GO content, the curve of absorbance of the 
cobaltothiocyanate complex at 319nm is a para- 
bolic function of the number of EG units, the maxi- 
mum response being at 25 EO. The corresponding 
polyoxyethylene glycols give maximum response at 
about 15 EO. 

Free alcohols, free phenols and other free hydro- 
phobes in these products can be determined either 
by column chromatography on alumina or by GLC 
procedures. The nature .of the hydrophobic group 
present in non-ionic surfactants can often be deduced 
by NMR methods but if an NMR instrument is not 
available then the nature of the group can often be 
derived by degradation of the alkylene oxide chain 
by hydriodic acid. Fatty-acid derivatives will give 
fatty acids, fatty alcohol and fatty thiol derivatives 
will give an alkyl iodide, and alkylphenol derivatives 
will give rise to alkylphenol. Sometimes hydrolysis 
procedures can be used. With ester types it is easier 
to isolate the hydrophobe fraction after hydrolysis; 
it will then be possible not only to isolate the hydro- 
phobe but also to extract the resulting polyoxyethy- 
lene glycol into chloroform. This procedure will 
enable the fatty acid or fatty thiol (from thiol ethoxy- 
lams) to be isolated and characterized. 

If the combined hydrophobe is free from hydroxyl 
groups then a determination of the hydroxyl value 
of the surfactant will enable its mean molecular 
weight to be calculated. The hydroxyl value can be 
obtained by reacting with phthalic anhydride, stearic 
anhydride 1 I4 or pyromellitic anhydride. Incidentally, 
the cantent of fatty acid, fatty alcohol or iodide, fatty 
thiol or alkylphenol isolated will enable the mean 
molecular weight of the surfactant to be calculated. 

A scheme for the qualitative identification of non- 
ionic surfactants was described by Selden and Bene- 
dict,“’ based on the isolation of the surfactant by 
ion-exchange or TLC on silica gel, use of Dragen- 
dorffs reagent and tests fOF reactive groups. Stolzen- 
berg et a1.1r6 isolated the isomers #of an alkylphenol 
ethoxylate by TLC and GLC. The o-alkylphenol, p- 
alkylphenol and dialkylphenol monoethoxylate 
isomers were identified by NMR. 

The chloroform or acetone extraction procedures 
are best used for isolation of the non-ionic surfactants 
but precise identification is made dif5cult by the 
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large number of telomers which are normally present. 
No procedure for telomer distribution is generally 
applicable and at present procedures are limited to 
products containing no component with more than 
25 EO units. Of these, that of Gildenberg and Trow- 
bridgeg4 is very effective, but the quantitative assess- 
ment of telomers is rendered difficult because the re- 
sponse of each telomer to a given reagent increases 
with increase in the EO chain length in the molecule. 
When GLC is used for telomer distribution the re- 
sponse of each component falls with increased EO 
chain length, but this is the better procedure to use 
because it is easier to assess the relative response of 
the telomers. 

The determination of EO and EO/PO (propylene 
oxide) content is not an easy matter because of the 
varying accuracy of a procedure with different types 
of non-ionic surfactant. No one method is generally 
applicable. Infrared procedures must be applied with 
care, for the accuracy is dependent on the type of 
surfactant, and on the content of EO and of EO and 
PO. NMR*’ is probably the most reliable as long 
as mixed surfactants are not present and the Steads6 
method is reliable for EO/PO derivatives. Of the 
chemical procedures for determination of EO content 
the modified Siggia procedureE3 is recommended. 

Of the calorimetric methods, that involving the use 
of the Dragendorff reagent rr’ is the most reliable, but 
the determination of the combined bismuth is best 
made by the West and Col11r8 method which uses 
EDTA. 

DETERMINATION OF AMINE OXIDES 

The addition of amine oxides to liquid household 
detergent products is a recent application although 
the first patents for their preparation appeared during 
1930-5, claiming the use of dimethyldialkylamine 
oxide as a wetting, cleansing and disinfecting agent. 
The main asset of this class lies in their power as 
foam stabilizers and their emollient effect on the skin. 
They are prepared by the interaction of tertiary 
aminei with hydrogen peroxide and although the 
oxides are less basic than the parent amines, with 
strong acids they form salts which show cationic 
properties but are neutral in alkaline solution. 

Amine oxides are determined in the presence of free 
tertiary amine by two-phase titration with sodium 
lauryl sulphate in an acid solution. This gives the sum 
of amine oxide and teriiary amine. The mixture is 
then reacted with methyl iodide. This converts the 
free amine into the corresponding quaternary 
nitrogen base. Two-phase ‘titration in an alkaline 
medium then determines only the quaternary base. 
The ‘amine oxide is obtained by difference. Lew’ lg 
has studied the effect of using Bromocresol Green as 
indicator in an alkaline medium. He found that the 
amine oxide was not titrated. Hence if a mixture of 
amine oxide and anionic surfactant is titrated under 
these conditions only the anionic surfactant is 
titrated. When the two-phase titration procedure is 
used in an acid medium the amine oxide reacts with 

the anionic surf&tam and the reduction in titration 
value is a meabure of the amme oxide content. The 
amine oxide and free tertiary amine can akso be deter- 
mined by potentiometric titration with acid. A simple 
titration gives ‘the sum of the two c&npdnents and 
if the titration is repeated after quattitibn with 
methyl iodide only the amine oxide is titrated. Bab- 
cock et al.” describe methods’ for ‘the analysis of dial- 
kyldimethylammonium halides. Each< of the pro- 
cedures discussed is reliable but it .is. essential that 
the molecular weight of the oxide be known. 

THE ANALYSIS OF ,AMPHOL3TIC AND 
ZWI’ITERION SURFACTWS 

The introduction of these types of surfactants is 
recent and as .yet little. information has trickled 
through from ,industry. A very recent introduction ‘is 
the zwitterion surfaotants. The cost of their produo 
tion is still high and this limits their application. They 
contain a quaternary ammonium group and a sul- 
phonic acid group in close proximity in the molecule. 
This has the effect of rendering the molecule electri- 
cally neutral, as distinct from the ampholytes which 
contain a strong acidic or basic group and a weaker 
group of opposite charge, so ‘a marked change in pH 
can alter the chemical properties of the product; 
Moore and Hardwick lzo define the ampholytes as 
showing a considerable’ change from anionic to 
cationic properties over the pH range 2-12. 

The author44 has investigated methods for the 
determination of pyridinium sulphobetzrines, alkyl 
quaternary ammonium sulphobetaines, quaternary 
ammonium hydroxamates, and N-hydroxyalkyl- 
methyl taurides, based on five different approaches, 
namely elemental analysis, TLC on silica gel with 
absolute methanol ‘and absolute ethanol, acid-base 
titrations, two-phase misxed-indicator titrations ‘and 
column chromatography on alumina. Elerriental 
analysis will often indicate the type of product pres- 
ent, e.g., absence of sulphur eliminates the ,presence 
of sulphobetaines. Thin-layer chromatography yields 
important information, e.g., sulphonates show differ- 
ent R, values in methanol and ethanol. It will differ- 
entiate sodium lauryl sulphates, N-hydroxyalkyl- 
methyl taurides, ‘pyridinium sulphobetaine, quatern- 
ary ammonium sulphobetaines and alkyl quaternary 
ammonium hydroxamates, ByEypplication of chemical 
reactions before and after the development of the 
chromatogram, quaternary ammonium salts can be 
differentiated from the hydroxamates, TLC will also 
permit the impurities present in the hydroxamate de- 
rivatiweand in the methyl tautide to be detected. The 
hydroxamate derivatives are hydrolysed with 50% sul- 
phuric aeid and the resulting hydroxylamine can then 
be determined by reaction with standard bromate 
solution or by reaction with ferric alum. The zwitter- 
ion sulphobetaines give no reaction in two-phase 
titration either in acidic or alkaline soiution. Hydroxy- 
alkylmethyl tam-ides react as ianionic surfactants in 
an alkaline solution and the hydroxamate derivatives 



The analysis of detergents 629 

react only in acidic media and then behave as cationic 
surfactzlnts. Chromatography on alumina allows elu- 
tion of tertiary amines by chloroform, of amine oxides, 
pyridine, alkyl quaternary ammonium compotmds 
and sulphobetaines by absolute ethanol, hydroxyal- 
kylmethyl taurides by 90% aqueous ethanol and 
anio& surfactant by 5WA aqueous ethanol. Alkyl sul- 
tomes can be removed from the products by diethyl 
ether extraction. Full details will appear in a forth- 
coming publication.44 

MODERN TRENDS 

The modern approach to analysis is to use auto- 
matic methods. This has progressed rapidly following 
the appearance of the “Auto-Analyzer.” This has 
revolutionized routine analysis and it makes use of 
standard procedures. De Jong’21 reported a pro- 
cedure in which the anionic surfactant was deter- 
mined as its Methylene Blue complex. Setzkorn et 
abl** also used a Methylene Blue pocedure, while 
Brandli and Kelleylz3 reported a procedure for alkyl- 
benzene sulphonates. Such techniques are now exten- 
sively used in industry. 

Nelles’24 has published a series of 52 infrared spec- 
tra of surfactants which can be used for identification 
and these supplement those of Hummel.* A number 
of polarographic and electrochemical procedures have 
been published. Dietrich gave an a.c. polarography 
method for the analysis of certain quaternary 
ammonium, anionic and non-ionic surfactants, and 
Jehring126 discussed the value of various electro- 
chemical procedures. Scott127 used a radiofrequency 
end-point in an automatic titrimeter for both cationic 
and anionic surfactants. 

SCHEMES FOR THE ANALYSIS AND 
IDE~IFICATION OF SURFACTANTS 

It is useful and usual when examining detergent 
products to work with some definite scheme of attack. 
Most industrial concerns have their own special 
approach but these are rarely published. One of the 
earliest schemes came in 1945 from Hintermaier’** 
but at,that time the number of surfactants cominer- 
cially available was not very numerous. Then came 
schemes from the American Oil Chemists’ Society,‘*’ 
the Canadian Government Laboratory,13’ Bergeron 
et &1.,131 and the Society of Public Analysts.13* In 
1955 came the first ASTM standards,‘33 Kortland 
and Dammers’s scheme134 and the Swiss stan- 
dards.lJ5 The* were followed by recommendations 
from Holn@s and Stone,136 Carlos,‘37 the 1958 
ASTM standards’38 and a publication from Long- 
n~nand Hilton.24 Rosen gives a +eries of 33 different 
sepatiation schemes, each varying according to the ele- 
ments present. This is a complicated plan and is far 
more cmplex than any other. Longman prefers to 
use a system based on the type of component present 
and full information will be given in, a forthcoming 
publication.4* It is essential to use an organized 
approach, particularly for the problem of examining 

products of unknown compositibn. Of these schemes 
the extended one .of Longman and Hilton44 is recom- 
mended. This has been developed during years of ex- 
perience in this field. 

The use of such schemes facilitates the subsequent 
identification of the detergent components, but use of 
these alone is’insufficient for the ,predise composition 
to be deduced. At best the schemes can only indicate 
a type of surfactant and a far greater amount of infor- 
mation is necessary to deduce its precise nature. If 
the surfactants are hydrolysable to give fatty matter, 
then the fatty matter must,be scrupulously analysed, 
including mean molecular weight, the degree of unsa- 
turation and if possible the source of the fatty matter. 
From these data and the complete identification of 
the components of hydrolysis, the actual content of 
the surfactant can be calculated. If the surfactant is 
an alkylbenzene sulphonate, then the original hydro- 
carbons must be recovered so that their precise nature 
can be examined by means of the mass spectrometer; 
some experts can even deduce the manufacturer of 
the hydrocarbons. The infrared spectrometer, the 
mass spectrometer and nuclear magnetic resonance 
are indispensible for the rapid deduction of the nature 
of the surfactanf but often it will also be necessary 
to use chemical procedures. Longman has published 
a scheme for the interpretation of analytical data 
which was based on chemical behaviour and the ele- 
ments present. This system is now out of date because 
of the introduction of new surfactants but this 
approach can still form the basis for schematic inter- 
pretation. 

DETERdrNATlON OF NON-SURFA~ANT 
ORGANIC CONSHTUENTS 

There are at least twelve classes of organic com- 
ponent which may be added to formulated products. 
These include liquid hydrotropes, urea, auxiliary sur- 
face-active agents such as lauric monoethanolamide, 
methyl or ethyl cellulose, sodium carboxymethyl 
cellulose, anti-tarnishing agents such as ethylene 
thiourea, fluorescent agents, perborate-stabilizing 
agents such as o-tolyl biguanide, low-temperature 
bleach precursors, germicidal agents, organic bleach- 
ing agents, ethylenediaminetetra-acetic acid (EDTA) 
and nitrilotriacetic acid (NTA). Each of these may 
need to, be determined before a composition can be 
calculated. 

The volatile alcohols ethanol and isopropyl alcohol 
can be determined by distillation methods but are 
best assessed by means of the Cdhway unit after qua- 
litative tests have established Which alcohol is present 
and also that there is no volatile ,interfering matter 
present. This reaction requires a diffusion time of 15 
hr but can be p&formed avernight. The alcohol is 
collected And olpidized with standard potassium dich- 
romate solution; the nature of the alcohol must be 
known for thecorrect conversion factor to be used. 
Benzyl alcohol may also be ,used ,a# a hydrbtrope; 
it can be isolated in a Dean tind Stark apparatus 
and the volume measured. The additive most widely 
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used to solubilize the constituents of liquid prep- 
arations is urea. Its presence upsets all the normal 
schemes for separation and it must be decomposed 
before any separation or analysis is begun. It can be 
determined by reaction with urease or with a 
nitrometer after reaction with sodium hypobromite. 

Fatty alkanolamides are best separated and deter- 
mined gravimetrically by extraction into diethyl ether 
from aqueous ethanol. They can be identified by in- 
strumental methods, paper chromatography, chemi- 
cally after acid hydrolysis, or by periodate oxidation 
when the ratio of ammonia liberated to aldehyde 
gives the clue for identification. The cellulose ,ethers 
and sodium carboxymethyl cellulose are all deter- 
mined by a modification44 of the anthrone method 
but a different reference standard must be used for 
each particular type; their presence is established by 
standard qualitative tests, and perborate, if present, 
must be destroyed before the quantitative determina- 
tion is commenced. Milwidsky’39 recently published 
a rapid routine method for the determination of car- 
boxymethyl cellulose and related materials by a color- 
imetric method in that they are reacted with phenol 
and concentrated sulphuric acid; the absorbance is 
measured at 490 nm. A number of different low-tem- 
perature bleach precursors have been employed. The 
function of these is to react with sodium perborate 
to produce either peracetic acid or perbenzoic acid, 
either of which will act 3s a bleaching agent at 60”. 
For their determination the precursors are reacted at 
0” in the presence of excess of sodium perborate in 
acetic acid solution with potassium iodide.44 The 
liberated iodine is a measure of the precursor because 
perborate does not itself react with the iodide under 
these conditions. Amide derivatives with the charac- 
teristic grouping CO. NH. CO are popular as precur- 
sors, although acid anhydrides may also be used. 

Anti-tarnishing agents are added primarily to 
prevent the staining of certain types of cuthry by 
the phosphates present: benzothiazole and ethylene- 
thiourea have been used. drote’s test is used to detect 
thiourea and both are determined by precipitating 
with ammoniacal silver nitrate solution and weighing 
the residue after ignition. The sequestering agents 
EDTA and NTA may both be present in detergent 
products. Triphosphate, when present, must be hydro- 
lysed to orthophosphate before any complexation 
technique is used for determination of EDTA or 
NTA, and heavy metals, if present, must be removed. 
EDTA and NTA are normally titrated with copper 
in the presence of PAN, tiron or some similar indi- 
cator under carefully buffered conditions.44 

Organic bleaches are beginning to replace sodium 
perborate, sodium hypochlorite and sodium phos- 
phatehypochlorite. Recent developments include the 
use of the chloramine T, dichlorodimethylhydantoin 
and the salts of the various chlorocyanuric acids; 
chloro-substituted perbenzoic acid has also been used 
but must be protected within poly(viny1 alcohol) 
sachets during shelf-life. The normal iodide tech- 
niques are used for their determination. Klotz and 

Askouris14’ discuss the ultraviolet spectra of the 
cyanurates and Pettersen et ~1.‘~~ have used infrared 
spectroscopy for their identification. 

The identification and determination of fluorescent 
agents is now quite a problem. The earliest fluores- 
cent whitening agents were cotton-substantive and 
had no effect on man-made fibres. They were deriva- 
tives of 4,4’-diaminostilbene-2,2’-disulphonate but 
now a variety of colourless fluorescing dyes have been 
developed and all man-made fibres can now be 
treated with fluorescent agents. Great care must be 
exercised during determinations. Many of these 
agents exist in both cis- and tram- modifications and 
only the trans_form is cotton-substantive. The trans- 

modification can be converted into the cis- by expo- 
sure to sunlight or ultraviolet light. This means that 
all work must therefore be performed in a dark-room 
under red light. Because of the difference in behaviour 
of these two isomers it is also necessary to separate 
tram- from cis- so that only the active and effective 
form is determined. The cotton-substantive dye can 
be identified qualitatively from the ultraviolet adsorp- 
tion spectrum over the range 2CO-400 nm after 
adsorption of the dye onto transparent reconstituted 
cellulose. TLC can also be used to identify the nature 
of the fluorescent agents present and for their quanti- 
tative determination.44 The various whitening agents 
present are isolated as individuals, each being 
removed separately from the plate and eluted with 
a solvent, diluted to known volume and examined 
in a direct-reading fluorimeter. They can also be 
assessed by paper chromatography. 

Some twelve or thirteen different germicidal agents 
have been used but at the present time the use 6f 
a number of them is controlled. It is now normal 
to include more than one agent as mixtures often 
exhibit a synergistic effect. This means that analysis 
is more difficult and that identification of the indivi- 
duals present must precede their determination. They 
can be identified by TLC but the examination.of soap 
products both for germicides and fluorescent whiten- 
ing agents is more difficult; solutions should be acidi- 
fied Wore development of the chromatogram. Most 
of the published methods cover specific components 
but Derry et al.14* separated mixtures on a silaned 
silica gel column and Jungermann and Beck14’ iso- 
lated the germicides in dimethylformamide and stud- 
ied their ultraviolet absorption spectra in ammoniacal 
ethanol. Bravo Ordenes and Hermandez Alvarado’44 
used TLC for identification. These constituents are 
best isolated by cold dimethylformamide extraction 
and then the components are eluted in turn from an 
ion-exchange, or alumina column. 

Occasionally, certain additives may be incorporatad 
in sachets to preserve them during their shelf-life. 
There is an ulterior motive in this for the envelope 
is made from poly(viny1 alcohol) with an inner lining 
of poly(viny1 acetate). The sachet prevents access of 
water to the additive but is completely and readily 
soluble in water, and like carboxymethyl cellulose the 
solution makes an excellent dirt-suspending agent. 



These sachets need to be analysed but their identity 
can be readily established by infrared spectroscopy. 

o-Tolyl biguanide may be incorporated as a preser- 
vative for so&zm perborate during storage. It pre- 
vents the catalytic breakdown of the perborate by 
metals. It can be ident&d ‘and determined” by a 
colour reaction characteristic of guanidine or a deri- 
vative containing on NH,-group. The biguanide will 
react in a strongly alkaline medium with biacetyl and 
2-naphthol. The intensity of the red colour developed 
is a measure of the tolyl bi~an~de concentration. 

DETERMINATION OF INORCANlC CON~I‘I’UENTS 

A number of different inorganic salts are likely to 
be found in detergent products. Of these the most 
important are the phosphates sodium perborate, 
chlorine bleaches and sodium silicates, Three types 
of phosphate are usually present in powders, 
Na,HPO,, Na4P207 and Na,P&,, and some form 
of metaphosphate may sometimes be added. Three 
types of silicate may be present-sodium metasilicate, 
alkaline sodium silicate fNa,O.2SiO,) and neutral 
silicate fNa,O, 3.27Si02) and, the analyst may be 
called upon to dedide which of the three is present 
in’the product. Perborates are prone to some degree 
of degradation and it is therefore often necessary to 
analyse the product for total borate in order to 
deduce the degree of decomposition of the perborate. 

Any one of four procedures ,may be used for the 
determination of water and the one chosen will 
depend upon the proportion of inorganic salts pres- 
ent. These are aven drying, drying with acetone, the 
Dean and Stark method and the Karl Fischer 
method, but even here it must be realized that perbor- 
ate, t~pho~hate and silicate may not release the 
whole of their water of ~rys~Il~tio~” The same com- 
ment may hold for the Dean and Stark method but 
the higher the boiling point of the azeotropic solvent 
the more effective will be the removal of water. The 
acetone drying procedure can only be used when the 
content of inorganic salts is very law. Of the four 
methods for the determination’ of water the Karl 
Fischer will give most satisfaction but there may be 
times when with low water contents the use of the 
Dean and Stark method will prove profitable. 

The total sulphur content of a product can be 
deter&ned by a number of diEerent procedures. This 
figure is often determined so that once the or~ni~y 
combined sulphate is known the inorganic sulphate 
can be found by difference. Usually either a bomb 
ignition or an Eschka-mixture ignition is used to des- 
troy the organic matter and to retain the sulphur in 
a form which is easily oxidized to sulphate. The sul- 
phate can & determined gm~~~ly as barium 
snlphate or by a titrimetric procedure with barium 
chloride or lead nitrate and using a suitable indicator. 
Special precautions are, necessary when silicates and 
phosphates are present; it is advisable to remove 
these first. The author has found the Eschka-mixture 
method for ignition of the sample perfectly satisfac- 

tory for the gravimetric determination of either total 
sulphur content ar the organic sulphur content. The 
total of free ammonium salts can be determined by 
simple alkaline distillation into boric acid or standard 
sulphuric acid. An equally &tisfactory Stetson 
can be obtained by using a Conway unit and absorb- 
ing the diffusing ammonia in standard sulphuric acid. 
Chlorides can be determined either by potentiometric 
titration with silver ,nitrate or by using the Volhard 
or the Mohr method. Chlorides in soap should be 
determined after ~stru~tion of the soap by the addi- 
tion of calcium nitrtite. 

Total silicate may be determined gravimetricahy or 
calorimetrically. The gravimetric procedure is far 
more reliable but if borates are present it is preferable 
to remove them with methanol as methyl borate. The 
sample shoufd be ignited and fused with sod&& car- 
bonate before beginning the hydrochloric acid treat- 
ment. Miller’s”” method is recommended for the col- 
orimetric determination but in this case any perborate 
must be decomposed by treatment with potassium 
permanganate, and imerference of phosphates with 
the s~i~omolyb~te reaction prevented by the addi- 
tion of citric acid. Many powders contain water-inso- 
luble silica but its content is not easy to determine 
as the conditions of the test decide the solubility. The 
conditions should be as near as possible to those 
likely to be found during washing. 

Total phosphates can be determined in a number 
of ways. For accuracy there is still no better method 
than precipitation as magnesium ammonium phos- 
phate after hydrolysis of the complex phosphates and 
weighing as magnesium pyrophosphate, but it is 
necessary to remove borate as methyl borate, and sili- 
cate in the usual manner; when calcium, magnesium 
or lithium is present the pho~~te must be precipi- 
tated as ammonium or quinoline phosphomoly~te. 
Phosphate can be determined by potentiometric 
titration of NaH2P0, to Na,HP04, after conversion 
of pyro- and triphosphate into orthophosphate, or 
alternatively the addition of silver nitrate to 
NaHtP04 will liberate nitric acid which can then be 
titrated. The phosphate may also be determined by 
titration of quinoline phosphomolyb~te or colorime- 
trically by the reduction of phosphomolybdic acid to 
molybdenum blue. 

The relative proportions of the phosphates present 
in detergent products are extremely important. The 
performanee of a washing powder is controlIed by 
the tripho~hate and p~~pho~~te contents and 
their accurate determination is essential. This can be 
achieved by ion-exchange procedures, paper chromat- 
ography or chemical methods, The last named were 
the first to be used but they have been superseded 
first by ~~o~to~ap~~ methods and then by ion- 
exchange. Lundgren and Loeb’46 have automated the 
ion-exchange procedure and now both total phos- 
phate and the proportions of phosphates can be 
monitored continuously by the Te&nicon “Auto- 
Analyzer”. This method is recommended if the appar- 
atus is already available. Numerous c~o~t~p~ 



procedures have bee? suggested, byt that which 
Longman belp$ to develop is recommended. It 
uses a methanol:;sopropyl alcohol-water-trichlorace- 
tic acid-ammonia @v+‘in normal developing tanks 
held at 5”. The position of the phosphates on the 
c~o~~~arn is visua@d by spraying first with fer- 
ric chlo+de solution in acetone end then with sulpho- 
salicylic solution in absolute alcohol-acetone. The 
various phosphates, including the variotis metaphos- 
phates, if pr;tsent, appear as white spots on a pinkish- 
purple ba&ground. The ind~v~du~ pho~~tes are 
isolated, dissolved, and deteriined by the Soyen- 
koffi4’ method which uses the dye 2+dimethyl- 
aminostyryl)c$noline ethosulphate as reagent. This 
is a procedure some ten times more sensitive than any 
molybdenum blue reaction and the pink colour is 
measured at 520 nm. If this calorimetric procedure 
is used, then rnoIyb~~ must not be used as the 
spraying agent to visualize the chromatogram. The 
method gives reliable results and is a satisfactory 
alternative to the “‘Auto-Analyzer”’ method. 

The ion-exchange d!termiqtion is performed by 
downward flow through anion~xchange resins in the 
chioride form, packed in a bor@licate glass column. 
The various phosphates are e&ted by gradient elution 
with pot&urn chloride soluiion, starting at 0.2M and 
increasing to l*OM. The pattern af elution is or@- 
phosphate, pyrophosphate and triphosphate but this 
can always be checked by use of h,oyn phosphates. 
Xn the automa& procedure the ~~e~~tio~ of 
phosphate is carried out by thi &I& aid Mclloa 
method14* which involves reductibn of phosphomo- 
lybdate io’mo\ybdenum blue. ?‘he’dhemical method, 
based on a 1937 publication, is a titration procedure. 
Aliquots are titrated potentiometrically with standard 
alkali: (1) aft& addition of sodium nitrate at the end- 
poir$ at about pH S and further titration to an end- 
point at about pH 8.5, and (2) after addition of excess 
of silver nitrate at the pH-5 end-point, the liberated 
nitric acid bjr~$ titrated to the end-point at about 
pH 5. From these two titrations and the total P,O, 
content the proportions of the three phosphates zim 
calculated ayd reported as Na2Hpo4, Na4F,U7 and 

&P3+, 

The total ,@k$nity is determined by direct titration 
with acid, and carbonates are best determined in a 
special appyatus in which the liberated carbon diox- 
id& is ab&@d and weighed; from the alkali p&sent 
as w@onate and the amount of carbon dioxide’ the 
prop&i&s of sqdium biarbonate and carbonate can 
be caiciiated. 

The tot& borate q?nte$ can be determine! by an 
ion-exchange procedure rts, p&lined in the British 
Standards Specification but preferably b) the 
accepted methyl bora% distillation qryFdure_ In the 
ion-exchange prowdure a sof$io? of the ignited 
detergent product is passed through Ambfrlite cation 
and anionexchaqe resins, leaving only bQric acid in 
solution; th$ i]s titrated in the presclnce of mannitol. 
A special apparatus44 is necessary for the distillatioh 
procedurk because of the hig$ content of inorganic 

soli+; it includg a pressure overflow from the meth- 
anol boiler to a gp&.ial receiver. The content of pr- 
borate or percar+nate is deternbed either from the 
iodine liberated from acid64 ,potassium iodide. or 
by &ration of the available oxyger? by potassium per- 
maqmte after sequetering any EDTA or NT+ by 
the addition of bism$h nitrate, and dete@ing the end- 
point by the disjppearance of the c4our of the ti$nyl 
peroxide complex. If a chlorifle bleach is present, 
the available &lo&e Cante& should be deter&& 
by means of the rea&ion with acid&d pota&utn 
iodide. If it is desired to obtain ~fo~tion bn the 
nature of the hydrates present in any detergent 
powder product, recourse must be made to &hamo- 
gravimetric analysis or differential scanning cajori- 
metry. In both cases known stan$ard hy+@tes must 
be available in order to obtiin comparative data.* It 
will be possible to identify and de+mine triptios- 
phate hexahydrate, sodium perborate, sqdiu& pyro- 
phosphate d-hydrate and sodium sulphate hepta- 
hydrate. 

Very iecently, Al-Sulimany and “tbwnshend’49 
reported a po~aro~~~ de~~:~~io~ of triphos- 
phate and of triphosp$t~ and sodium #ritotria&e- 
tate in admixture. The phospha$ was determined 
from the decrease in h&hi of the mdmiuti pq&“o- 
graphic wave, and in the mixture frbm this and from 
the cadmium-NTA wave-height. Akimov et al.“so 
used a titration procedure for total phosphate in ace- 
tonewatei medium with nitchromazo (4nitroso-2- 
sttlpho-i-phc~yiazo_l,&dihydroxynaph~e_3,6_di- 
sulphonic acid) as indicator. Herold et cd.“’ have 
used an automatic ion-exchange procedure and mea- 
sured the intensity of the phosphbmolybdovanadate 
colour. 

POLLUTION PROBLEMS 

Three typ,es of biodegradation are to be dis- 
tingui~d. F%t, p&nary bi~~a~tion in which 
the ~rent,rn~~~ule~ are destroyed regardless of the 
pollutioi effect of the decompos&ion products, 
secondly b&&gradation to an epvironm;entally BC- 
ceptable level! wherein the resulting components do 
not upset sewage treatment, lead to no pollution, are 
not toxic to living matter in rivers, lakes or streams 
and do not cause eu~ophi~tio~ and thirdly ultimate 
biodegradation which involves conversion of the sub- 
strate into carbon dioxide, water and natural metabo- 
lites. The problem is which of the t?ee is most impor- 
tant, and how t&y affect the analyst. 
’ Manufacturers of detergents are usually .satisfied if 

bacteria effect the removal of the characteristic func- 
tional groups irrespective of any poBution e&t of 
resulting intermediates. The manufactFrers of finished 
products are concerned to meet $je $quirements of 
the second type of biodegradaiian. The third type is 
environmentalli desirable b& would only be 
demanded by the idealist. 
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The problems of analysis of sewage and effluent 
liquors include the following; 

(i) Sample preservation and the most suitable 
procedure to adopt; mercuric chloride, chloro- 
form, fo~ehyde and thymol have been 
used. Low temperature storage is essential and 
preferable. 
(ii) The best method of ensuring representative 
sampling. 
(iii) DifEculties due to distribution to the sub- 
strate between solid and liquid phases. This 
wii vary with the f&t and pro&n level in the 
system itself and with adsorption ‘on deposits in 
the plant. 
(iiv) The effect of mixed surfactants and biodegra- 
dation intermediates on the determination. 
(v} The correct choice of reference standard. 

At the present time, Swisher’s book “Surfactant 
Biodegradation” is the accepted work on these pro- 
blems. The difficulties of analysis have increased in 
recant years since th6 marked increase in the use of 
non-ionic and cationic surfactants. Before this, satis- 
factory procedures were available for the assessment 
of anionic surf&ants. Nev~~le~ Wi~kbold’~~ has 
shown that more r&able results can be obtained in 
the determination if the anionic surfactant is isolated 
by the foim$Jo@tion method, but even this wili take 
no more cognisance of the presence of anionic/ 
cationi& surfactant salt than the standard cololiimetric 
procedures will. If a true fig&e is to be obtained when 
cationic surfactant is present, then ah io&xchange 
sep+rat$n in aqyeous alcohol will be necessary, but 
this’aspect seems to be ignored despite the fact that 
one component of the salt may be destroyed and lead 
to foam’ problems. 

The behaviour of a-sulpho-fatty acids is peculiar. 
They show little or poor response when dissolved in 
distilled water and the preparation of satisfactory 
standards for their assessment is difficult. The stan- 
dard addition method is best. Fresh standards must 
be prepared for each determination as the response 
varies from sample to sample. 

There is as yet no accepted procedure for the deter- 
mination of cationic surfactants. Naturally any 
anionic surfactant present will interfere and this 
should be removed by an ion-exchange, treatment. 
Any amines and amine oxides present will interfere 
and therefoe the determination must be performed 
in both acid and alkaline solution so that the true 
catienic surfactant can be deduced by d%ference. The 
author has found Disulphine Blue VN 150 a very 
satisfa&ry dye for the calorimetric determination. 
Separate standard eves must be obtained for both 
midia, as the response of a given concentration of 
cathic surfactant is different in acid and alkaline 
solutions. 

The determination of the non-ionic surfactants in 
sewage and effluent liquors is far the most difficult, 
primarily because of the number of different types 
used and the higb number of telomers present in each 
product. In calorimetric procedures the response to 

a given dye varies with each non-ionk product. Even 
if the standard used is identical with the sample being 
examined there are still difficulties. Preferential biode- 
gradation: of certain types of telomfzr will Ijrd&Xe in 
the effluent a surfactant of different composi&n from 
that of the standard. This means that a suitabk stan- 
dard can only be chosen after the telomer distribution 
of the sample has been deduced. The Wickbold” 
foam-flotation procedure or an equally effective pro- 
cedure must be used to isolate the surfacbnt. It is 
r~mmended that the subsequent precipitation of the 
non-ionic surfactant with the Dragendorff reagent be 
followed as outlined by Wickbold. dissolved in hot 
ammonium tartrate solution and thie combined bis- 
muth in the resulting solution determined by the West 
and C011”~ method; this uses the ultraviolet spec- 
trum of the bismuth-EDTA complex. 

Since the publi~tion of W~k~l~s paper”’ :there 
have been a number of investigations into the foam- 
flotation procedure. Shirotsuka and Ishiwata”= give 
a formula for assessing the efficiency of nitrogen bub- 
bles for removing non-ionic surfactants from aqueous 
soiution. More important is the work of Kucharski 
and Kuciel’ 53 who show that the connation of 
non-ionic surfactant in foam is increased by decreas- 
ing the rate of air flow through the solution and is 
dependent on the solution concentration. This con- 
firms the present author’s observations with nitrogen. 
Pustovalov and Pushkarov154 also give a formula to 
derive the time of removal of Ci2, C,, and Cl6 alkyl 
sulphates from water. 

The foam-flotation procedure separates non-ionic 
surfactant from poly(oxyethyIe’ne glycol) (one of its 
possible degradation produets) and contaminants .so 
that whatever the content of glycols present the resi- 
dual non-ionic surfactant fraction can be isolated. The 
b~degm~b~ity of different types of ~l~~xye~ylene 
glycoi) has been examined by Pitter.ls5 Ht shows that 
acclimatization is more readily achieved the lower the: 
mean molecular weight of the glyool: The highest 
degradation rate was achieved’by using ba@teria iso- 
lated from PEG 800 cultivated on agar. His infrared 
study indicated that bio~gra~tion proceeds by gra- 
dual loss of terminal ethylene oxide groups. 

Pattersong has Published a TLC procedure which 
allows the content of non-ionic surfactant to be 
assessed and then by altering the conditions permits 
a separation of the telomers present. No method is 
yet suitable for the d~termlnat~n of’mixed non-ionic 
surfactants. 

A procedure for the determination of’Sodium nitri- 
lotriacetate ifi sewage and effluent was pablished by 
Longman, Stiff and Gardifiti,1J6 who showed that 
previous published work on this subject, which had 
shown high biode~a~tio~ to ‘occur, had failed to 
ensure that the metal-NTA complexes bad be& des- 
troyed before the determination was begun. Longman 
et a1.‘56 treated samples with the chelating resin 
Chelex 100 to remove the ‘met& quatititatively so 
that a true assessment of the NTA content was poss- 
ible. 
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ADVICE TO READERS 

Fatty alcohols are sometimes added deliberately; 
hurry1 alcohol to augment lather, and palmityl and/or 
stearyl alcohols as lather depressants. These are iso- 
lated in the non-detergent organic matter soluble in 
petroleum spirit. Often it will be necessary to examine 
this non-detergent organic fraction and the diethyl 
ether fraction thoroughly. This is best done by a 
column chromatographic technique.44 Alkanolamide 
soaps are much less stable than sodium soaps and 
the analyst may find that the fatty acids can be 
removed from a neutral or alkaline solution without 
recourse to acidification. 

Many types of surfactant, particularly alkylbenzene 
sulphonates, non-ionic surfactants and the alkyl or 
alkylphenol polyethoxylate sulphates are hygroscopic. 
Vessels must be stoppered immediately heating ceases 
and the stopper released only to adjust the inside of 
the flask to atmospheric pressure before weighing. 
Often fatty acids and fatty alcohols may be released 
together from different surfactants during acid hy- 
drolysis. The hydrolysis occurs in the oily layer of 
free acids under conditions which promote the forma- 
tion of wax esters. The resulting product must be sub- 
mitted to an alkaline hydrolysis in order to isolate 
each component quantitatively for weighing. The ana- 
lyst must also be careful in identifying fatty alcohols. 
Oleyl alcohol may be wrongly interpreted as lauryl 
alcohol unless instrumental methods are used for its 
identification. During the sulphation reaction some 
of the oleyl alcohol is sulphated at the hydroxyl group 
and some at both the hydroxyl group and the double 
bond. The alcohols isolated after acid hydrolysis are 
therefore a mixture of diols and monohydric alcohols 
and this mixture can lead to confusion. Teepol 
(branchedchain secondary alcohol sulphate) cannot 
be converted quantitatively into alcohol by acid hy- 
drolysis. Same of the surfactant is released as unsatur- 
ated hydrocarbon, and a hydroxyl value then gives 
a high value for the mean equivalent weight. If hy- 
drolysis is to be followed by a Methylene Blue 
titration then hydrochloric acid must not be used for 
the hydrolysis. Chlorides cause high and incorrect 
titrations and in all such cases sulphuric acid should 
be used for hydrolysis. The higher the chloride con- 
tent in the final solution, the greater the degree of 
interference. 

A new type of inorganic bleach has been introduced 
recently under the name of “Elchem”. The active com- 
ponent is potassium permonosulphate (KHSOS) in 
admixture with potassium bisulphate and potassium 
sulphate. It gives no yellow colour with titanyl salts 
but it reacts with acidified potassium iodide to yield 
free iodide. If the presence of potassium bisulphate 
can also be proved then the product most probably 
contains “Elchem”. 

Much #of the information (including procedures) 
quoted in this review will be treated in detail in a 
text-book by the author44 to be published shortly by 
John Wiley and Sons Ltd., to whom the author is 

grateful for permission to use the 
review. 
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TRIS(HYDROXYMETHYL)AMINOMETHANE-A PRIMARY 
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Summary-Commercially available “primary standard” grade tris(hydroxymethyl)sminomethane 
(THAM) may not always be of the requisite quality. Crystals of THAM can contain large amounts 
of occluded mother liquor. Material which has been ground, dried in vacuum, further ground, sifted 
through a lOO-mesh sieve, and finally dried in vacuum, will approach 100% in purity. 

Tris(hydroxymethyl)aminomethane (“THAM”, “tris”) 
has frequently been proposed or used as a primary 
standard base,‘-’ and is sold commercially as such. 
Our own values for the purity of numerous com- 
mercial preparations of “reagent grade” and “pri- 
mary standard” THAM obtained over the past 15 
years, however, have been so generally low and vari- 
able that we caution all careful workers to exercise 
wariness if not downright cynicism toward statements 
on the labels of bottles of this material. The reason 
is not hard to find. Crystals of THAM frequently 
contain large inclusions of mother liquor. Cavities 

Fig. 1. Two cavities in a single erystal~ of THAM. Plane 
of focus is below the surface of the crystal. The tips of 
the cavities, at left, are in focus; the cavities are inclined 

down to the right. 100x. Polarized-ana1yse.d light. 

Fig. 2. Same as Fig. 1, but plane of focus lower to bring 
the meniscus in the-upper cavity into focus. Note the 

inverted meniscus. 100 x . Polarized-analysed light. 

Fig. 3. Large cavities in a single. crystal of THAM. Liquid 
partially filling the cavities shows darker than the crystal- 

line material. 100x . Polarizedanafysed light. 

Fig. 4. Single large crystal of THAM showing typical dis- 
tribution of size of cavities. 

in crystals of THAM are readily seen under the 
microscope and, in many, men&uses can be observed 
(Figs. l-4). We have found the amount of mother 
liquorso enclosed to be as much as 07%; in contrast, 
potassium dichromate, SRM 136b of the National 
Bureau of Standards, has been shown to contain only 
about 25C)ppm of water.g-lf The only way we have 
found. to obtain pure, enough THAM is to grind it, 
pass it through a lC&mesh sieve and ,dry it in a 
vacuum desiccator over anhydrous magnesium per- 
chlorate. Usually, to prevent the formation of a gum, 
the first,,grinding must be light and the material dried 
in a vacuum before further grinding, sievipg and dry- 
ing. 

TAL 22/8--n 637 
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EXPERIMENTAL 

Examination and reworking of one batch of THAM 

Tris(hydroxymetbyl)aminomethane, obtained commer- 
cially, was titrated with standard acid by the usual volu- 
metric technique, with Methyl Red as indicator; the purity 
found was 99.3%. 

The material was ground, dried in vacuum, then again 
ground. It was then sifted through a B&mesh sieve and 
dried in vacuum at room temperature over anhydrous 
magnesium p&chlorate. The loss in weight in the final 
drying operation (48 hr) was 0.11%. This material was sub- 
jected to high-precision coulometric analysis.r2*r3 The purity 
found by titration with perchloric acid (coulometric 
titration of excess of acid and coulometric standardization 
of the acid) was 99.923, 99,911, 99.917, 99.923, 99.913, 
99.906, 99.9 13, average 99.9 12x, standard deviation 
OGO6*%. 

Microscopic examination 

The cavities in the crystals of THAM formed from 
water~R#hanol mixtpresare readily seen under the micro- 
scope# brs’ tiumero~ eloilgated, with rough imgular 
sideg turd frequently partially tilled with mother liquor 

:The m&is&s of the mother liquor is convex 
2&t of tntmur~ in a alass tube). When crvstals 

slide jwjk .wv&d with a drop of water, 
ve at aR of$#mvable rate and when the 

ties is,,&posed, water shoots into 
It had b&n earlier reported by 

,,@l@t crystals of THAM lose their 
at 135”; we wnB&x& this, but on our electri- 

stage the changp$mk place at 149” and rever- 
sion a,t,X124”. The crystalswere trot shattered at these tem- 
pera&es by the vapour pressure of the trapped mother 
liquor. Even the crystals of THAM which had passed a 
lOO-mesh sieve were observed to hold cavities. 

THAM heated on the microscope stage underwent not 
only decomposition but also sublimation, forming dendri- 
tic growth on the, wver &ss. The dendritic grouithsion- 
sisted of very smell crystals pa&ad closely about a central 
trunk. Bach tiny crystal was biitfringent but at diflbrent 
positions of the stage, hd the whole’@ve a pretty, Christ- 
mas-tree, effect, The’ sitblimcd m#ei%l was proved by 
infrared spectroscopy and by K-ray podxder di&aotion pat- 
tern to be THAM and this led directly to the large-scale 
sublimation exper@ents described below. 

Behaviour on drying 

Large crystals of THAM, anrlntaterial ground and ,sifted 
thro ‘a 

? 
lOOmesh sieve, were heated in an ot+t to suc- 

cessi ” I$ higher temperatures. The ground material turned 
yellow at 100” and at 140” had obviously undergone far 
more extensive deterioration than the coarse crystals. The 
deterioration was obviously oxidation by air and this pro- 
ceeded more rapidly with fine than with coarse material. 

Sublimation of THAM in nitrogen 

The sublimation apparatus used by Koch, Hoyle and 
Diehl” for purifying 4-aminopyridine was used. The flask 
was embedded in wppcr shot in an electric heating mantle. 
At a temperature of 140” the THAM was present as a 
clear, wlourless liquid and a few large crystals formed 
in the upper portion of the flask, the gooseneck, and the 
air condenser. The sublimation was very slow, only a very 
small amount of crystalline sublimate being obtained, and 
&composition set in after 20-30 hr, so this approach was 
given up. 

Less in weight on melting in an atmosphere of nitrogen 

A’sample of commercial THAM (large crystals, 99.3% 
pure), held in a weighing bottle, was placed in the flask 
of the sublimation apparatus mentioned above, the air 

in the flask was replaced by nitrogen, and the flask heated. 
The material melted at about 140” (the m.p. reported in 
the literatureI and confirmed by our experience with use 
of a heated microscope stage, is 172”). The material was 
immediately cooled and weighed. The loss in weight was 
067x. Traces of THAM auneared as sublimate on the 
goo&reck and air condenserbf the apparatus during this 
experiment; this was recovered by washing with water. 
From the pH, 9.4, the volume of the wash-water, and 
the dissociation constant of THAM, the amount of THAM 
so sublimed was calculated to bc 4.2 mg or 0.02% of the 
original weight of 22.11 g. Thus, of the loss in weight 0.65% 
can be attributed to liquid trapped in the crystals. 

DISCUSSION 

Although the THAM ground and sifted through 
a lOO-mesh sieve, and found to be 99.914% pure, 
would be satisfactory for standardization in most rou- 
tine work, it could hardly be considered a primary 
standard. The impurity is probably still mostly 
mother liquor and the variability in the results 
reported above, standard deviation 63 ppm, is further 
evidence of this (compare the standard deviation of 
59ppm for similar concurrent work with Carnino- 
pyridine' j). 

It would indeed be curious if such a disparity 
between reality and reputation should have escaped 
notice completely; even with the limitation of 1 part 
per 1000 imposed by the use of volumetric burettes 
by previous workers the discrepancy should have 
been observed. Actually it had, but it is necessary 
to read the fine print to find a report of it. In the 
very first paper on the use of THAM as a primary 
standard,’ Fossurp, Markunas and Ri&%& in de- 
scribing the purification of THAM, directed that the 

material should be ground to pass a SO-mesh sieve 
and be dried at 60” and a pressure lower than lO- 
15 mmIi$ for 12 hr or dried over phosphorus pentox- 
ide at.+< 5 mmHg for 2436 hr. The consequences of 
not gri@hig the material were nowhere pointed out, 
however, and the abstra$ sll;corpl(panying the paper 
states that the material can be dried by heating at 
lOClU3”, which though true is misleading. The 
vapour pressure of the mother liquor trapped in the 
crystals of THAM is not sufficient to shatter the crys- 
tals even at the melting point; before that tempera- 
ture, decomposition sets in, a fact reported by Fos- 
sum, Markunas and Riddick’ (at llO”ta finding 
we confirm. Decomposition begins, @even lower&m- 
perature for lOC&esh .material. -’ 

Ten years after the tion of the first paper, 
Riddi& in a review tues of THAM as a 
primary stan$~d,~ listed ten merits ,of the material 
but &ii to displayip$#rbin&tly the warning that 
it must be groun&tit%$‘arid dried. Riddick analysed 
four commercial p#Rarat$~ps of :‘purifW’ THAM. 
Preparations I and Ii &&~Yl$tely ground materials 
for which purities of ‘!S&@, a&$ ‘%96% were found. 
Prepaiations III and ti g& l&v results until ground. 
Riddick reported in a footnote that sixteen analyses 
of preparation IV as received gave results for the 
purity ranging from 99.32 to 99.79%. In the text Rid- 
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Table 1. Coulometric titration of SRM 723 Tris(hydroxymethyl)aminomethane, hydrazine-platinum anode method” 

Weight of Quantity of 
Titration THAM, eJectricity, Electrical equivalent, Purity of 
number 4 1969 NBS coulombs 1969 NBS coulombs/g THAM, “/, 

: 3.rXIOOO2 3GO5709 1911.024 1914646 796.259 796.254 9919688 99.968 1 
3 3004906 1914.076 796.230 99.9651 

Average 99.9673 
Range o@O37 

Mol. wt. THAM: 121.1372. Faraday: 9648669 1969 NBS coulombs/mole. 

dick added briefly that in the original study it had 
been observed that “large crystals analysed low”, and 
“it is believed that solvent is trapped in the large 
crystals”. 

While Fossum Markunas and Riddick may be cri- 
ticized for not pointing out prominently the need 
for grinding, others have said nothing about grinding, 
presumably being unaware of the problem, or ignor- 
ing it, or doing what was necessary without comment 
and assuming that others would do the same. There 
are at least eight such authors: Whitehead who 
simply called attention to the existence of the material 
and compared the titration curves of THAM and 
sodium carbonate; Williams and Harley3 who pro- 
posed THAM as a primary standard for non-aqueous 
titrimetry and compared the curves for titration of 
THAM, potassium hydrogen phthalate and diphenyl- 
guanidine with OlM perchloric acid in acetic acid; 
Ruth and Critchfield4 who used it as primary stan- 
dard for standardizing perchloric acid in “Methyl 
Cellosolve” (used for the titration of amines); Holler6 
who used it as a standard and titrant in the combus- 
tion-acidimetric determination of sulphur; Wilson 
and Smith7 who used it as a comparison standard 
for thermometric titration calorimetry. Even Bates 
and Hetzer,15 who laid to rest the false notion that 
solutions of THAM do not absorb carbon dioxide 
from the atmosphere, appear to have accepted the 
idea that THAM need only be dried at 10&103”. 

Analyses of the five lots of THAM which became 
SRM 723 were made by Marinenko’ at the National 
Bureau of Standards by the addition of a weighed 
amount of sulphuric acid, coulometric titration of 
the excess of sulphuric acid, and coulometric standar- 
dization of the sulphuric acid. The average of 30 
determinations of the purity was 99.9690% with a 
standard deviation of 81 ppm. In neither Marinenko’s 
report nor the certificate which accompanies SRM 
723 is anything said about grinding the material. 
Marinenko states that the material taken for analysis 
was dried at 70” in a vacuum oven, weighed, corrected 
to weight in vacuum, and titrated; no mention is 
made of grinding before drying although this was 
probably done by the manufacturer (Sigma Chemical 
Company, St. Louis, Missouri). Presumably the same 
applies to SRM 724a, recommended as a calorimetric 
standard r6*17 inasmuch as SRM 724a came from 
the same lot of material as SRM 723, the basimetric 
standard. 

Our own examination of SRM 723 indicated that 
although the crystals are small, cavities are present. 
SRM 723, dried in a vacuum over magnesium per- 
chlorate for two weeks but otherwise analysed as 
received was titrated coulometrically with use of the 
hydrazine-platinum anode developed by Hoyle, Koch 
and Diehl;” the titrations formed part of the 
sequence of titrations made to establish the efficiency 
of the hydrazine-platinum anode. The average of the 
three titrations (Table 1) was 99.9673%; the range, 
37ppm, and the difference between this value and 
the Mariner&o value, 17ppm, are both less than the 
standard deviation reported by Marinenko and that 
reported above for a different lot of THAM. 

Still another use of THAM as a calorimetric stan- 
dard was made by Irving and Wadsol who went 
to considerable trouble to purify their material by 
the usual water-methanol recrystallization but then 
used the crystalline material which passed through 
a 50-mesh sieve but was retained on lOO-mesh, and 
was then dried at 80” and finally in a vacuum; no 
analyses are reported. 

Almost the only workers who have not accepted 
primary standard status for THAM are Datta, Grzy- 
bowski and Weston2’ who by titration found their 
material to be 99594 and 99.830x, average 99.71% 
pure (after recrystallization from water-methanol: 
99.870, 996560/, average 99.76%) and took this into 
consideration in their measurement of the dissocia- 
tion constant. 

In the extensive use of THAM and its hydrochlo- 
ride as a biological buffer (see for example the various 
papers published in the Annals of the New York 
Academy of Science 21 following a conference) it is 
probably immaterial whether occluded water and 
methanol are taken into account. Such neglect, how- 
ever, may not be excusable in careful calibrations 
of buffers in water and water-methanol mixtures such 
as those carried out by Bates and co-workers.22-24 

1. 

2. 
3. 

4. 

5. 
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Summary-Freezing curves of highly-purified Caminopyridine have been obtained with an instrument 
of new design employing a gold crucible, a platinum resistance thermometer, electrical heating elements 
on crucible and heat shield, and accessory electrical control devices such that the temperature difference 
between crucible and shield could be maintained constant within OGO5” while the temperature of 
the 4aminopyridine and crucible dropped through the freezing range. No stirring was used. Methods 
were devised for handling the data as the derivative of temperature with respect to time and of 
correcting the freezing curve for the heat opacity of the crucible and charge., Although indirection 
of the tieekg curves obtained on the 4-a&op~e was confused by attack on the gold by 
the molten 4-aminopyridine. the initial impurity& the 4-aminopyridine was.probably l&s than the 
detection limit, OWI mole %. 

A ~gh-precision qu.l~pm&ic titration of Qaminopyr- 
idine has been carried out by Koch, Hoyle and Diebl’ 
in an effort to establish a vahte for the faraday by 
a new route. The ltaminopyridine was pur&d by. 
sublimation and shawn by the speotrograpbb .mthod 
to be free from m@llj& impurities. Because direct 
methods for the ~ and stern of the 
traces of organic im@tles possibly present in such 
a material were la&& the total impurity was mea- 
sured with the free&-point calorimeter described 
below. The design of thisapparatus and the problems 
which arose in wying out experiments with it are 
described in some detail because they could be applic- 
abie to other ~~~~ns. 

The depression. of the melting point T, of a pure 
substance caused by a m&e-fraction, x2, of an impur- 
ity, is given by 

AT=T,-- T = ‘(RT&,4&c2 = x2/A (1) 

if the impurity is sm& in amount and soluble only 
in the liquid phase to form an ideal solution. In 
this expression, which opas developed first by Wash- 
burn,’ & is the latent hat of fusion of the pure 
substance and A3-&/RT& the so-&led cyroscopic 
constant, is of ~*~~of 10’ Z deg- 1 for many sub- 

known accurately in advance, and T, and AT are 
then calculated from the data; the accuracy of AT 

is then dependent on the precision (~nsitivity) with 
whi&It the temperature is measured, rather than on 
the absolute accuracy. The &eezing-ourve method has 
been most popular, but, both methods have been 
demo&rated togive re t&&s for a wide range 
of total impurity. Wits@onke,3~4 for instance, has de- 
scribed a ~~-~m~aP~~s for the examina- 
tion of commer&l mat&k& melting in the range 
&om -40” to 2&F and con&&ring up to 5 mole% of 
impurity, with a precision of @1 r&e%. The freezing- 
point method has been used by Schwab and Wicherss 
to study “air&e ~rys&l” primary standard benzoic 
acid with a precision of 10m3 mole% and it has been 
applied with the same precision to highly pure hydro- 
carbons by Rossim and co-workers6a6-g and by Glas- 
gow ,and others. ‘O The method has even become “offi- 
cial” for determining tbe purity ‘of hydrocarbons: 
ASTM Standards D 1015701’ and D 1016-55.12 

The calorimeter used in ,th% work differs from those 
which have been used for other ~-pr~ision melt- 
ing-curve studies, in a numb& of ways. The rate of 
cooling was carefully controlled” by utilizing special 
thermal isolation devices (iso@&&l heat shield and 
vacut?m jacket), and ~~scbani& @R&g was not com- 
patible with these de&n lb&r&a was considered 
u . ‘Ib cxmiti was made of gold and 
nu?nerMs &in radial fins were gawided to promote 
then& equihb@um in the%q+Ma&tl to furnish maxi- 
Tim -‘-OXI which the s&d Could form. Platinum 
was rejected as material for’ the crucible because of 
its much poorer thermal conductivity. 

641 
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a sensitivity of better than QOOO5 K. The heat leak 
to and from the crucible was controlled very precisely 
by the use of an isothermal heat shield which com- 
pletely surrounded the crucible and to which all elec- 
trical leads were attached. Two modifications were 
also made in the method of analysing the data: the 
heat released by the charged crucible during the freez- 
ing was taken into consideration, and the tempera- 
ture-time curve over an extended range was used 
in calculating AT. This work is described in more 
detail elsewhere by Hoyle.13 

WALLS OF GLASS 
MCUUM JACKET 

EXPERIMENTAL 

Calorimeter 

Details of the calorimeter are shown in Fig. 1, photo- 
graphs of the instrument during assembly in Fig. 2, and 
a block diagram of the electrical components in Fig. 3. 
The glass tube carrying the crucible was sealed into the 
top of the vacuum jacket so that no vacuum seal was 
required for the thermometer leads. The silicone oil pro- 

Fig. 1. Calorimeter 

wFlNSARE 
!%LGUD,REST 
wCRUaELElS 
I5 MlLS THlCK 

for obtaining melting and freezing curves. vided contact between the thermometer leads and the gold 

Fig. 2. Stages in the assembly of the calorimeter. 
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POTENTIOMETER DETECTIBI 

Fig. 3. Components of the electrical system. 

thermometer-well and the glass support-tube. The leads 
to the thermocouple and the heater were brought through 
a seal in the side of the vacuum jacket. The top and 
bottom halves of the vacuum jacket were sealed together 
with an O-ring. Radiation losses were reduced by silvering 
the inside of the glass vacuum jacket and by wrapping 
the crucible and the shield with aluminium foil. The 
vacuum around the calorimeter was never better than 
low4 mmHg but the heat loss due to the residual gas was 
shown to be negligible in comparison with that due to 
conduction by the leads and to radiation. 

The reentrant cap of the bottom of the crucible was 
designed so that the Caminopyridine, which was poured 
in as a powder, would not become overheated during the 
electron-beam welding of the seal. Loading a new sample 
in the crucible was a time-consuming task because the 
glass support tube had to be broken, and all of the crucible 
wiring, thermocouple and heater, had to be removed so 
that the crucible could be clamped in a large copper heat- 
sink in the vacuum system of the electron-beam welder. 
One result, however, was that the 4-aminopyridine was 
scaled in under a good vacuum. 

The temperature difference between the crucible and the 
isothermal shield was monitored by observing the emf 
of the copper-constantan differential thermocouple. Small 
variations in the emf, which was measured with a Rubicon 
potentiometer, were recorded by attaching the output of a 
Keithley 155 detector to one pen of the two-pen chart-re- 
corder (used at a full-scale sensitivity of f 10 p). Because 
the sensitivity of the thermocouple was roughly 40pV/K, 
variations in the temperature difference could be observed 
with a sensitivity of OGO2-0903 K. The assumption was 
made that the heat leak into (or from) the crucible would 
remain constant when this temperature difference, which 
was typically 5 K, was kept constant. A fine control on 
the shield power-supply was adjusted manually to keep 
the temperature difference constant to better than 0.1% 
during an experiment. All of the current supplies shown 
in Fig. 2 (for both heaters, the thermometer and the poten- 
tiometer) were of the highly stable type described by 
Kroeger and Rhinehart.i4 

The platinum resistance thermometer was a miniature 
(3 mm diam.) four-terminal device which is manufactured 
by MINCO, with a resistance of 41.2n and a sensitivity 
of 0.1 Q/K at 432 K. Its resistance was measured by a 
conventional d.c. comparison method in which the poten- 
tial drop across the thermometer was compared with the 
potential drop across a 10-Q Leeds & Northrup NBS- 
type standard resistor (not shown in Fig. 2) which was 
connected in series with it. Simultaneous reversal of the 
potentiometer and the thermometer currents was used to 
compensate for the effects of thermal emfs in the potential 
circuit. The offdbalance of the potentiometer, as detected 
by the Keithley 15OB detector, was displayed on the second 

pen of the chart-recorder to obtain a continuous record 
of the temperature. Potentiometric methods are usually 
unsatisfactory for measurements such as these, owing to 
constant small drifts in the potentiometer and/or 
thermometer power supplies. However, the electronic sup- 
plies which were used in these experimentsi were found 
to be stable to roughly 1 ppm over a period of days, 
so stability was no problem. The chart-recorder display 
could be operated at + 1 PV full-scale sensitivity, which 
corresponds to *0+05 K at the normal thermometer cur- 
rent of 2 mA. The maximum resolution (00001 K) was 
seldom required in these experiments, and most of the 
data were obtained at the f 1OpV full-scale sensitivity of 
the chart-recorder, with a resolution of 00005 K. 

An accurate thermometer calibration is not required for 
purity investigations by experiments of this type, because 
AT [equation (l)] can seldom be determined to better 
than a few per cent. The absolute melting temperature 
of the pure compound, T,, is of some interest, however, 
so the MINCO platinum resistance thermometer was cali- 
brated by direct comparison with a Leeds & Northrup 
Type 8164 platinum resistance thermometer which had 
been calibrated at the National Bureau of Standards. In 
the course of this calibration, done under thermal condi- 
tions similar to those for the determinations, considerable 
self-heating was found in the MINCO thermometer. This 
effect amounted to 0.014K at the melting point of the 
4-aminopyridine for the standard current of 2mA, and 
is roughly three times the estimated error (O-005 K) in 
an absolute temperature measurement with the MINCO 
thermometer. As was mentioned previously, the precision 
with which temperature changes could be detected and 
measured was OC@Ol K. 

The data for a typical freezing curve were taken as 
follows. The crucible and shield were warmed to the melt- 
ing-temperature of the sample, after which the resistance 
thermometer indicated a relatively constant value until. 
a rapid increase in the heating rate indicated that the 
sample was completely melted. The crucible temperature 
was then stabilized at just above the melting temperature 
while the shield-heater current was reduced to create a 
predetermined temperature difference (typically 5 K) 
between the shield and the crucible. After thermal equilib- 
rium had been reached in the system with this temperature 
difference, the crucible heater current was reduced to zero 
and the temperature of the crucible and the thermocouple 
reading were monitored simultaneously on the two chart- 
recorder channels, with the thermocouple reading ‘being 
kept constant by manual adjustments of the shield current. 
When the sample was comple@y frozen, the temperature 
of the crucible was kept constant at 5 K or so below 
the melting-temperature, ready for a further experiment. 

Curve B of Fig. 4 represents a typical set of data for 
one experiment, for which the heater-shield temperature 
difference was 5 K and the time of freezing just over 11 hr. 
The initial supercooling was always observed, with a slight 
amount of superheating (not evident in Fig. 4) being 
observed for 1530 min after nucleation. This superheating 
may be attributed to the large impurity-concentration gra- 
dients caused by the sudden freezing when the sample 
has recovered from the supercooling, and the slow diffi- 
sion of the impurities. The extreme rounding of this curve 
at the right-hand side is due to the increasing con- 
centration of the impurity in the decreasing volume of 
liquid remaining as the 4-aminopyridine froze. This curve, 
and the other curves in Fig. 4, are discussed in detail 
in the next section. 

RESULTS AND DISCUSSION 

Analysis of data 

Because of the way in which the experiment was 
carried out, it is assumed in the following discussion 
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Fig. 
I-3. 
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4. Freezing curves. (A) Theoretical curve, high-purity material. (B) Experimental curve, Charge 
(C) Equation (6), AT0 = 0.061 K, z = 676min. (D) Equation (7), AT,, = 0961 K, r = 676min, 

k = 090132. 

that the rate of cooling remained constant throughout 
gn experiment. The ideai freezing curve of a pure 
material, T = T, and AT = 0, would resemble curve 
A of. Fig. 4 and would extend over a time ‘c. In 
practice, supercooling occurs and To and t = 0 are 
obtained by extrapolation of the horizontal portion 
of the curve back to the initial rising vertical portion 
of the curve repre~nting the cooling of the liquid. 
In a real sample, an impurity will also be present, 
and the depression of the freezing temperature, AT0, 
defined by AT, = T, - To, will be positive. The hori- 
zontal portion of the curve is increasingly tilted 
downward owing to increasing concentration of the 
i~u~ty in the liquid phase as the major ~mponent 
crystallizes. At t = t/2, half of the major component 
vi11 h&6 crystallized, the concentration of the impur- 
iiy will ‘have doubled, and T, - To = 2AT,. t is 
obtained by extrapolating the cooling curve of the 
solid Back to temperathre To + AT,. The last traces 
of liquid disaftpear in an actual experiment at times 
appr~~bly gregter than z because of the increased 
depression of the freezing-temperature caused by the 
increasing concentration of impurities in the liquid. 
Conformity to equation (1) fails if large con- 
centrations of impurity exist during the last stages 
(the last 5% or so) of the freezing process. Irregular 
freezing and entrap~nt of impurities in small cells 
of enclosed liquid may also cause deviations from 
the theoretical curve in the final stages of the freezing. 
If equation (1) is integrated directly under the assump- 
tion of a uniform cooling rate, the equation 

AT = ATO,‘[l - (t/r)] (2) 

is obtained. This relationship is plotted as curve C 
in Fig. 4. The agreement between a calculated curve 
and an experimental curve can be improved by 
re&embering that as the temperature of the filled 
crucible gradually decreases with time, additional 

cooling time,is required to compensate for heat capa- 
city effzcts. 

The following quantitative discussion is based on 
the definitions given above of AT, AT,, z (set) and 
& (J/mole), and of n(t) as the number of moles of 
solid, n, as the total number of moles of material 
in the crucible, and C as the total heat capacity 
(J/deg) of the crucible plus the material. The rate at 
which heat is being lost from the container is given 
by the definition of 7 in Fig. 4 as 

@I&&) = LXdn/dt) - C(dT/dt) 

= Ij(dn/dt) + C(dAT/dt) (3) 

where the terms on the right-hand side represent the 
heat released by the freezing of the material and the 
simultaneous cooling of the charged crucible. Equa- 
tion (1) can he rewritten to give a relation between 
AT and n as 

AT = AT0 n&h - n) (4) 

which in turn can be differentiated and combined 
with (3) to rewrite (2) as 

(AT&) = [(AG/AT)2 f- k] (dAT,‘dt) (5) 

where 

k = (CA~/~n~) (6) 

is a convenient dimensionless parameter. 
Equation (5) can be integrated with AT = AT, at 

E = 0 to obtain the relationship which is plotted as 
curve D in Fig. 4, 

AT = {AT,/2k){[(l - (t/r) - Ic)~ + 4k-j”’ 

- (1 - (t/T) - k)). (7) 

This relation reduces to equation (2) when k becomes 
very small. The rate of cooling at a given time t 
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can be used to estimate AT, horn 

aTidt = (ATo/aT) ’ 

(1 - (t/7) - 4 
- [(I - (t,7) _ k); + ,&I’/2 ’ 

(8) 
Since It is of the order of 10V3 for this experiment, 
it has a small effect for f 5 0.7 7 apd the approximate 
relation 

dATi/dr = (ATo/r)[l - (t/7)]-2 (9) 

can be used; it is also the derivative of equation (2). 
The parameter k can be evaluated from (5) and 

estimates of AT, and 7 by noting that (AT,/AT) 
[equations (4) and (7)] becomes very small for large 
times, and indeed must be zero when the ‘sample 
is completely frozen. In practice, the sample appeared 
to be co&j+letely frozen (curve B, Fig. 4) for E = 1.1 7, 

so k COW be obtained to within about 1% from the 
linear’ portion of curve B. The use of the general 
relation (7) results in calculated freezing curves which 
are in quite good agreement with experiment for 
t/7 5 0.9. 

The determination of AT,, 7 and k for a given 
experimental curve could be accomblished by using 
a di&ital computer to fit equation (7) to the data. 
This would be justified only if ffeezing-point analyses 
were to be done .on a routine basis. Hence, these 
qUantities (as given in Fig. 4) were determined in 
the present investigation by successive approxima- 
tions and refinement of the analysis mginning with 
equations (2) and (911 until a “best” At to the theoreti- 
cal curve was achieved over a range of times from 
032 (where superheating effects had disappeared) to 
greater than @A. In spite of the sensitivity of the 
thermometry in this experiment, the initial freezing- 
point depression AT,’ could seldom be determined 
to better than 34% for a given run. 

Thermodynamic properties of 4-aminopyridine 

The latent heat of,Fusion, 4, of a material must 
be known in order to calculate the mole fraction 
of an impurity from a’ freezing curve by equation 
(1). The results of two independent measurements of 
the latent heat of fusion of 4-aminopyridine are given 
in Table 1 together with values for the melting-tem- 
perature of the pure material, T,, and the heat capaci- 
ties of the liquid, CL, and ,the solid, Cs. 

In one experiment, the latent heat of fusion of 4- 
aminopyridine and the heat capacity of solid 4- 
aminopyridine were obtained by using a conventional 
water-bath calorimeter. This calorimeter was cali- 
brated with a ‘stahdard sample of ‘metallic copper 
(NBS 45b) which was heated to a temperature close 
to the melting temperature of itaminop’yridine and 
dropped into the calorimeter. The sample of 4-amino- 
pyridine was sealed in a glass vial for the ex$eriment. 
Details of this experiment will be found in Hoyle’s 
thesis.‘2 

In a second measurement, the Caminopyridine was 
held at a temperature slightly l%elovir To, in the calori- 
meter shown in Fig. 1, and the tempei’ature diflerence 
between the crucible and the ‘shield was adjusted so 
that the temperature of the crucible remained con- 
stant with no current passing through the crucible 
heater. The crucible heater current then was turned 
on to melt the 4-aminopyridine, and’as the crucible 
warmed, the temperature diUkrence between it and 
the shield was held constant to ensure that the only 
source of heat to the crucible was its ‘own heater. 
The temperature of the crucible remained quite con- 
stant in the hvovhase region, ‘sothe latent ‘heat of 
fusion could be roughly estimated from the power 
dissipated in the crucible heater and the time of melt- 
ing (roughly 4 hr), a slight correction being made for 
the increase inrthe temperature of the crucible ,and 
the 4aminopyridine during the course of the exper; 
iment. A major difficulty was experienced in deter- 
mining the time of complete melting. After somewhat 
over 90% of the 4-aminopyridine hadbmelted, erratic 
temperature changes Cere observed; periods in which 
the temperature remained constant were followed by 
discontinuous temperature increases, or even on occa- 
sion,. decreases: These effects were ascribed to inho- 
mogeneities in the sample, created during the freezing 
process required before a melting-curve experiment 
could be conducted. The true inverse of the freezing 
curve (curve C of Fig. 4) was never observed. In part, 
this may have been a consequence of the design of 
the calorimeter. 

The heat capacities of the liquid and solid were 
obtained from the freezing and melting experiments. 
The rate of change of temperature in the single-phase 
regions of the freezing and melting experiments ref- 
lected directly the heat capacities of the liquid or 

Table 1. Thermodynamic propertie.s of Caminopyridine near the melting-temperature 

Weight basis Mole basis* 

Heat capacity, liquidt 
Heat capacity, solidg 
Latent heat of fusion§ 
Latent heat of fusiont 
Melting-temperature, T, 
Cryoscopic constant, A = &/RTi 

1.57(+0.06)J.g-‘.deg-’ 148(f6)J.mole-‘.deg-’ 
1%(+0~03)J.g-‘.deg-’ 174(f3)J.mole-‘.deg-’ 

276( f 4) J/g 260( It 0.04) x lo4 J/mole 
28Y + 14) J/g 2.68(+@14) x lo4 J/mole 

159Q9(*0~01)“c 432.24( f 0.01) K 
1.67 x lo-* K-r 

* Molecular weight: 94.117. 
t Freezing-curve calorimeter. 
#Water-bath, drop calorimeter. 
Figures in parentheses are tbe estimated errors. 
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the solid, the heat capacity of the crucible, C,,, being 
a constant factor: 

The heat capacity of the 115-g crucible, taken simply 
as the &at cawcity of gold, was estimated to be 
C,, = 15 J/K.’ The heat capacity of solid 4amino- 
pyridine was known from the water-bath calorimeter 
experiment. With 13.2g (0*14mole) of 4-aminopyri- 
dine in the crucible, the ratio of the slopes was found 
to be (d~/d~~(d~/d~~ = Q91(+0.02) which leads to 
the value of the heat capacity of the liquid given 
in Table 1. Because the heat capacity of the total 
amount of 4-aminopyridine was only about 50% 
greater than that of the crucible, the result for CL 
was relatively sensitive to uncertainties in C,,. 

The clog-~rn~rat~e of pure ~a~nop~idine, 
T,, in Table 1 was obtained from T, as calculated 
from. freezing curves and from the comparison of the 
MINCO platinum, resistance thermometer with the 
Leeds & Northrup platinum resistance thermometer 
calibrated at the National Bureau of Standards 
(1~68 scale), The self-heating correction (0.014 K-) 
was, applied to the MINCO thermometer readings. 

Interpretation of the data obtained from freezing curves 
of 4-amirwpyidine 

The depression of the freezing-temperature, AT,, 
was calculated for each of the freezing curves 
obtained on the ~~y-pur~~ ~~~p~~~e, by 
following the procedure given in the preceding sec- 
tion, Each freezing curve resembled curve B of Fig. 
4. The values of the depression of the freezing-tem- 
perature increased with each successive curve 
obtained for each of two charges, I and II, of the 
crucible with 4~~op~id~e. The cumulative time 
in which the molten ~rnin~~i~~ was in contact 
with the gold of the crucible was computed according 
to 

t ,“ln=3L+~S++~ (11) 

in which &,, is the time required to melt the 4-amino- 

pyridine, ts is the time required to stabilize the tem- 
perature of the liquid 4aminopyridine, and T is the 
time required to freeze the 4aminopyridine. The 
values of the depression of the freezing-temperature 
obtained from the successive curves are given in Table 
2 as a function of the cumulative time. Curves I-l 
and I-2 were obtained in a relatively short tilme by 
using a large temperature difference between the cru- 
cible and shield (Table 2). The cumulative time for 
these two curves is correspondingly small. Curves 1-3, 
I-5, I-6, I-7 and I-8 were taken with the same tem- 
perature difference, 5 IL Curves II-l, II-2 and II-3 
were also taken with a temperature difference of 5 K; 
the ,w&ies obtained for #the depression of the freezing- 
temperature were very close to those obtained with 
charge I for the same cumulative time. It is thus 
evident that the instrument was ~nc~n~ properly 
and giving consistent results from one charge of 4- 
aminopyridine to the next. It is apparent, however, 
from I-4 that the depression of the freezing point 
observed is greatly dependent on the difference in 
temperature between the crucible and the shield; for 
a difference of 10 K, the depression was close to twice 
that for a 5 K dil%rence (I-3 and I-5). This ~- 
tion of the depression at larger temperature di&r- 
ences undoubtedly also a&ted I-l and I-2 (25 and 
12 K respectively). The value of the depression found 
from I-l, 0005 K, is probably too large and the value 
of the mole fraction of impurity calculated from 4 
xz=AATo=t.67x 10-2x~5=~~~~~ 
represents only an upper limit for the impurity. It 
is quite evident also that in I-l attack on the crucible 
had been going on from the time of first melting, 
some 3 hr. It appears valid therefore to conclude that 
the depression of the freezing-temperature observed 
is too large. The ~rnb~~an of these two effects 
makes it likely that the depression of the freezing- 
temperature observed is too large by at least an order 
of magnitude and actually is less than can be detected 
by this instrument, 0.001 K,or slightly less. This places 
great emphasis on a single freezing curve, I-l. 
Although of short duration, I-l was normal,.that. is, 

Table 2. Depression of the freezing-temperature, ATo, of 4-aminopyridine as a function of time of contact in the 
molten state with the gold of the crucible 

Freezing Depression of the Time of contact, ruin Difference in temperature 
curve freezing point, ATo, Individual of shield and crucible, 

number K experiment Cumulati~ “C 

Charge I 
I-l 
I-2 
I-3 
I-4 
I-5 
I-6 
I-7 
I-8 

Charge II 
11-l 
II-2 
II-3 

OGO5 180 
0.030 170 
0060 400 
0.160 1250 
0.092 1200 
0096 10M 
0.097 850 
0.103 1000 

180 
350 
750 

2000 
3200 
4250 

E 

0.059 500 500 
0070 400 900 
0080 650 1550 

25 
12 



Sensitive apparatus for obtaining freezing curves 647 

the temperatures calculated at times t = 0.5~ and t = 
0.757 by using AT, = 0035 K and equation (3) were 
very close to the temperatures observed. We conclude 
that the mole fraction of impurity in the rl-aminopyri- 
dine is less than 1 x lo- (OQOl mole%). 

Gold introduced during the freezing-point experiments 

The initial highly-purified 4-aminopyridine and the 
4-aminopyridine recovered from the two freezing- 
point experiments (I and II) were analysed by plasma 
and spark emission spectroscopy and by neutron- 
activation. No detectable impurities were present in 
the initial 4_aminopyridine, the material being in this 
respect as good as the best grades of spectrographic 
carbon. A faint trace of copper and a trace of silicon 
(possibly 10 ppm) and 10-100 ppm of gold were found 
in I. Neither copper nor silicon was detected in II 
but the amount of gold was considerable and distri- 
buted inhomogeneously: 50, 65 and 150ppm by the 
spectrographic method, 3-12OOppm by activation 
analysis on 3-mg samples. Optical microscopic exa- 
mination revealed the presence of obviously different 
material, in the form of spots, some brown in colour, 
some of metallic lustre and transparent. 

Two mechanisms are suggested for the introduction 
of gold into the molten 4aminopyridine. The dissolu- 
tion of gold by the action of the molten 4-aminopyri- 
dine is certainly possible, although in a preliminary 
experiment, a piece of gold immersed in molten 4- 
aminopyridine for 48 hr showed no loss in weight. 
The surface of the gold exposed in the freezing curve 
experiments was much greater, however, 200cm2 or 
so. As observed, the rate of accumulation of impurity 
slowed greatly after a certain time, so the contamina- 
tion process must be confined to a surface layer, quite 
possibly to the dissolution of a layer of gold oxide. 
The second mechanism of contamination is simply 
the decomposition of gold oxide. It is known that 
gold oxide forms quickly on the surface of reduced 
gold on the briefest exposure to air15 and that it 
is decomposed at about 160”, the melting temperature 
of 4-aminopyridine. 

Implications for the design of freezing-point calori- 
meters 

With the calorimeter described above it appeared 
possible to determine freezing-point depressions of 

the order of 0901 K at 160”, corresponding to a lo- ’ 
mole fraction of impurity. Obviously gold was not 
a sufficiently inert metal for the purpose. Conceivably 
the offending surface layer of oxide could be removed 
by heating the crucible in vacuum. The crucible could 
then be filled with a dry inert gas (helium, argon), 
and then in a dry-box the sample loaded, the re- 
entrant cap inserted and the electron-beam welding 
of the seal made without exposure to air. The pro- 
blems appear formidable, however, and it would 
appear that other solutions should be sought to the 
problem of establishing the purity of an organic 
amine. 
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Summary-_The anodic gkneration of hydrogen ion on bright $&urn in l.OM sodium perchlorate 
is not quantitative owing tq the formation of a chemicai @ecies w&h oxidizirig properties, presumably 
a pesoxydiperchlorate, but 100% current efiiciency can M obtained in the ftm?dic genkratiou 6f hydrogefl 
in 0*25M sodium hydraziniu~ sulphate, Na(N2H#XX+ Five hydrogen ions are farmed for each 
four electrons passed. The efkiency of this ~hy~~in~platinum anode” has,beeza ~rn~~a~d by 
the high-precision coulometric titration of tris(hydroxymethyl)aminom@ane. 

Although a ,number of high-precision coulometric 
titrations of acids have now been cmied out, high- 
precision ~coulometric titrstions ,af bases have been 
confined to the titration of sodium carbonate.‘*2 Mar- 
inenko3 recently carried out a high-precision titration 
of tris(hydroxymethyl)aminomethane (‘THAM”, 
“tris”) by the addition of sulphuric acid and coulo- 
metric back-titration and standardization of the lat- 
ter. He reported that dir& coul&netric titration of 
THAM yielded results consistently low by several 
per cent. He reported also that the literature from 
1947 on showed no studies of the electrochemistry 
of tris(hydr’oxymethyl)aminomethane and that the evi- 
dence in the literature seemed to indicate that 
attempts to titrate aromatic amines co~orne~~y 
failed owing to oxidation of the amines themselves. 

In an attempt to establish, Qaminopyridine as a 
primary standard base, we found this amine to be 
apparently altered at the anode. To circumvent this, 
we added the amine after the coulometric generation 
of the requisite amount of acid in an electrolyte of 
1*0&f sodium perchlorate. The amine was placed in 
a boat suspended above the electrolyte, 99-95x of 
the required acid was generated anodically, the 4 
aminopyridine added, and the titration finished cou- 
lometrically with acid generated at an external “drip” 
electrode. The apparatus was essentially that de- 
scribed by Eckfeldt and Shaf&r4 as modiied some- 
what by Knoeck and Diehls and with the addition 
of the external drip electrode described by Knoeck 
and Diehl.6 The results were consistently low, by 2- 
60/,, and it thus became apparent that a primary diffi- 
culty in the coulometric tritration of bases lies in 
the anodic generation of hydrogen ion. The textbooks 
and treatises are silent on this matter. 

Experiments on the solution remaining after anodic 
generation of hydrogen ion and oxygen on bright 
platinum in 1M sodium perchlorate threw some light 
on the side-reaction consuming the extra 4% or so 

of electricity. Tests.& ‘hydrogen @r&de failed. A 
new oxidizing agent ‘wai preset& however, one that 
reaeted only slowly with &rous stilphate at room 
temperature but with speed on the addition of a little 
silver ion. ‘The Riesenfeld-Liebhafsky’ test indicate&l 
that a true peroxy acid was present. The new oxidiz- 
ing agent underwent, spontaneous ‘decomposition as 
was shown by indirect iodometric titration of aliquots 
taken at intervals; some five hours were required for 
complete decomposition. The phenomena observed 
resemble, with respect to formation by anodic oxi- 
dation and behaviour toward reducing agents .and 
catalysts, those of peroxydisulphuric acid (see for 
example, Yost and Russells). No hydrogen ion is in- 
volved in the anodic formation of the peroxydisul- 
phate anion, 2SO:- = SIOjj- + 2e-. Tentatively we 
identify the new oxidizing agent as peroxydiperchlor- 
ate, C120s. 

That the hydrogen-oxygen gas-coulometer (sul- 
phuric acid electrolyte) yields low’ results owing to 
a shortfall of oxygen was observed by Faraday9 who 
confirmed the finding of still earlier workers that a 
compound “oxywater”, with bleaching power is 
formed at the anode “even though chlorine and simi- 
lar bodies were rigidly excluded”. That the hydroge;ek 
oxygen gas-coulometer gives low results was redisco- 
vered by Page and Liugar# who attributed the 
extra current required to the formation of hydrogen 
peroxide and the ‘subsequent reduction of the hydro- 
gen peroxide at the cathode. ‘The nature of the reac- 
tions on a platinum electrode in sulphate and perch- 
lorate electrolytes has ,been studied by several workers 
and in particular by Johnson, Napp and Brucken- 
stein” who reported that a soluble txmpmd is 
formed at the anode in addition to oxygen and that 
the compound is definitely not hydrogen peroxide: 
For the integration of current varying with time Page 
and Linga.neiO abandoned the hydrogen-oxygen 
coulometer and devised another gas_couIometer, the 
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hydrogen-nitrogen gas-coulometer, employing hydra- 
zine sulphate as the electrolyte, the reactions being 

and 

N,H: = N2 + 5H+ + 4e- (1) 

2H+ + 2e- = H2 (2) 

Page and Lingane reported the results to be some- 
what low, presumably because of the loss of gas by 
solubility. 

We have now shown that the bright platinum 
anode in sodium hydrazinium sulphate 
[Na(N,H,)SO,] solution is 100% efficient in the 
generation of five hydrogen ions per four electrons 
[equation (l)]. Moreover, hydrazine is more readily 
oxidized than is either THAM or 4-aminopyridjne 
so that the titration of these bases may be carried 
out directly, that is, with the base dissolved in the 
solution of sodium hydrazinium sulphate. 

resistance, and time were the ones used in that work. 
Drip electrode. The external “drip” electrode used in 

preliminary work was a modification of that of Knoeck 
and Diehk6 Fig. 1. Fine-porosity glass frits were used 
to separate the three compartments. The level of the elec- 
trolyte in the central compartment was maintained above 
those in the other two compartments so that flow of elec- 
trolyte was always outward and diffusion of acid or base 
from one electrode chamber to the other prevented. The 
titrant was generated at a platinum wire sealed in glass 
and the electrolyte was delivered to this platinum wire 
by means of a wick of glass fibre which passed through 
a small port in the reservoir and down the outside of 
the chamber to the platinum wire. Electrolyte flowed 
slowly down this wick and dripped from the platinum 
wire, carrying acid (or base) generated on the platinum 
anode (or cathode). This drip electrode was used in the 
preliminary investigations of the oxidizing agent formed 
as a by-product at the anode in a perchforate solution; 
it was not necessary in the high-precision titrations of 
THAM made with either’ the hydrazine-platinum anode 
or with perchloric acid. 

As experimental proof of the efficiency of this “hyd- 
razine-platinum anode” for the generation of hydro- 
gen ion we offer the direct, high-precision coulometric 
titration of THAM and a supplementary analysis of 
this same material by weight-burette titration with 
perdhloric acid, the titration being completed coulo- 
metrically and the perchloric acid standardized coulo- 
metrically. These titrations were carried out with the 
sameapparatus and essentially concurrently with the 
titrations of 4-aminopyridine which are reported in 
another paper. I2 We have also measured the potential 
of the working sodium hydrazinium sulphate-plati- 
num anode and find it a few millivolts positive to 
the S.C.E. and thus well over a volt negative to the 
oxygen over-voltage region. 

Titrations of THAM 

High-precision titrations of the batch of THAM pre- 
pared as described above were carried out in two ways: 
(1) by using the new hydraxine-platinum anode, and (2) 
by the addition of a weighed amount of perchloric acid 
in dight excess and co&metric back-titration at a plati- 
num cathode and coulometric standard@tion of the 
perchloric acid. The procedures followed were identical 
with those used in titrations of high-purity 4-amitiopyri- 
diner2 and indeed the titrations were carried out as part 
of a sequence involving the repeated calibration of the 
standard of potential aod the titrations of the two bases. 
Weighings were corrected to weight in vacuum, using 1.32 
for the specific gravit (found by the pycnometer method 
using benzene, 1.31 $r 4). In calculating the purity of the 
THAM, the value used for the molecular weight, 
C4HIIOsN = 121.1372, was calculated from the atomic 
weights in the 1961 Table of Atomic Weights (for reasons 
see ref. 12). The value used for the faraday, F = 
96,486.70(+054) 1972 NBS coulombs/mole is the current 

EXPERIMENTAL 

Reagents 

7kis(hydroxymethyl)minomethane. This was obtained in 
the form of large crystals from a commercial source, was 
ground, dried in vacuum, again ground, passed through 
a lOOmesh sieve, and dried in a vacuum over anhydrous 
magnesium perchlorate. This material was stored over an- 
hydrous magnesium perchlorate; after 2 weeks there was 
no further loss in weight. Microscopic examination showed 
the presence of voids, some containing liquid, in this 
material.r3 

Sodium hydrazinium sulpbte [Na(NrH#OJ, 025M. 
Commercial hydrasine sulphate (N2H6S04) was recrystal- 
lized from 3M sulphuric acid and dissolved in l.OM 
sodium per&orate; the pH was then brought to 4.5 by 
the addition of carbonate-free sodium hydroxide. The solu- 
tion was made 025M in sodium hydraxinium sulphate 
by diluting with l.OM sodium perchlorate. 

Apparatus 

Preliminary work was carried out with the “Coulometric 
Analyser” of the Leeds BE Northrup Company* and the 
modification of the “drip” electrode of Knoeck and Dieh16 
described below. The drip electrode was not used in the 
work with the new hydfaxine-platinum anode. 

The high-precision coulometric titrations of THAM 
were carried out with the apparatus used by Koch, Hoyle 
and Diehtt2 for the high~precision titration of Caminopyri- 
dine; the calibrations of the standards of mass, potential 

Fig. 1. Details of “drip” electrode: (A) working counter- 
electrode, bright platinum foil; (B) discs of fritted glass 
(very fine); (C) glass-fibre wick; (D) platinum-wire work- 
ing electrode; passes through solid glass (two seals); (E, F) 
permissible levels of electrolyte during operation; upper 
level, F, is always below level in central column; the glass- 
ware is drawn to scale; the height of the central colutnt~ 

is 14cm. 
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Table 1. Coulometric titration of tris(hydroxymethyl)aminomethane (THAM) with acid generated at the hydrazine- 
platinum anode 

Titration 
Number 

Weight of Quantity of Electrical equivalent Purity of 
THAM, ekctricity, per gram = (5/4~~/w~ T-HAM, 

f? 1972 NBS coubnbs 1972 NBS cosdombs/g % 

2.999967 1910.023 
2.999586 1909588 
3@I1108 1910845 
3*ooO811 1910.670 
3@04788 1912.964 
3.002499 1911.610 

795.852 
795771 
795892 
795898 
795798 
795841 

Average 
Standard deviation 

999176 
99.9076 
99.9226 
99.9234 
99.9109 
99.9163 
99.9164 

Mol. wt. THAM: 121.1372 Faraday: 96,486*70 1972 NBS coulombs/mole. 

value; see the c~~~i~ussl~ in ref. 12 for a review 
of this. The results of the titrations of THAM are given 
in Table 1 and 2. 

The great attention paid to calibration and technique 
in this work is not necessary for work in which the allow- 
able error is 1 in lo3 or lo4 and the following proceduti 
is written for the more general user of the hydrazine-plati- 
num anode. 

~ecorn~~d procedure 

Use a constant-current source, current-measuring device, 
and timing device such as those in the Coulometric Ana- 
lyzer of the Leeds & Northrup Company.4 Use a partition 
cell such as the one described by Taylor and Smith’ or 
the more convenient one of Eckfeldt and ShafferO and 
Knoeck and Diehl.5*6~‘2 In the titration cell place lOOmi 

of a solution @25M in sodium hy~~inium sulphate and 
1M in, sodium perchlorate, and a magnetic stirring bar. 
Charge the intermediate chamber with 7.5M sodium perch- 
lorate and the counter-electrode chamber with 1M sodium 
perchlorate. Pass nitrogen through the liquid and the cell 
to remove carbon dioxide and oxygen. Electrolyse this 
solution, making the working electrode anodic or cathodic 
as required to bring the pH to 4.50. Add the weighed 
sample of the base to be titrated. Ele&rolyse anodically, 
recording the current and time. (Many commercial 
coulometers have direct read-out of the number of micro- 
equivalents passed, making current-time integration unne- 
cessary. However, for high-precision work a current-sens- 
ing resistor, potentiometer and an accurate time-interval 
counter are essential.) When the pH of the solution reaches 
5.5, interrupt the titration and rinse the wafls of the 

Table 2. Titration of tris(hydroxymethyl)aminomethane (THAM) with percbloric acid (coulometric end-point) and 
standardization of perchlo& acid coulometrically 

Standardization of perchloric acid 

Weight of C~n~ntr~tion of 
Titration perchloric acid, Quantity of electricity, perchloric acid, 
Number 9 1972 NBS coulontbs 1972 NBS coulombs/g 

: 251721 25.8985 2253.677 2190428 87*01809 
87.0195, 

3 25.8424 2248.743 87.017S9 
4 30-8234 2682,211 870186, 
5 2@1659 1754.802 87@1830 
6 201630 1754.566 87.0191, 

Average 87.018&, 
Standard deviation o.cQo7, 

Titration of rzis(hydroxymethyl)aminomethane 
A B c 

Number 1 275&68 28.38611 : : : 

H 

2467.942 274.006 2193.936 :g 99.%29 795.894 
: 2.953803 3.195547 302137 28.3733 2629.152 2469.004 118.234 86.129 2543.024 2350770 795802 795.845 99.91 99.9168 I4 

*: 2.783250 2.706080 26.7877 27.1235 2360.248 2331.027 145075 177.480 2215173 2153548 795.819 795895 99.9230 99.9135 
6 2.768352 25.8580 2250.126 47-180 2202.946 795.761 99.9062 
7 3054527 29-9910 2609.774 178939 2430.835 795.814 99.9129 

Average 
Standard deviation 

99.9152 
00362 

Heading of cohumts: A, Titration number; B, Weight of THAM; C, Weight of perchloric acid; 0, Electricity 
delivered uia perchloric acid; E, Additional electricity to reach end-point; F, Total electricity; G, Electrical equivalent 
per gram; H, Purity of THAM. 
C = 1969 NBS coulombs; Mot. wt. THAM = 121.1372; Faraday = 96486.70 1972 NBS coulombs/mole. 
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titration chamber with distied water. Continue the 
titration, preferably with a smaller current delivered in 
increments corresponding to 1 or 2 microequivalents. After 
each increment of current, allow sut?Sent time for the 
solution to equilibrate before reading the pa-meter. The 
end-point wiil lie close to pH 95. Plot pH us. microequiva- 
lents to determine the endpoint. 

Somewhat better results can be obtained by carrying 
out the .prehminary treatment of the electrolyte as a 
titration (small current; working electrode anodic) and 
measuring the number of coulombs passed between the 
initial and final end-points. 

RESULTS AND DISCUSSlON 

That the hydra&e-platinum anode is completely 
efficient for the generation of five hydrogen ions for 
each four electrons passed is borne out by the results 
obtained in the titration of THAM, Table 1, the pur- 
ity of the particular lot of ,‘lT-IAM analysed having 
been established by titration with perchloric acid in 
turn standardized coulometrieally, Table 2. 

The standard reduction potential for the hydra- 
z&--nitrogen ,couple [equation (1)] was calculated by 
Latimer14 from thermodynamic data to be -0.23 V. 
Even allowing for variation in the single elec- 
trode potential of the anode as the acidity increases 
starting from pH S, during the generation of hydrogen 
ion this potential is over a volt negative to the region 
of oxygen overvoltage on bright platimrm in sulphate 
or perchlorate electrolytes; thus, it ia highly unlikely 
that either oxygen or peroxydisulphate will be formed 
on bright paths in ~hy~~ine sulphate solution 
A direct measurement of the potential of a bright 
platinum working electrode in 0.25M sodium hydra- 
zinium sulphate was made, at a current density of 
2.6 mA/cmT. The platinum anode was slightly positive 
to the S.C.E.: 

PH 3.75 4-00 4.25 450 475 4.88 SO 525 5.50 660 
E. mk’ 15-6 131 il.1 10.8 9-O 8.8 8.0 4.8 1.0 -25.0 

These values are in rough agreement with somewhat 
similar measurements made by Lingane and Jones’$ 
who used hydrazine as an anodic depolarizer in the 
controlled cathode-potential deposition of copper 
&om a tartrate solution. The ease with which bases 
are attacked anodicaliy varies and each candidate 
for titration must be considered individually. In 
general the formation of amine oxides and oxidative 
degradation requires a high potential and it will prob- 
ably be found that most amines can be titrated sue- 
cessfully‘ with the h~~~~p~t~urn anode. 

To obviate the confUsion which appears in the 
literature on the d&sociation constants of hydrazine 
we adopt the designations 

N&+ = NIH; -I- H+ 

&I1 = lN,H:l lY+1/fB,fl~+l p&i = 1.63 

N2H; = N,H* $ H+ 

f&2 = CN2H.d ~+l@W:I pK,z = 794 

The value for Kal was obtained by us from a poten- 
tiometric titration of hydrazine sulphate (N2HsS03 

with sodium hydroxide; found at mid-point, pH= 
1.75, 1.81, average 1.78 (concentration of salt and 

acid at this point each about OlOM); the value for 
the dissociation constant was calculated from 
m+] = K&C,, - ~+]}/(~C* + @I+]). This is in 
poor agreement with the value given by Cilberf16 
expressed as dissociation as a base, of 8-9 x iOp6, 
but in fair agreement with that of Kolthoff and 
Stenger l7 of 3 x lo-i3. The value for Ka2 is the 
average of the three best values reported by Bjerrum, 
Schwarzenbach and Sillen’s [8*7 x lo-’ expressed 
as dissociation as a base (PK,,, = 6@6)]. Using these 
values and the usual method of calculating the pH 
at the equivalence-point in the titration of the first 
replaceable hydrogen ion of a dibasic acid, the pH 
at the first equivalence-pointdhould be (p&i + 
p&,)/2 = 4%. The value found in the precise coulo- 
metric titrations was 448. The di?repancy is prob- 
ably due to the high ionic strength of the el&roiyte 
in the ooulometric titrations. 

The dissociation constant of THAM as an acid 
is K, = 8.08, close to the second ionization constant 
of hydrazine, Kaz = 7.94. The two bases should be 
neutralized, together on ti~ation~ In practice only one 
end-point was found, at pM 4.31. The hydrazioe: was 
pre&nt ‘as N,H: before and after the titration and 
the hydrogen ion was ,use.d to neutralize the THAM. 
Similarly the dissociation constant of rlaxpinopyri- 
dine as an acid is 9.37; as with THAM, only one 
point of inflection was found, falling in various 
‘titrations at pH-values between 444 and 4.66. In 
general then, it should be possible to titrate coulome- 
trically with the hydrazine-platinum anode any base 
having a dissociation constant as a base greater than 
lop6 or perhaps lo-‘. 

An in~iguing feature of the hy~~~p~tinurn 
electrode is the possibility of operating the cell with- 
out a partition and thus, providing the cathode reac- 
tion is 100% efficient in the utilization of hydrogen 
ion [equation (2) above], of generating only one hy- 
drogen ion per four electrons passed. Conceivably 
it could work, although Page and Lingane” reported 
collection of hydrogen plus nitrogen in their hydro- 
gen-nitrogen gas-couiometer to be 0.3% low. We 
found that it fails in practice by several per cent, 
undoubtedly because of reduction of.,the hydrazine 
at the cathode. The standard reduction potential for 
this couple NzHj + 3H+ + 2e- =2NHz, is 
reported in Latimerr4 to be + 1.275 V. 

It was pointed out by Knoeck and ,Dieh16 in their 
paper on the high-precision titration of potassium 
dichromate, that in the generation of hydroxyl ion 
by the reduction of water at the cathode, 2H10 + 
2e- = H2 + 2OH-, if the reduction of the perchlor- 
ate of the electrolyte occurred as a side-reaction, 
ClO, + 2e- + 2H+ = CiO$ + Hz (~te~ti~ly~ 
ClO; + 2e- + Hz0 = ClO; -i- 2OH), no error 
would result inasmuch as two hydrogen ions ,%p$ w 
up.per two electrons. For the problem under “in~##$& 
gation it appeared that the presence of &lo&e in 
the 1M sodium perchlorate might prove bmeficial 
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in that its oxidation might occur in preference to 
the formation of peroxydiperchlorate as discussed 
above, and would release two moles of hydrogen ions 
per mole of chlorate. By trial it was found that it 
did not, either admixed with sodium perchlorate or 
alone, the results for 4-aminopyridine being 10318 
and 10555% apparent purity, respectively. Sodium 
chlorate is not readily oxidized to sodium perchlorate. 
Commercially the reaction is carried out on bright 
platinum at a very high anode potential. The interest- 
ing question now arises as to whether a peroxydich- 
lorate may be formed concurrently with perchlorate 
and the peroxydiperchlorate postulated above. Com- 
mercially the oxidation of sodium chlorate is never 
carried to above 95-97x completion, to avoid deter- 
ioration of the platinum anode which accompanies 
further oxidation. It seems odd that the large-scale 
production of sodium perchlorate should have gone 
on now for a half-century without the peroxydiperch- 
lorate having come to attention. Sodium perchlorate 
is isolated after the electrolytic oxidation, by boiling 
to evaporate and concentrate; peroxydiperchlorate 
and presumably peroxydichlorate if any would be 
decomposed in the process, and thus it has never 
caused a problem. 
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fSbwwy-~ design is given for a d.c. discharge lamp which wiil maintain a stable plasma in a 
magnetic field. The lamp is of lricular use for applications of the Xeeman eEeet to analytical atomic 
spectroscopy. Three designs o f” athode are described, which cover three’ different temperature ranges 
for the m.p. of the eiements concerned. The experimental bebaviour of lamps at varying magnetic 
field strengths, finer pressures and operating currents is considered. 

apprications of the Tzetman effect: to atomic ??pectro- 
scopy.‘-” However, any such application requires a 
spectral source capable of stable operation within an 
intense magnetic field. High-frequency discharge 
sources are suitable in this respect;‘” thus electrode- 
less discharge lamps (EDL’sk for example, have been 
used for ~~n-~~~g of atomic Iine-pro- 
@es. 13-f5 However, when EDL’s are run under such 
conditions they often apparentiy show a lack of reha- 
bility in operation. 16*17 Currently available de. 
sources such as hollow-cathode lamps are unfortuna- 
tely unsuitable, since severe plasma-field interactions 
oeeur on application of a magnetic fieId. These inter- 
actions have been found to cause an initial focusing 
of the plasma on the cathode, with subsequent c&h- 
ode damage, and then instability and extinction of 
the plasma as the field increases. In addition, com- 
mercial hollow-cathode lamps require extremely large 
and cumbersome magnets to contain their electrode 
assemblies. 

The present work describes a d.c, discharge source 
which is magnetically stable: The source described has 

A 

Fig. 1. 

the ad~~~~ that it can fit within a very narrow 
magnet pole-piece, to permit useful Zeeman sphning 
to be obtained with only a small, low-powered elec- 
tromagnet. 

EXPERIMkNTAL 

The condition for stabiity of a d.e. ~~~~~drive~ by 
an eleetrie field E within an applied magnetic geld H IS 
that H A E; = 0 at ah points~m the discharge. That is, 
E and Zf must have coincident axes. This condition has 
been found to be valid even at filler-gas pressures up to 
50 mm Hg. and at current densities up to 1 A/cm’ at 
the cathode, when ion-trajectbries are subject to ion-ion 
interactions, ion-atom colli~ional ~rturba~n~ etc. The 
design of lamp used in the present studies to satisfy the 
condition above is shown in Fig I. 

Lamp construction 

General. Asbestos or quartz insulators were used for 
eiectricat insulation. Asbestos insulators were first heated 
strongly until all organic binder had burned away, and 
were soaked in water before ias~~tio~ to reduce their 
mechanic& fragility. Aremco Ceramcast 505 refractory 
cement was used to hold internal components in place. 
All anodes were made from O*Ol-in. copper foil, cut to 

I3 

(A) Front view of the electrode assembly. (B) Side view of the lamp, showing the rear 
the electrode assembly. 

half of 
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Fig. 2. Electrode structures. 

the size shown in Fig. 28. Cathodes are described in detail 
later. Electrode metals were obtained from Ventron (Alfa 
Products) unless otherwise stated. 

Assembly. The electrode structure was assembled in two 
halves, which contained the anode and cathode respect- 
ively. 

Each anode section was built on a 3 x 4 cm 0.3-mm 
thick steel plate, which served as the outer side plate of 
the completed assembly. A 2 x 4.5cm asbestos insulator 
was cemented on top of the centre of one face of the steel 
plate. The anode was placed centrally on top of this insula- 
tor. The top and bottom of the anode strip were covered 
with 1 x 1 cm asbestos insulators (upper insulators), leav- 
ing the central portion of the anode exposed to carry the 
discharge. Insulators and the electrode were cemented in 
place and unwan~d gaps between the ins&tars were filled 
with more cement. The area required eventually to form 
the rear of, the completed assembly (i.e., the back of the 
completed lamp) was built up with more cement to a posi- 
tion flush with the upper asbestos insulators. 

Construction of the cathodic section of the assembly was 
identical to that descri&d above when foil electrodes were 
used. Wire cathodes were first insulated with tightly fitting 
quark cap&&s at the top and bottom of the elecwode, 
and the quark cap%ary/wire cathode assembly was then 
mounted in an identical manner ,to that described for foil 
electrodes except for the omission of the 1 x 1 cm upper 
asbestos insulators. 

Assembly was completed by joining the two half-sections 
thus made, compressing them in a hand-vice to the 
requirad thickness and baking in a vacuum oven at 200” 
for 3 hr. The outer plates were then cleaned on a oarborun- 
dum wheel. Each electrode assembly was joined to the glass 
case with epoxy resin and made vacuum-tight by covering 
all the areas between the steel plates with epoxy resin. 
Quartz windows were sealed onto the case with epoxy 
resin to complete each lamp. 

A 1 x @I cm piece of sodium rod was cleaned in toluene 
and introduced into the lamp Me-arm as shown in Fig. 
1. The lamp was then evacuated, with a liquid-nitrogen 
trap in the vacuum line. Prepurified argon was used as 
filler gas. Lamps were conditioned by use of a procedure 
similar to that of Walsh. ‘*Jo The optimum operating pres- 
sure for maximum output intensity was then determined. 
The lamps were filled to about O-5 atm pressure of argon, 
and the sodium heated strongly with a hand-torch. The 
lamps were then re-evacuated, the sodium being heated 
as necessary to deposit a heavy film of the metal over 
the inner surface. The lamps were finally filled with fresh 
argon to the optimum pressure and sealed off. By use of 
this procedure a satisfactory lamp-life, frequently in excess 
of 100 hr operation, can lo obtained. No attempt was 
made to improve this Bgure by use of, e.g., zirconium as 
a getter, incorporated into the anode as is done in commer- 
cial lamps. 

Cathodes 

Cathode design depends on the element concerned. 
Types of cathode assembly have been found to fall roughly 

into the 3 categories given below. Elements given in paren- 
theses are those which are readily available in the physical 
form required and for which lamps have been built. 

(1) Elements with a melt@ point > 1,200” (Fe, Cr, Ni, Co). 
Cathodes for all these ‘elements were made from about 
O-6-mm diameter (22 B & S gauge) wire. The wire was 
contained in two close-fitting quartz capillary insulators, 
positioned to leave 5 or 6 mm of the wire exposed to 
act as the cathode surface. (Fig. 2A). A length of fine copper 
wire was wound tightly over one end of the electrode as 
an electrical connection. the copper-electrode junction was 
embedded in cement during assembly, and the copper wire 
led through the outer (expoxy resin) seal. This prevented 
local o~r~ting of the seal during operation of the lamp. 

Owing to the unsuitable mechanical properties of chro- 
mium, pure chromium wire of the required diameter is 
difficult or impossible to obtain. Ordinary chrome1 wire 
(Fisher) was, however, found to be satisfactory. Such cath- 
odes were observed to emit lines from both chromium and 
nickel. 

During operation it was found that these electrodes had 
to be operated at red heat before any atomic emission 
could be observed. Previous experience showed no diffi- 
culty in obtaining emission, from easily sputterd elements 
such as copper or silver. Thus it was felt that a low sputter- 
ing rate rather than poor excitation efficiency was respon- 
sible for poor emission intensity of the high melting-point 
elements from a “cold” cathode, and that “thermally assis- 
ted” sput~ring apparently occurred aa the cathode tem- 
perature increased. Analogous effects have been reported 
for heated hollow-cathode lamps in certain instanceszO 

(2) Elements with melting points between 600” and 1200” 
(Cu, Mg, Ag):8Electrodes for thescelemenbmay be built from 
wires as described above, or cut from thin sheets 
(e.g., 0.01 in.) of the metal as shown in Fig, 2B. The former 
show a higher intensity; the latter are more electrically 
robust, with a greater capacity to withstand overloads. The 
latter type was used in the present work. 

(3) Elements with melting points below 600” (Pb, Zn, Cd) In 
the present work theseelementswere coated onto brass strips 
of the same dimensions as the electrodes shown in 
Fig. 2B. The brass gives mechanical support and also acts 
as a heat-sink. Coating was achieved by melting a piece 
of the required me&I over a roughly shaped piece of brass 
with an oxy-propane flame, with am~nium chloride as 
a flux. The electrodes were then degassed in a vacuum 
for about 3 hr at a temperature just above the melting 
point of the coated metal, and finally cut and filed to the 
dimensions shown in Fig. 2B. It is also possible to coat 
these elements onto copper wires, a technique which is 
particularly advantageous if excitation of a short-wave- 
length line, such as that of Pb at 2170 run, is required. 

The spectrometer 

The present experiments were carried out with’a Varian 
AA5 spectrometer. The lenses were removed from their 
original mountings and were replaced in lens holders of 
adjustable height (Ealing Scientific Ltd). The horizontal 
supporting grooves cut in the lens supports caused some 
reduction in the angle of acceptance of the spectrometer 
optics (see below). An electromagnet was supported on a 
“lab-jack” at the end of the optical rail of the spectrometer. 
The instrument was otherwise not modified. Lamps were 
driven from the AA5 powersupply without difficulty. 

The magnet was supplied by Scintrex Ltd (222 Snider- 
croft Road, Concord, Ontario; Canada). The pole-piece of 
this magnet may be removed in two sections, to permit 
a lamp to be inserted. When replaced, frictional contact 
holds the lamp in the required position. The magnet has 
a weight of about 25 lb and a maximum power consump- 
tion of about 200 W, and generates a maximum field of 
about 17000 Gauss: these data show the highly compact 
magnet assemblies which can be used to obtain useful Zee- 
man splitting with the present lamps. The use of a compact 
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Fig. 3. Spectral scans of Cd, Cu and Cr lamps. Wavelength axis represents zero intensity in all cases. 
Uooer traces: Commercial lamus. Photomultidier voltaaes and lamn currents were 550, 370. 33OV 
a&l 6 mA (each lamp) in A, B,-C, respectively. Lower t&&s: Magne&ally-stable lamps. Photomulti- 
plier voltage and lamp currents were 600, 650, 55OV and 20, 30, 2O’mA in A, B, C, respectively. 

Monochrbmator slit-width was 25 m in all cases: 

magnet is permitted by the narrow gap between the pole- 
pieces (about 4 mm) which allows high field-strengths to 
be obtained for a low power-dissipation in the windings. 
It is felt that a 4-mm gap probably represents a lower 
limit for electrode assemblies of the type described. If the 
electrode space is reduced further, the cathode becomes 
very susceptible to mechanical deformation. In extreme 
cases recry&allization of the metal has been observed, as 
dendritic growth along the field axis. Such effects usually 
lead to internal arcing and subsequent lamp-failure. 

RESULTS AND DISCUSSION 

Chromium (357.9 nm), copper (324.8 nm) and cad- 
mium (228.8 nm) have been selected as. typical ele- 
ments of the 3 groups of cathodes described above. 
Their behaviour was found to be completely represen- 
tative of the other elements in their respective groups 
unless otherwise stated. 

Spectral scans of the emission of the three lamps 
are shown in Fig. 3. These were measured at zero 
magnetic field and at the maximum’ power the lamps 
could safely dissipate for sustained operation. The 
scans of the corresponding commercial lamps (either 
Varian or Perkin-Elmer) are also shown in Fig. 3 for 
comparison, and indicate the relatively poor output 
and low line-to-background ratios of the sources de- 
scribed .in this paper. These deficiencies may be attri- 
butable in part to the use of argon rather than neon 
as a filler gas.” The reduced angle of acceptance of 
the spectrometer optics, mentioned above, gave rise 
to an image of the plasma at the spectrometer slit 
approximately 6 mm high for all the lamps used. Thus 
the relative intensities shown in Fig. 3 et seq. were 
considered to be determined by the emission intensity 
at the centre of the corresponding plasma irrespective 
of the (different) optical apertures of the various types 
of lamp which were examined. 

Figure 4 shows magnetic-stability plots for four dif- 
ferent lamps. The major factor affecting the magnetic 
stability of these particular lamps is thought to be 
the electrode design. If the anode and cathode are 
not of equal size (e.g. as with the chromium or the 

copper lamp), or areslightly displaced from the mag- 
netic axis, plasma-field interactions will occur. These 
interactions almost invariably lead to an appreciabk 
enhancement of line intensity at the cost of only a 
slight change in background, and lamps were usually 
deliberately designed to make use of this effect to im- 
prove their spectral characteristics. 

Similar but less marked effects occur if the elec- 
trode assembly is moved away from the centre of the 
magnet pole-piece, into a region of poor field-homo- 
geneity. 

Figure 5 shows the effect of increasing the lamp 
power at various pressures. The results are unusual 
in that they show only a rather small increase of in- 
tensity with increasing power; behaviour which is not 
normally observed with commercial hollow-cathode 
lamps. ” The effect is least apparent for chromium, 
probably because of the sputtering effects mentioned 
above. The reason for this behaviour ,appears to lie 
in the confinement of the plasma between anode and 
cathode. This is particularly true at lower pressures, 
when the cathode glow visibly expands to fill the 
whole of the interelectrode cavity. The simultaneous 
electrical effects observed are illustrated in Fig. 6, 

‘oLa 
5 10 15 
Mqnctk FM. 0’ Gauss 

Fig. 4. Line intensities us. magnetic field strength. Cu* 
and Cd lamps both ,hatl symmetrically placed anodes 
and cathodes of equal area clj and Cr lamps had the 

asymmetric structure described here. 
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Fig. 5. Dependence of lamp intensity on filler-gas pressure and power. The limits of each plot 
represent the point of instability of the plasma. 

which shows a steady increase in the driving voltage parable output to their commercial ~un~~~ 
(and hence the power dissipation within the lamp) although with reduced lifetimes. It is hoped to report 
as the discharge expands with increasing current and on these experiments at a later date. 
&creasing pressure. This behaviour contrasts mark- 
edly with that of more conventional low-pressure d.c. 
discharge devices. Because of this effect, the lamp in- 

Acknowledgements---The authors are indebted to the 

tensities in Fig. 5 have been plotted OS. power, rather 
National Research CounciI and to DaIhousie University 
for grants in support of this work. 

than us. current as is more normal for-conventional 
lamps. 

CONCLUSIONS 

The results obtained in this work are felt to show 
that usefit ~gneti~lly-sable spectral sources can be 
built in the manner described. Although experiments 
were limited to applied magnetic fields under about 
17000 Gauss, owing to saturation of the magnet core, 
there appears to be no reason why the lamps could 
not operate in higher fields if required. Considered 
simpl$ as spectral sources the Iamps described are 
not particularly satisfactory, although their behaviour 
may be of some interest in relation to the sputtering 
and excitation processes dccurring. It is felt that the 
relatively poor lamp-performance encountered in this 
work is not inherent in the design. Recent exper- 
iments have led to ~gneti~~y-sable lamps of com- 
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Fig. 6. Voltage vs. current variations at different filler-gas 
pressures for magnetically-stable and Perkin-Elmer Cd 

lamps. 
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Snmry-A double-beam sfqmic-ab?rption spectrometer is described in which sample and reference 
beams are generated by Zeeman sphtting of the source emission-line. The instrument was found 
to give priory correcti& for lamp drift and for background scatter signals. The main advantage 
of the technique L the siniplicity of the optical system used. Analytical sensitivity is found to be 
generally poorer than that givtn by single-beam measurements, largely because of the poor spectral 
characteristics of the lamps used here in comparison to their modern commercial hollow-cathode 
counterparts. 

At suitably high aged-field strengths, atomic 
absorption OCCURS only at the central component(s) 
of the Zeeman multiplet of an atomic emission-line, 
and not at its outer perturbed components. However, 
spurious wide-band background absorption, due to 
particle-scatter or molecular absorption, occurs ap- 
proximately equally at all components. Thus by 
separately monitoring the inner and outer com- 
ponents of the multiple1 it is possible to use the 
former as a normal atomic-absorption source, and 
the latter as a correction signal to compensate for 
non-atomic absorption.’ This technique has the 
advantage that corrections are achieved very simply, 
by using a single spectml source and power supply, 
and a single-beam optical system. The technique is 
particularly efficient because the “sample” and “refer- 
ence” beams are of comparable intensity independent 
of their wavelength and because their effective wave- 
length displacement is extremely small (about 001 
nm) and is controllable. In addition to these charac- 
teristicq the intensity ratio of the various components 
of the Zeeman multiplet is independent of the overall 
lamp-intensity. Thus the background corrections de- 
scribed above also provide an automatic and simul- 
taneous correction for fluctuations in source intensity. 

The application of this technique has already been 
demonstrated for mercury.2-4 Its general application, 
however, has apparently been restricted by the lack 
of suitable magnetically-stable spectral sources. The 
present work describes the construction and oper- 
ation of a spectrometer with Zeeman background cor- 
rection, which makes use of the ~gne~~~y-sable 
discharge lamps described previously.’ 

EXPERIMENTAL 

It is convenient to observe the spectral source in a direc- 
tion perpendicular to the axis of the applied magnetic 

field. It is then possible to achieve the required selection 
of “sample” and “reference” lines from the Zeeman multip- 
let by their (differing) linear polarizations. This was 
achieved here by use of the mutually perpendicular quartz 
reflection polarizers shown in Fig. 1A. Each polarizer was 
built of a stack of three 3,Wn. diameter l/16-in. thick 
quartz discs (Amersil Inc., N.J.). This arrangement gives 
a reflection efficiency of about 33a/, at 300 tim.6 The polar- 
izers were cemented to i/8-in. diameter brass rods by 
means of which they were set at the Brewster angle (56“ 
at 300 nm). Subsequent slight adjustments were made to 
the polarizer angles to obtain maximum radiation intensity 
on the two photomultipliers (lP28) shown in Fig. lA, 
after which the polarizers were fixed in position with black 
silicone rubber. This optical system gave the required isola- 
tion of the different components of the Zeeman multipIet, 
and the two photomu~ipl~~ therefore generate‘d the ‘Sam- 
ple” and “reference” signals for the spectrometer. 

Despite the apparent symmetry of the optical system 
described above it was found that photomultiplier No. 
1 (Fig. 1) had a wider angle of acceptance than No. 2. 
This was corrected by varying the aperture in front of 
No. 1 by means of the S-mm diameter blackened coach- 
bolts shown in Fig. 1B. The bolts were adjusted so that 
movement of a knife edge in front of the lamp, and 
approaching the lamp frqm any direction, caused an equal 
signal attenuation on both photomultipliers. The bolts 
were then fixed in position with silicone rubber. 

Spectrometer design 

A block diagram of the spectrometer is shown in Fig. 
2. The magnet used was that described previously.’ This 1 
was supported on a “lab-jack” at the end of a 05-m optical 
rail carrying two 10.2-cm focal-length lenses and a Varian 
AA5 burner/nebulizer assembly. Optical components were 
supplied by Ealing Optics, P.Q. 

The monochromator was a McKee-Petersen MP1018A 
fitted with a grating (1180 ~ooves/mm). The optical assem- 
bly shown in Fig. 1 directly replaced the single photomul- 
tiplier normally litted to the MPlOlSA. The two photo- 
multiplier outputs may be balanced before amplification 
by the 1M potentiometer shown in Fig. 2, if required. 

All electronics were built specifically for the 
spectrometer (circuit diagrams are available from the 
authors). High amplification was needed to offset the low 
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Fii. 1. The polarizing beam-splitter assembly. 

lamp-output and radiation losses at the polarizers. This 
was provided by identical preamplifiers built onto the 
sockets of each photomultiplier. The main amplifier 
balanced and subtracted the output of the two preampli- 
fiers, and fed the resulting signal to a tuned amplifier 
and synchronous detector of conventional design. The 
main amplifier balance-&cuit was intinitely variable to 
ensure that correction could always be made for the (polar- 
ization-dependent) transmission efficiency of the optical 
components, for variations in photomultiplier efficiency 
at different light levels, and for variations in sample and 
reference signal intensities due to anomalous Zeeman split- 
ting (see below). This arrangement also permitted the 
spectrometer to be used as a conventional single-beam 
instrument, simply by adjusting the balance control to 
either extreme so that signals from only one of the pre- 
amplifiers would be accepted. 

Because of the possible variations in balancing the 
sample and reference channels mentioned above, flame- 

emission signals are not necessarily eliminated by subtrac- 
tion of the sample and reference signals. Thus lamp modu- 
lation and synchronous detection are essential for the 
removal of spurious game-emission signals, especially with 
the low-intensity sources used here. Modulation was 
obtained by driving the lamps from a O-l kV current- 
stabilized supply, square-wave modulated at 1 kHx. This 
supply provided the reference signal to the synchronous 
detector vie a phase-control circuit as usual. 

RESULTS AND DISCUSSION 

General behaviour of the spectrometer 

Figures 3 and 4 show the double-beam capability 
of the instrument. The results shown in both figures 
were obtained by simultaneously measuring the out- 
put of the sample-channel preamplifier and the Zee- 
man-corrected ovtput~taken off before the Alter cir- 
cuits. The ,correction for normal lamp-drift is satisfac- 
tory; it is not, hovcver, complete, and severe fluctua- 
tions in lamp intensity can give small variations in 
the corrected output, owing to the different response 
characteristics of the two photomultipliers. The 
smoke-scatter signal in the uncorrected output 
appears as noise after correction, probably, in part 
owing to imperfect correction for the diRerent angles 

Fig. 3. Comparison of corrected and sing!e-channel signals 
during lamp war&up. 

Fig. 2. Block diagram of the SpeWOmter. 
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Fig. 4. Comparison of corrected and single-channel signals 
for a water blank and smoke-scatter signals at 324.8 nm. 

of acceptance of the two photomultipliers, mentioned 
above, 

Figure, 5 shows calibration curves for copper at 
various values of the magnetic field-strength, H. These 
curves are qualitatively typical of those given by the 
other elements examined here. They initially show 
normal linear behaviour, but go through a maximum 
and begin to fall again at high concentrations. This 
is due to absorption of the reference signal in the 
wings of the flame absorption-profile at high analyte 
concentrations. Since the displacement of the refer- 
ence lines is dependent on H, the positions of the 
maxima in Fig. 5 also depend on H. 

The normal and the anomalous Zeeman effects 

Nuclear interactions or isotope splitting, such as 
occur with the Cd ,22&8 nm line, did not appear 
to influence strongly the present results. The effects 
of such interactions are not considered in the argu- 
ments below. 

0 1 10 102 103 101 
ppm cu 

Fi .5. Calibration curves for Cu 324.8 mn. 
x 16 x 1 d Gauss; l 14 x lo3 Gauss; 0 11 x lo3 Gauss; 

n 7 x lo3 Gauss. 

The normal Zeeman effect is observed for singlet 
transitions, as a triplet in which the centre component 
shows no wavelength perturbation’ and thus acts as 
the “sample” line irrespective of H. However, other 
transitions will exhibit in general anomalous Zeeman 
splitting at the field strengths used here. In such cases 
the “sample” and “reference” lines all show a wave- 
length displacement, because of which the absorption 
sensitivity of the sample channel falls as H increases. 
The magnitude of this effect depends on the particular 
element and transition considered. It is illustrated 
in Fig. 6 for the Cd 228.8 nm (‘P,-‘SO) and Ag 
328.1 nm (2PI+-2St) lines. 

Analytical sensitivity 

Table 1 shows a number of instances where “1% 
absorption” sensitivity is reduced in comparison with 
the corresponding zero-field values, owing to the 
effects of anomalous Zeeman splitting discussed 
above. In principle, this loss of sensitivity could be 
overcome ‘through the Pas&en-Back effect if suffi- 
ciently intense magnetic fields were available. The 
values of H given in Table 1 were determined for 
optimum sensitivity from plots analogous to those 
of Fig. 6. 

Columns $6 and 8 of Table 1 show the sensitivities 
and detection limit values given by the present lamps 
with the spectrometer operated in a conventional 
single-beam mode (see above). Columns 7 and 9 show 
the corresponding results given by the spectrometer 
in single-beam operation with commercial hollow- 
cathode lamps. Comparison of these data shows the 
present lamps to be clearly inferior to modern com- 
mercial sources, largely because of the high noise- 
levels of the former. This behaviour appears similar 
to, although possible more marked than, that of some 
early hollow-cathode lamps (8). 

In general some improvement in the detection limit 
is given relative to single-beam operation by use of 

4or 

OO 
I 

4 8 12 16 20 
FM4 Strnplh, K. Cuss 

Fig. 6. Comparison of “sample” and “rekrence” absorp- 
tion signals with increasing magnetic field for lines showing 

normal and anomalous Zeeman splitting. 
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Table 1. Comparison of absorption sensitivity and detection limits for various elements in an air-acetylene flame 

L=P 
Line, H, current, 

Element “In kGauss mA 

CAdBt 228.8’ 328 I 1: 20 25 
CI 357.9 

I; 
20 

Cut 324.8 20 
Fe 2483 7 I8 

W 285.2’ 9 I8 
Nit 232.0 9 I8 

341.5 9 22 
Pb 217.0 7 25 

283.3 9 20 
ZIl 213.9* 15 25 

Single-beam detection 
Single-beam 1% absorptmn Innit, at a signal: 

senaitinty, i&ml RMS nose ratio of 2:I. 

Irglmf 

HalkW HOIIOW Zeeman correstion 
Monochromator Zecman lamp cathode cathode detection limit 

slit, j4m Field on Fdd ofl lamp Zeeman lamp lamp w/d 

40 30 008 I 05 008 0.04 _ 03 VI VO06 _ VI 008 
35 V5 03 0.1 03 001 02 
20 0.5 03 0.1 02 0.02 005 
35 02 02 VI 0.3 vco7 05 
35 0005 vOO4 vO04 VOOOE VCW6 OoGQ5 
30 03 02 009 03 vo2 03 
30 3 I 07 2 vo7 1 
50 2 V5 02 05 005 I 
25 5 2 07 3 007 2 
50 VI VI 04 04 

t Perkin-Elmer hollow-cathode lamp used. 
* S@let transitions showing normal Zeeman effect. 

Zeeman correction, in particular when the effects of 
anomalous Zeeman splitting are considered. It is felt 
that this improvement might he usefUlly enhanced 
if more intense sources were available. Because of 
low lamp-output and high transmission-losses, espe- 
cially at short wavelengths, the photomultipliers were 
operated at high voltages (typically up to about 800 
V maximum) which led directly to correspondingly 
high levels of photomultiplier noise in addition to 
the other sources of noise present. 

CONCLUSIONS 

It is felt that the technique described here offers 
a very simple simultaneous correction technique for 
lamp drift and for background absorption. Thus for 
example it would appear feasible to achieve the con- 
version of a conventional single-beam instrument 
simply by addition of the magnet and photomultiplier 
assembly described here, and the insertion of a 
balance control between the photomultipliers and the 
(existing) signal input. It is clear, however, that the 

technique cannot compete in analytical sensitivity 
with that currently given by a good single-beam in- 
strument unless marked improvements in lamp inten- 
sity and stability can be obtained. 
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Summary-Cation-sensitive glasses exhibit an alkali-metal ion concentration profile and an electrical 
conductivity profile which increase smoothly with the distance in towards the bulk glass, as a result 
of interaction with aqueous solutions. In a pH-sensitive glass, however, a stepwise alkali-metal ion-dis- 
tance profile is obtained and a low electrical-conductivity region is restricted to a thin film near 
the gel-layer/bulk-glass transition region. The replacement of silicon by aluminium causes the degree 
of H+-M+ ion-exchange to decrease, and consequently favours alkali-metal ion selectivity of the glass. 
Lower conductivity is attributed to a low proton-interdiffusion coefficient. The conductivity is lowest 
where the =SiOH concentration is high, i.e., where the water concentration and the = SiO- con- 
centrations are low. High conductivity of the gel-layer of pH-sensitive glasses is caused by the presence 
of water which depolymerixes the glass structure. The network of alkali-sensitive glasses is less affected 
by water owing to the aluminium decreasing the concentration of terminal oxygen atoms in the struc- 
ture. A low-conductivity surface layer on the latter glasses contributes to the sluggishness in the response 
of the electrodes. 

Many authors have investigated the effect of the glass 
composition on the ion-selectivity of electrode glasses. 
MacInnes and Dole’ reported the first systematic in- 
vestigation of glass-electrode properties as a Rmction 
of composition. Subsequently, the classical pH-respon- 
sive Corning 015 glass was developed within the 
soda-lime-silica system. Shortly thereafter, Sokolof 
and Passynsky’ observed that the replacement of 
Na20 by L&O caused the alkali error to decrease. 
Modern pH-glasses are therefore made from glass 
containing SiOz and L&O as the main components. 
However, Perley3 later showed that additions of small 
amounts of-other oxides (BaO, CaO, Cs20, TiOz, 
La,03, etc.) further decreased the potentiometric 
errors of the electrode glasses. 

Lengyel and Blum4 showed that the replacement 
of silica by Bz03 and/or A1203 yielded glass elec- 
trodes which responded to sodium. The effect of re- 
placing silicon by tervalent ions in glass was systema- 
tically investigated by Nikolskii and Shult2 and by 
Eisenman et aL6 Eisenman calculated from atomic 
models the change in free energy for the reaction 

cs;,,, + 1 &in = 1 ;a,, + CG” 

where l+ denotes H+, Li+, Naf, K+ or Rb+, and 
concluded that the selectivity order for a silicate site 
was H+ $ Li+ > Na+ > K+ > Rb+ > Cs+ but the 
reverse for an aluminosilicate site. An =SiO- site 
was considered a high field-strength position since the 
negative charge is located at a terminal oxygen atom. 
The absence of terminal oxygen in an (= AlOSi=)- 
site lowers the field strength of the ion-exchange 

*Present address: AB Draco, Fack, 221 01 Lund, 
Sweden. 

group since the negative charge is distributed over 
four oxygen atoms. 

In the works described above, the properties of the 
glass electrodes were directly related to the original 
glass structure. As Boksay et aL7 have also pointed 
out, this relationship has been invalidated by later 
investigations showing that reactions between typical 
pH-responsive glasses and aqueous solutions give rise 
to surface layers with properties differing from those 
of the bulk glass.s-I7 Two surface regions have been 
distinguished on the basis of their electrical resistance 
and by the chemical composition of individual thin 
surface layers removed by etching. In the outer layer, 
the gel-layer, the alkali-metal and hydrogen ions in- 
terdilfuse readily in a silicate network which is deficient 
in alkali-metal ions and partly hydrolysed. In towards 
the bulk glass, the water concentration gradually de- 
creases, and the second layer, the gel-layer/bulk-glass 
transition layer, occurs where the protonalkali-metal 
ion interdiffusion coefficient attains a pronounced 
minimum value. Since this barrier layer inhibits 
exchange of species between the adjacent phases, spe- 
cies in the solution must interact predominantly with 
the gel-layer. Thus the gel coating, rather than the 
bulk glass, is responsible for the main electrochemical 
behaviour of pH-responsive glasses. The close correla- 
tion between the gel-layer thickness and the magni- 
tude of the potentiometric errors for certain glass 
electrodes14 indicates that glasses with thin gel-layers 
are superior to those with thick layers, since the 
former prevent the penetration of interfering species 
more effectively, owing to their more rigid structure. 

Although much work on the surface properties of 
typical pH-responsive glasses has been done during 
the last 10 years, only a few studies have been made 
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on the hydration of sodium-sensitive aluminosilicate 
glasses. Savage and Isard’** lg have shown that 
cation-sensitive glasses generally do not respond as 
rapidly as glasses selective for hydrogen ions, and also 
that the former exhibit slow drifts of potential. They 
concluded that gradual hydration of the glass surface, 
which leaches the surface layer, might account for 
these undesirable effects. 

While working with sodium sensitive glass elec- 
trodes, we made similar observations. Subsequent in- 
vestigation of some chemical and electrical properties 
of the surface layers of two aluminosilicate glasses 
and comparison of the behaviour of these glasses with 
that of pH-sensitive glasses studied earlier provided 
further information on the sluggishness of the re- 
sponse of aluminosilicate glasses. 

EXPERIMENTAL 

Composition, preparation and pretreatment of electrode 
glasses 

The compositions of the electrode glasses are shown in 
Table 1. The sodium aluminosilicate glass (N-glass) was 
received in a bulb shape from Z. Boksay in Budapest. The 
glass has been fused at 1350” in a platinum crucible and 
the bulb blown on a high resistance stem in a gas-oxygen 
flame. The multicomponent lithium aluminosilicate glass 
(L-glass) was a commercially available glass electrode (Phi- 
lips GlS-Na) developed by Z. Stefanac and W. Simon in 
Zlfrich.20 The areas of the glass bulbs were about 3cm2. 
Older surface layers were removed by etching for several 
minutes in 5% hydrofluoric acid. 

Leaching procedure 

Freshly etched glass bulbs were leached in 2 x 10w4M 
ammonium bicarbonate at 250 f 02”. The leaching baths 
were renewed daily to avoid accumulation of glass consti- 
tuents and were analysed for silicon and lithium or sodium. 

Measurements of the distribution of alkali-metal ions in the 
surface layer of leached glasses 

Leached glasses were fractionally etched in stirred 0.3- 
1.0% aqueous hydrofluoric acid baths at room tempera- 
ture. Each fraction was analysed for alkali metal and sili- 
con as described below. 

Analysis for alkali metals and silicon 

Lithium and sodium were determined by flame emission 
spectroscopy using an air-acetylene flame and wavelengths 
of 6708 and 589.0 nm respectively. Silicon was determined 

b!ue. 
s ectrophotometrically at 815 nm as silicomolybdenum 

Response studies 

The lithium aluminosilicate glass electrode was place-d 
in a vessel thermostatically controlled at 25”, and contain- 
ing 25 ml of 2 x 10e4M ammonium bicarbonate. A satu- 
rated calomel electrode was used as reference. When the 
cell had attained a steady emf value, 2.8 ml of a DlM NaCl 
solution were rapidly added from a syringe to the stirred 
solution in the vessel, causing nearly instantaneous sodium 
ion concentration change from 0 to lo-“M. The changes 
in potential were recorded on a Servogor recorder until 
a steady value was reached. After a few seconds the 
recorded voltage changes can be taken as a measure of 
the electrode response rate. Electrodes hydrated for 2 and 
16 days were investigated. 

Electrical resistance measurements 

The electrical resistance of hydrated glass electrodes was 

Table 1. Compositions of electrode glasses 

Glass Composition, mole % 

L-glass 

N-glass 

Corning 015 

69% SiO*, 12% Al,Os, 6% B203, 
2% Ga,Os, 11% L&O 

72.5% SiOl, 22% NaaO, 
5.5% A1203 

72.2% Si02, 21.4% NaaO, 
6.4% CaO 

removed by etching and the resistance was remeasured 
after each etching. The measurements were usually made 
in phosphate buffer (pk’l), but in a few cases the resistance 
was measured directly in hydrofluoric acid solution con- 
taining chloride ions as described previously.‘5 Silver/silver 
chloride reference electrodes were used on both sides of 
the bulbs. The electrical resistance was measured essen- 
tially as described earlier:” a constant current of 515 pA 
was forced through the electrode chain and the resistance 
was calculated by means of Ohm’s law from the resulting 
voltage change obtained on a Servogor recorder. The tem- 
perature was kept at 25.00 f 002”. 

RESULTS 

The results shown in Figs. 1 and 2, in which the 
amounts of alkali-metal ions and silicon leached from 
the glasses have been plotted us. the leaching time, 
indicate that the hydrogen-ion alkali-metal ion 
exchange rate for the N-glass is considerably higher 

0 
0 SO 100 150 200 250 

tlh 
Fig. 1. Accumulated amounts of sodium (open symbols) 
and silicon (filled symbols) plotted us. time of leaching of 
the N-glass in 2 x 10e4M NHJ-KOa at 250”. (0, l ) 

N-glass 1, (III, n ) N-glass 2. 

* 

or ’ . 
0 50 loo 150 200 250 30 

tlh 

Fig. 2. Accumulated amounts of lithium (open symbols) 
and silicon (filled symbols) plotted us. time of leaching of __ . 

measured. Thin surface layers of the glasses were then L-glass in 2 x lo-*M NH,HCOa at 250”. 
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distaticelpm 

Fig. 3. The electrical conductivity and relative con- 
centration C/C,, (where C, is the bulk-glass done.) of the 
sodium ion plotted us. distance in from the gktss surface 
for glasses leached for 8 days. (0, El) sodium ion profile 
for the N-glass, (A) conductivity profile for the N-glass. 
Dotted curve: Sodium-ion concentration profile for the 

Corning 015 glass. 

than that for the L-glass over the entire hydration 
period of about 25Ohr. The rates gradually decrease 
with time but a steady value is not reached. The sili- 
con dissolution rate is much slower than the rate of 
ionexchange for both glasses, the dissolution of the 
glass network stopping after a few hours of hydration. 
The ratio of the alkali-metal concentration in the 
leach solution, C, to that in the bulk glass, Cc, is 
plotted vs. the distance from the glass surface towards 
the bulk glass, in Figs. 3 and 4. The depth of etch 
was calculated from the amount of silicon found in 
the etch solution, the density of the glass, and the 
composition. The L-glass reported in Fig. 4 has been 
hydrated for 260hr. Although there is a large scatter 
in the values, it may be concluded that the lithium 
ion concentration varies smoothly with distance in- 
wards towards the glass bulk. For the N-glass, hyd- 
rated for about 200 hr, a much thicker ion-exchanged 
layer is found (see Fig. 3). For comparison, the 
sodium-ion concentration profile for the Corning 015 
pH-responsive glass studied earlier is also shown, 
Although there is a small inflexion in the relative con- 
centration-distance curve for the N-glass, a sharply 
distinguishable gel-layer is not obtained, in contrast 
to the situation for the pH-sensitive glass. 

distance/A 

Fig. 4. The relative concentration C/C,, of the lithium ion 
and the electrical resistance plotted vs. the distance in to- 
wards the L-glass.’ The glass was leached ofor 11 days. (0) 

lithium-ion profile, (El) electrical resistance profile. 

The electrical resistivity, which is proportional to 
the slope of the resistance-distance curve in Fig. 4, 
is very high close to the surface of the L-glass but 
decreases rapidly with distance inwards, attaining a 
constant value near the bulk glass region.The conduc- 
tivity of the N-glass was calculated as a limction of 
distance. The shape of the conductivity-distance 
curve (Fig. 3) is similar to that of the sodium-ion 
concentration-distance curve. In comparison with the 
bulk glass, the entire ionexchanged layer constitutes 
a low-conductivity region. Extremely low conducti- 
vity within the surface layers-of a pH-responsive glass, 
however, is limited to a very thin region at the gel- 
layer/bulk-glass transition region. 

In a few experiments it was found that the total 
electrical resistance of the glass electrodes increased 
with hydration time. The increase in the resistance 
is attributed to the surface layer of the glass, i.e., the 
conductivity of the ion-exchanged layer decreases 
with time, as does the ion-exchange rate and no 
steady state is reached within weeks of hydration. 
Figure 5 shows that the response time of the L-glass 
increases with longer hydration. The response is con- 
siderably slower for an electrode hydrated for 16 days 
than for one hydrated for 2 days when the sodium-ion 
concentration is changed from 0 to 1mM. Similar 
curves were obtained when the concentration was 
changed from 1mM to O*lM. 

DISCUSSION 

For a glass in contact with water, several processes 
may occur simultaneously, e.g., (i) an ion-exchange 
between alkali-metal ions in the glass and hydrogen 
ions in the solution, (ii) a dissolution of the glass sur- 
face by the reaction between the network and water, 
(iii) a depolymerization process caused by the diffu- 
sion of water into the surface layer and its subsequent 
reaction with the glass structure. 

The extent of the first process is indicated by the 
amount of alkali-metal ions leached from the glass 
into the solution (see Figs. 1 and 2). In wm@uison 
with the N-glass, the L-glass exhibits a very low 
degree of hydrogen ion-alkali-metal ion-exchange, 
and this can be attributed to the higher concentration 
of tervalent ions in the L-glass than that in the N- 
glass. Comparison with the Corning 015 glass shows 
the degree of ion-exchange to be in the or&r Cor- 
ning > N-glass > L-glass. According to reports from 
other workers,20*22*23 the hydrogen-ion selectivity 
decreases in the same order, e.g., the L-glass is super- 
ior as a sodium-sensitive electrode. These results are 
in qualitative agreement with Eisenman’s atomic 
model discussed above- 

The rates of leaching of alkali-metal ions and sili- 
con, evaluated as the slopes of the curves in Figs. 1 
and 2, indicate that the rates of processes (i) and 
(ii) diminish with time and tend towards constant 
and low values (zero in the case of silicon). When the 
ion-exchange rate is also zero, a steady state may be 
assumed. Boksay et al. y*24 showed that under these 
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conditions and provided that the glass surface is unaf- 
fected by depolymerization [process (iii)], an 
exponential profile for the change in alkal-metal ion 
concentration with distance in towards a potassium 
silicate glass is consistent with a inundation-inde- 
pendent diffusion coefficient for the ion-exchange pro- 
cess. If, on the other hand, a glass is influenced by 
process (iii), the alkali-metal ion concentration varies 
almost stepwise with the distance in towards the bulk 
glass. The profile reflects the formation of a structur- 
fly-~ansformed outer layer, the gel-layer, within 
which the interdiffusion coefficient may be constant. 
Within the gel-layer/bulk-glass transition region, 
however, the interdiffision coefficient depends on 
concentration and passes through a pronounced mini- 
mum. Thus the sharpness of the inflexion in the con- 
~n~tio~~th curve may provide infor~tion on 
the extent of the declaration process in the for- 
mation of a surface layer. Comparison of the alkali- 
metal ion profiles in Figs. 3 and 4 indicates that the 
glasses are affected by secondary hydrolysis effects in 
the order L-glass c N-glass < Corning 015. This is 
in agreement with the well-known fact that the intro- 
duction of A13+ increases the chemical duality of 
the glass. The tervalent aluminium ion replaces the 
quadrivalent silicon ion as the network former, and 
thus a negatively charged tetrahedral unit is formed. In 
this way alkali-metal ions are incorporated into the 
structure without the creation of terminal negatively- 
charged oxygen atoms. An increase in the con- 
centration of aluminium ions in the glass will thus 
decrease the concentration of terminal oxygen atoms 
and accordingly increase the rigidity of the glass 
network. According to Boksay and Bouquet,*’ the 
reactivity of the silicate network decreases when 
the rigidity increases. They suggest that a fiveco- 
ordinate silicon atom must be formed for the decompo- 
sition of the network to occur. The formation of such 
groups necessitates distortion of the tetrahedral unit, 
a process which will be restricted by increased rigidity. 
Moreover, Charles26 has suggested that the con- 
centration of terminal oxygen atoms may be of direct 
importance in the de~a~tion of the glass network 
by water. The attack may be initiated by the reaction 
of water with terminal oxygen atoms according to 

= Si-ONa f Hz0 -+ = SiOH $ Na+ + OH- 

The hydroxyl ion formed will be more effective than 
the water molecule in breaking the strong silicon- 
oxygen bond according to 

ESi-0-SiE + OH- -P zSiO_ + =SiOH 

The correlation between the concentration of alu- 
minosilicate sites and the chemical resistance of the 
net-work is verified by the present work: pH-respon- 
sive silicate &asses in contact with water develop typi- 
cal gel-layers whereas the aluminosilicate glass 
network sensitive to alkali-metal ions is relatively un- 
affected by secondary hydrolysis effects, e.g., by pro- 
cess (iii) described above. 

The ~asure~nts of the electrical conductivity of 

the surface layers support the conclusions drawn 
above. For the Corning 015 glass, the conductivity 
of the gel-layer is higher than that of the bulk glass, 
indicating a less-rigid structure of the layer.” The 
drastic decrease in the conducti~ty near the gel-layer/ 
bulk-glass boundary, however, indicates that the gel 
coating is a separate phase with properties different 
from the bulk. Some additional conclusions about the 
composition and the location of this barrier’layer may 
be drawn from the distribution of the electrical con- 
ductivity of the ~um~os~icate glasses (Figs. 3 and 
4), in which the low~onducti~ty region is distributed 
over the entire ion-exchanged surface layer. The con- 
ductivity is at a minimum where the alkali-metal ion 
concentration is lowest, i.e., where the hydrogen-ion 
concentration is at a maximum. It is supposed that 
the conductivity is lowest where the ~n~n~tio~ 
of water molecules and =SiO- are low, since these 
positions should be the only acceptor sites for the 
proton. The introduction of aluminium into a silicate 
network restricts the water influx into the glass and 
the interdiffision of protons and alkali metal ions is 
restricted by a slow diffusion of protons. 

In pH-sensitive glasses, the water inanition is 
high just inside the gel-layer/solution boundary but 
it decreases towards the gel-layer/bulk-glass bound- 
ary. *’ There is a thin region just in front of the latter 
boundary where both the water and the = SiO- con- 
centrations become low, i.e., where the &OH con- 
centration is high. This is the low~nductivity region 
which has been experimentally verified for many sili- 
cate glas~es.‘~* ls This structure is also compatible 
with Baucke’s results,” and is also consistent with 
surface-conductivity measurements made along 
leached glass rods.*’ 

The sodium-ion selective L-glass exhibits a rela- 
tively slow response which becomes even slower when 
the glass is leached for a long time (Fig. 5). During the 
leaching, lithium ions in the glass are replaced by 
hydrogen ions from the solution. For the leached 
glass, a change in the sodium-ion activity in the solu- 
tion will affect the ion-exchange equilibrium 

H&,, + Na& *H&i, + Na& 

t lmin 

Fig. 5. The sodium-ion response of the L-glass. The 
sodium ion concentration in a 2 x 10d4M NHJKOs 
solution was changed from 0 to l&4. The electrodes had 
been previously hydrated for 2 days (El) or 16 day8 (0). 
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The time required for this reaction to attain a steady 
state is inversely proportional to the interdiffusion 
coef5cient and directly proportional to the square of 
the distance.29*30 During the leaching of the glass, 
and at a fixed distance within the solution/glass 
boundary, the former parameter will decrease as a 
consequence of the gradual increase in the proton 
concentration, while the thickness of the protonated 
layer increases. The changes in the composition of 
the surface layer occur very slowly. Thus, as shown 
in Fig. 5 the electrode response degrades slowly with 
increasing leaching time. 
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AN’WENDUNG VON IONENAUSTAUSCHVERFAHREN 
ZUR ~EST~MMUNG VON SPUR~NELEME~EN 

IN NAT~RL~CH~N ~~SS~RN-V~~~ 

MOLYBDb;N 

Aualytkhes fnstitut der Universit%t, Abteihurg: Roh~ter~~~ana~~ nukhsarer 
J&ennstoffe, Wlhringerstrafk 38, A-1090 Wien, Osterreich 

(Eingegangen am 21. Oktober 1974. Angenommen am 8. Januar 1975) 

~~~E~~e Metbode wird bescbrieben, die es ermogkht ~~~-Me~ge~ Mulybdfin aus 
~~~~n Wkserrn xu isalieren und der E~d~s~~rnu~g mittels Atomab~~tio~~~~photo~~e 
x&i@& zu machen. Die Wasserprobe wird mit Sah&ure angeskuert, fikriert und n&h Zugabe 
van Raliumthi~yanat u,nd Ascorbintiure dur$ eine S;iule des stark basischen Anionenaustauschers 
Dowex-I X8 (Thiocyanatform) flieRen gelassen. Dabei wird das Molybd&n als Thiocyanetkomplex quan- 
titativ adsorbiert und harm tiilschliedend durch Anwendung _von 2M Perchlortiure-1M Salxtiure 
wieder vooUst&indig eluiert we&k Nach dem Eindampfen des Eluats wird das Molybd%n atomabsorp- 
t~o~~k~ophoto~~~h bestimmt Die Metbode wurde zur Bestimmung des Molybd&ns in ijsterrei- 
&is&err Gew&ssern herangexogen wobei &ha&e im ~o~en~at~on~~~~h vou 918 bis 1,4 ppM 
Moiybdiiu gefunden wurden. 

Zur Bestimmung des Molyb&ns in natiir’lichen 
wlissern, inklusive Meerwasser, werden in der Litera- 
tur mehrere ~~~~n ~~~ie~n, die auf Spektro- 
photometriel-‘s und Atomabsorptionsspektrophoto- 
metrie*h*z beruhen. Da es nur bei Anwendung jener 
spektrophotometrischer Verfahren, die auf katalytisch 
durch MolybdiSn induzierte &ydations-Reduktions- 
reaktionen ba&ren,16’8 mogli& ist, das MolybdBrl 
diiekt in den Was~ro~n zu bestimmen, ist es 
meist~s~e~forde~Iich eine der Endbesti~ung voran- 
gehende Anreicherung des Molybdiing durchzufuhren. 

Als Isolierungsmethoden werden am klufigsten die 
Liisungsr&itelextraktion’~“13~19~2 I*22 und die MitlXl- 
lung f4,6*7*11-13 ‘des Molybdzins herangezogen. Die 
dazu verwendeten Ex~akt~~n~ysteme sind: Dithiof 
(oder ~a~tyl~~ioll”tof~~$ (oder Isoamyl- 
a&at9 bzw. Butylacetat’“-‘2), 84Iydroxychinolin 
Methylpentylketon’g (oder Hexonz2), Benzoin-E- 
oximChloroformQ Ammoniumtetramethylendithio- 
~rb~t-~~~l~tylketo~19 Ammoniump~olli- 
~n-I~r~dithioat-~exonz 1 und Thiocyanat- 
3u~~l~lor~form. ’ Einige dieser Reagenzien wie 
z.B. Diiol udd Thiocyanat sind gleichzeitig such 
empfindliche Farbreagenzien, so dal3 das Molyl~&n 
nach Extraktion in die organische Phase direkt in 
dieser spektrophotometrisch bestimmt werden kann, 

Die zur Mi~llung des Molybd&rs aus Wlssern 
be&it&en Verbindungen sind: hy~tis~r~s Mangan- 
dioxid, 1,3~r*-*3 ~i~~I~)-hy~oxid~~,6 Thoriumhyd- 
roxid4 Benzoin-cc-oxim’ und Aluminiumoxinat.’ 
Nach der MitlXllung des Molybdiins wird dann h%ufig 
eine weitere Abtrennung des jMolybd%ns mittels 
L~sung~it~lex~akt~on durchgef&rt.‘*r1-‘3 

Andere zuz Abtrennung des Molyb&ns aus 
W%sern bentitzte Verfahren beruhen auf Adsorption 
des Molybd%ns auf Chitosan, ~-A~~~~y~~ulo~ 
oder D~~y~minoiithy~ellul~~zo bzw. auf 
Kationenaustauschern ‘wie Zeo-Karb 22Si3 oder 
Chelex lOO.‘* Auch ein Adsorptionsverfahren beru- 
hend auf Kolloidflotation mit Natriumdodecylamin 
als Surfbktant kann zur Isolierung des Molybdzins 
herangezcgen werden6 

In friiheren Arbeiten dieser Reihe werden Meth- 
oden beschrieben, die es gestatten, die in natiirlichen 
W&sern vorhandenen Spurenelemente K~balt,~~*~~ 
Cadmium,2’ I_lran24 und Zink *$ ohne vorangehendes 
Eindampfen der An~~npro~~~ durch Anwendu~g 
von Anionenaus~u~h in Thi~~natsyste~n abzu- 
trennen und der ~k~~hoto~~~he~~~,24 fluoro- 
metrischen24 oder atomabsorptionsspektrophotome- 
trischen2’ Endbestimmung zuglngllich zu machen. Da 
such Molybd&n analog zu den oben genannten Ele- 
menten einen T~~yanatkomplex bildet, kann dieses 
Element, wie in der vorfiegenden Arbeit ,beschrieben 
wird, diiekt &us der Wasserprobe auf dem stark 
basis&en Anianenaustauscher Dowex-1 quantitativ 
adsorbiert und nach der Elution atomabsorptions- 
spektrophotometrisch bestimmt werden. 

lonenaustauacher. Siehe Be&rag VI dieser Reihea5 
Molybdiin-Standardlb;sungen. Ausgehend von Am- 

moniummolybdattetrahydrat I(~~,MWh.4Hd31 
wurde eine StammlLktmg hergestellt die I,0 mg MO pro 
mI 6M Salxsiiure enthieit. Daraus wurden, durch 
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Verdlinnen mit 6M SalzsZure, Liisungen mit Molybdlnge- 
halten im Konzentrationsbereich von 1 bis 100 ppm her- 
gestellt. 

Vorbehandlungsliisung. Siehe Beitrag I dieser Reihe.23 
Andere Reugenzien. Ferner wurden verwendet: Kalium- 

thi~~nat, ein Sliuregemisoh das 2M an Percblorsiiure 
und iE/i an Sal&lure ist, ~hwe~l~me (1 + 1). 6M Salz- 
siiure und eine Anzahl der in friiheren Arbeiten ,i4,26 ange- 
gebenen Reagenzien. 

Apparaturen 

Zur Bestimmung des Molybd;ins wurde ein Perkin- 
Elmer 303 Atomabso~tions~ektrophotome~r verwendet. 
und zwar unter Anwendung der in einer friiheren A&e@’ 
angegebenen instrumen~~en Einstellungen. 

Die Ionenaustauschtrennungen wurden in Austauscher- 
lulen eines in einer friiheren Arbeitl’ angegebenen Typs 
ausgeftihrt. 

Bestimmung der Verteihmgskoefizienten 

Die Gle~hgewichtsver~~ungsk~~ient~n (&-Werte) 
des Moly~ns wurden unter Anwendung der itch-Mew- 
ode bestimmt?s 

Vorbereitung der Wasserprobe 

Die Wasserprobe wird, wie in Beitrag IV dieser Reihe24 
beschrieben, vorbereitef wobei allerdings nicht 20 g son- 
dern nur 10 g Kaliumthiocyanat pro Liter zugestzt werden. 
Sofort nach der Probenahme wurde die Wasserprobe (in 
einer Poly~~yle~~he) angesliuert und oft erst nach 
einigen Tagen zur Analyse vorbereitet. WIihrend dieter 
Zeit war keine Adsorption des Molybdlins an den GefiiD- 
wiinden zu beobachten. 

Ionenaustauschtrennung 

Die vorbereitete Wasserprobe ( = Sorption&sung) wird 
durch eine mit 4 g des A~o~Mus~u~~rh~es Dowex-1 
X8 beschickte S%ule (die vorher mit 50 ml &r Vorbehand- 
lungsliisung gewaschen wurde), mit einer dem Gegen- 
druck des Harzbattes entsprechenden Geschwindigkeit 
(etwa 120 ml/Stunde) flieDen gelassen. AnschlieDend wird 
zuerst mit IO ml debt. Was& und dann mit 50 ml 6M 
Salzsliure nacbgewaschen. Hierauf wird das Molyb-diin mit 
150 ml eines,~urege~~~ welches 2M an Perchlorsliure 
und 1M an Salzstiure ist, eluiert (Moly~~l~t). 

Quantitative Bestimmung des Molybdiins 

Das Molybdiineluat wird auf einem Sandbad oder unter 
einer Infrarotlampe zur Trockne eingedampft, der 
Riickstand in 5 ml Schwefels&re (1 f 1) aufgenommen 
und die Liisung 3 $tunden (o&r liinger) am Wasserbad 
erhitzt, urn &s Molyb&n vollstllndig in I&sung zu 
bringen. Danach wird das Molybdiin, genauso wie in einer 
friiheren Arbeitl” angegeben, in Gegenwart von Natrium- 
sulfat atomabsorptionsspektrophotometrisch bestimmt. 
Beim Eindampfen des 150 ml Molybdiineluate waren keine 
Molybdiinverluste zu verzeichnen. 

RESULTATE UND DI!ZKUSSION 

Die in der Arbeitsvorschrift beschriebene Methode 
zur Abtrennung des MolybdZns aus Proben natiir- 
lither Wgisser beruht darauf, dal3 dieses Element, wie 
bereits friiher24 erwghnt wurde, mit Thiocyanationen 
einen stabilen Komplex bildet, der aus verdiinnt salz- 
saurer Liisung und in Ggenwart von AscorbinSiure 
sehr stark vom Anionenaustauscher Dowex-1 adsor- 
biert wird. Unter den angegebenen Bedingungen 
wurde fti Molybdn ein Verteilungskoefiient von 
> 5 x 10’ ermittelt, der sowohl bei Zunahme der 
Salzsiiurekonzentration von 0,lM auf 1,0&f als such 

Tabelle 1. Resultate von Molybdiinbestimmungen im 
Wiener Trinkwasser 

Volumen (in Liter) der zur 
Analyse verwendeten Molybdiingehalt, 

Wasserprobe, !4?/1 

45 nicht meBar 

:I: 
nicht menbar 

<0,3 
370 <0,3 
5,O <0,2 
5,O Q18t 

* Die Probenahme erfolgte am 9. September 1974 im 
Analytischen Institut der Univefsitiit Wien. 

t Nach Abzug einer der Wasserprobe zugesetzten Stan- 
dardmenge von 10 pg MO. 

der T~~ya~~o~~~tion von 5 g auf 20 g KSQI 
pro Liter keine me&uen iinderungen erfi%rt. 

Auf Grund dieses sehr hohen Verteiiungskoeffi- 
zienten kann das Molybdtin such aus einem sehr 
groDen Volumen einer Wasserprobe quantitativ abge- 
trennt we&n. Dies ist von grolSer Becleutung da 
natiirliche Wiir in der Regel nur G&erst geringe 
~oly~n~~lte at&e&en. Wie aus den in TabeIIe 
1 gezeigten Ergebnissen ersichtlich, ist bei Anwen- 
dung der im experimentellen Teil beschriebenen 
Arbeitsmethode zur Trinkwasseranalyse erst dann das 
Molybdiin nachweisbar wenn das Volumen der Was- 
serprobe 2 Liter o&r g&&r ist. 

Wie aus Tabelle 2 ersi~h~ich isf erm~ht es &r 
hohe VerteiiungskoeiSzient des Molybdiins such rela- 
tiv grof3e Molybdiinmengen am Austauscher zu 
adsorbieren. 

Eine weitere Folgeerscheinung, die sich aus &r sehr 
starken Adsorptiop des Molybd&ns ergitjt ist, da8 die 
Molyb~~b~ennu~ durch Me~~o~n, die als 
anion&he Thiocyanatkomplexe am Harz adsorbier- 
bar sind,23-2 ’ nicht gestiirt wird. Wie aus. Tabelle 3 
ersichtlich, ist selbst in Gegenwart von 50 mg Eisen 
keine Verdrlngung des Molybdiins zu beobachten. 
Von den in dieter Tabelle angeftiten, koadsor- 
bierten Elementen werden bei dem der Sorption des 
Moly~ns ~chfolgenden Was&en des Anionenaus- 
tauschers mit 6M SalzsZure nur Kupfer und Kobait 
teilweise entfernt. Die Restmengen dieser Elernente 

Tabelle 2. EinfluD der Molybdlinkonzentration auf die 
Molyb~~us~~ 

Der Wasserprobe. 
zugesetzte Im Eluat wiedergetimdene 

Molybdiinmenge, rug Molybdbmnge, MI 

0 nicht meDbar 
50 54 

100 
500 :: 

1000 1020 
2ooo 2060 

* Als Wasserprobe wurde jeweils 1 Liter Wiener Trink- 
wasser verwendet und unter Anwendung der’ Arbeits- 
vorschrift analysiert. 
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Tabelle 3. Einflug van koadsorbierten Fremdionen auf die 
Abtrennung des Malybd&s 

Der Wasserprobe* zugesetztes Molybdbngehalt 
Fremdion des Eluats, 1(9 

IXIII) (= fig) 9x 

Fe(III) (m n) 98,5 
I%III) (5goo fig) 101 
Fe(II1) (5OMO fig) 101 

HgUI) (5ooo Pg) 97 

AgG) (500 !&I) 100 
ZnlrI) (5QQQ &3) 104 

co(n) (saoft Pg) 97,5 

CufH) (5f=) Pg) loo 

VP0 (5ooo PlI) 104 

Cd(II) (50 lrg) 101 

HO,(II) (5090 /%) 105 
Ohne Zusatz 99 

* Ak+ Wallow wurde jeweils 1 Liter mit l@l s 
Molybd& versetz#es Wimer Trinkwasser verwendet und 
unter Anwendung der Arbeitsvorschrift analysiert. 

sowie alle anderen koadsorbierten Ionen werden 
zusammen mit deem Molybdiin mittels 2M Pemhlor- 
s&+1&# Salzslurm eluiert (siehe Ar~~tsvor~~ift~ 
rufen jedoch keinerlei Stiirungen bei der atomabsorp- 
tionsspektrophotometrischen MolybdInbestimmung 
hervor. 

Wie die in Tabelle 4 gezeigten Resultate zeigen, tritt 
such in Gegenwart grol3er Chlorid- und Sulfatkon- 
zentrationen keine Ver~~~ng des am Harz als 
T~ya~tkomplex adsorbierten Molybdans ein. 
Diese Tatsache konnte dazu beniitzt werden, urn das 
Molybdn aus Meerwasserproben zu isolieren und 
der Messung mitt& Atomabsorption zug;inglich zu 
machen. 

Untersuchu~ge~ hins~h~ich des Elutionsver~lte~s 
des mit S&ren nur schwer zerstiir- bzw. -eluierbaren 
Molyb~n~ioc~anatkomplexes ergaben die in 
Tabelle 5 gezeigten Resultate. Aus diesen ist ersicht- 
lich, dal3 eine quantitative Elution des Molybtins 
mitteb Perchlorsliure nur miiglich ist wenn das Harz- 
bett vorher mit 6&f Salzsliure behandelt wird 
wodurch wahr~~~~h eine “Lockerung” des adsor- 
bierten Molybd%ns eintritt. Die zur E&ion des als 
Thiocyanatkomplex adsorbierten Molyb&ns von 

Tabelle 4. Resultatc von Molybdiihbestimmungen in einer 
stark salshaltigen Losung (EinfluS von hohen Chloride und 
Sulfationenkonzentrationen auf die MolybdXnadsorption) 

Der Wassfxprobe* 
zugesetzte Im Eluat w~~~~ndene 

Molyb~~men3e, irg Molyb~nme~, .q~ 

0 Nicht mellbar 
5 4,85 
5 5,l 

10 9,85 
10 fQ4 

toD loo 
100 104 

* Zur Anwendung gelangte jeweila 1 Liter Wiener Trink- 
wasser welches 32 g NaCl und 6,8 ,g MgSO~.7H&l 
enthielt. Diese Lijsung weist angenhhert dieselbe Zusam- 
mensetxung wie Meerwasser auf und xwar hinslehtlich 
ihrer Chlorid- und Sulfa~on~o~n~a~on f&9,4 g Q- 
und &7 g SO”,- pro Liter). 

andereh Autoren2g-31 einpfohlenen alkalischen 
Llisungen wie z.13. QSM NaCl-QSM NaOH erwiebn 
sich als weniger gee&net. Infolge der grogen Stabllitit 
des Molyb~nt~~~~tkornple~s war es such bei 
Anwendung von rnet~ol~~~ Salisziure3” unmog- 
Iich das Molybd;in quantitativ zu eluieren. 

Von den in der Tabelle 5 angeftiten Elutionsmit- 
teln, die eine quantitative Elution des Molybdllns 
erm@lichen, wurde das System 2&f HCQ-1M HCl 
&her untersucht, und zwar hinsichtlich der zlir 
volls~~~n Elution bestimmter Moly~n~ 
erforderlichen Volumina an Elutionsmittel. Die 
Resultate dieser Elution&ersuche werden in Tabelle 
6 gezeigt. Aus ihnen geht hervor, dal3 mit dem in 
der Arbeitsvorschrift angegebenen Elutionsmittelvo- 
lumen von 150 ml selbst 1 mg Molyb&n quantitativ 
duierbar ist. 

In der Tabelle 7 werden die Ergebnisse von 
Molybdlinbestimmungen in Wasserproben aus 
einigen Ssterreichischen Gewlssern gezeigt. Diese 
Analysen wurden unter Anwendung der in der 
Ar~itsvor~~i~ beschriebenen Methode dnmh- 
ge%hrt, und zwar wurde das Molybd%n sowohl aus 
1 Liter Wasserproben (nach Zugabe einer bekannten 
Molybdnstandardmenge) als such aus 1,8 bis 2,8 

Tabelle 5. Elutionsverhalten des als Thiocyanatkomplex auf Dowex 1 (4 g S&tie) 
adsorb&ten Molybd&ns 

Lockerungsmittel Elutionsmittel 

50 ml 1N H,S04 100 ml l&f HC104 460 
50 ml IN H,SOo 100 ml 2M HC104 390 
50 ml 1N H,SO* 100 ml 4&i HClO., 410 
SOmldMHCl 100 ml l&f HCIQ 350 
SOml6MHCl 100 ml 2&f HCfO, 980 
~~6~H~ 100 ml 4M HClO, 1050 
50 ml 6M HCl 150 ml 2&f HClO,-2M HBr 64 
SO ml 6M HCl 150 ml 2M HClO.,-1M HCl 1020 

* Zur Analyse gelangte jeweils 1 Liter mit IO ml konz. Salzsiiure angessiuertes 
Wiener Trinkwasser das 10 g Kaliumthiocyanat, 5 g Ascorbinsllure und 1 mg an 
zugesetzten Molybdiin enthielt. 
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Tabelle 6. Elution des Molybd;ins mit 2M HClO,-lM HCl 

Eingesetzte MolybdXnmenge, 
w 

Volumen an 
Elutionsmittel, 

ml 
Molybdiingehalt 
des Eluats, w 

100 50 65 
100 100 94 
100 150 99 
loo 200 104 

loo0 50 590 
1000 100 950 
1000 150 1020 
1000 200 1020 

Literproben am Anionenaustauscher angereichert. genzienbedarf erforderlich, der die Analysenkosten 
Wie ein Vergleich der in Kolonnen A und B wesentlich erhiiht. 
angefiiten Molybdiingehalte zeigt, besteht in allen Zur Molybdiinbestimmung in den Eluaten konnten 
Fallen eine relativ gute Ubereinstimmung der Werte die sehr empfindlichen katalytischen Methoden nicht 
woraus folgt, daf3 mittels der verwendeten Methode herangezogen w&den, da diese durch miteluiertes 
eine quantitative Abtrennung des Molybdiins ermbg- Eisen und Kubfer stark gestort werden. 
licht wird. Dieses Anreicherungsverfahren eignet sich 
demnach sehr gut zur ‘Bestimmung~ des Molyb4;ins Danksagung. Dem Fonds zur Forderung der wissen- 

in nattirlichen Wassern, da diese Molybdiingehalte 
schaftlichen Forschung wird an dieser Stelle fur die Rereit- 

aufweisen, welche bei direkter Anwendung der Atom- 
@lung der zur Durchftihrung der besehriebenen wissen- 
schaftlichep Arbeit erforderlichen Mittel bestens gedankt. 

absorptionsmethode nicht bestimmbar sind. 
Bei Anwendung von g@eren Volumina der Was- LITERATUR 

serproben (z.B. 10-20 Liter) ware es mijglich die 
Genauigkeit der Molybdiinbestimmungen wesenthch 

1. K. Sugawara, M. Tanaka und S. Okabe, Bull. Ckam. 
Sot. Japan, 1959,32, 221. 

zu erhiihen als dies bei Verwendung der in Tab&e 2. H. V. Weiss und M. G. Lai, Talanfa, 1961, 8, 72. 

7 angegebcnen Volumina der Fall ist (die gemessenen 3. G. S. Konovalov und 0. N. Shokina, Gidrokhim. 

Absorptionen waren sehr gering). Werden jedoch der- 
Materialy, 1961,31, 204; Referat. Zh. Khim., 1961, (16) 
Abstr. No. 16D79. 

art groBe Wasservolumina der .beschriebenen Abtren- 
nungsmethode unterworfen, so ist ein zu hoher Rea- 

4. Y. S. Kim und H. Zeitlin, Anal. Chim. Acta, 1970, 51, 
516. 

Tabelle 7. Resultate von atomabsorptionsspektrophotometrisch bestimmten Molybdangehalten iisterreichischer 
Wasserproben 

Moiybd;ingehalt, 
IJt7ll. 

Probenbezeichnung und Datum der Probenahme 

131. Kalwang, Leitnerbach nijrdlich’des Ortes Treglwang, 
westlich des Schoberpasses, Steiermark; 31.7.1974. 

126. Radstatt, Forstaubach 2 km vor Einmtindung in die Enns, 
Ennstal, Salzburg,: 16.8.1974. 

A B 

134 1,5 (2,s) 

95 45 (2,s) 

132. Trofaiach, Riitzbach b-$ der Fe&nge im Riitzgraben, 
oberhalb Trofaiach, Steiermark; 29.7.1974. 

126. Radstatt, Schreinbach i km westlich Forstau an der 
St&e Radstatt-Forstau, Salzburg; 16.8.1974. 

170 49 (236) 

0.5 94 (2,s) 

126. Radstatt, Forstaubach 5 km stidlich Forstau, Schladminger 
Tauern, Salzburg; 16.8.1974. 

L4 172 (238) 

132. Trofaiach, Laintalbach 7 km oberhalb Einmiindung bei 
Gmeingrube, unterhalb Trofaiach, Steiermark; 29.7.1974. 

105. Neunkirchen, Giistritzbach 1 km oberhalb GGstritz bei StraBe 
nach Maria-Schutz, Niederiisterreich; 7.7.1974. 

194 I,2 (1,s) 

t,t i,o (27) 

130. Oberzeiring, Lorenzenbach 500 m oberhalb des Ortes 
St. Lorenzen im Paitental, westlich Trieben, 
Steiermark; 31.7.1974. 

1,O 99 (27) 

104. Mtirzzuschlag, Dtirrgrabenbach 1 km oberhalb Steinhaus 
am Semmermg, Steiermark; 7.7.1974. 

1.1 LO (275) 

127. Schladming, Giglacbbach bci Einmtindung in den Obertalbach, 
Obertal, Schladming, Steiermark; 16.8.1974. 

f,O 170 (238) 

A = Molybdangehalt ermittelt nach Abtrennung des Molybdiins aus 1 Liter Wasserprobe und nach Abzug einer 
als Spike vor der Ionenaustauschtrennung zugesetzten Molybdiinmenge von 10 H MO. 

B = Molybdangehalt ermittelt nach Abtrennung des Molybdiins mittels Anionenaustausches. Die Zahl in der Klammer 
gibt das Volumen (in Liter) an, aus dem das Molybd;in abgetrennt wurde. 
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6. 
7. 
8. 
9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

V. F. Ushakova, Gidrokhim. Materialv, 1970, 54, 110; 
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Sumamr~Experience in the certification of a number of Canadian reference ores and related materials 
has shown that their quality or usefulness in particular analytical applications can be evaluated. objec- 
tively in terms of a so-caIled certification factor. This factor is defined as the ratio of the relative 
confidence interval of the interlaboratory consensus value for a selected element, expressed as a percent- 
age, to the mean of the within-laboratory coefficient of variation. It is proposed that for a material 
to be acceptable (certifiable), its certification factor(s) must be C 4. 

Since its formation in 1970, the Ores Task Force of 
the Canadian Certified Reference Materials Project 
(CCRMP) has prepared and certified nine metallic 
ores or related materials. In all, “recommended” or 
“certified” values and their confidence limits have 
been assigned for seventeen elements. The statistical 
and other criteiia that were used in arriving at these 
values are described in detail in the documents that 
are supplied on purchase of each reference.lWs 

At the outset, the Ores Task Force did not have 
an objective guide or criterion for assessing the 
recommended values, and their confidence limits, for 
a particular element. Therefore, the usefulness of the 
reference material was judged from a general know- 
ledge of the “state of the art” for the determination 
of the selected element and how most laboratories 
would use the materials. However, now that a large 
amount of information has been accumulated in the 
interlaboratory programmes, it has become apparent 
that a “certification factor” can be established, and 
this permits an objective evaluation to be made of 
the acceptability of consensus values for certi6cation 
purposes. 

It is desirable to show how this “certification fac- 
tor” was derived, by describing the nature and the 
results of CCRMP interlaboratory programme that 
have led to the certification of a number of reference 
ores and related materials. Some theoretical consider- 
ations are required to put the subject into a suitable 
context. 

THEORETICAL CONSIDERATIONS 

Homogeneity of powdered reference materials 

The most important property of any reference 
material (RM) is its homogeneity with respect to the 
constituents of interest. The homogeneity of RM can 

Crown Copyrights reserved. 

be considered as twofold: the long-range homo- 
geneity, i.e., the reproducibility between units (bot- 
tles) and the short-range homogeneity, i.e., the .homo- 
geneity within each bottle. The long-range homo- 
geneity is essential for any RM; however, the impor- 
tance of the degree of the short-range homogeneity 
depends on the use of the material. If it is used for 
the standardization of an analytical method that 
requires a relatively large quantity of subsample such 
as a fire-assay method, the short-range homogeneity 
is relatively less important than the long-range homo- 
geneity. 

In the case of reference ores, homogenization is 
achieved by grinding and blending; two opposing fac- 
tors ensue from this process. Statistically, the fine? 
the particle size, the smaller is the subsample required 
for a desired sampling precision. Thus the finer the 
material the greater is the probability that it can be 
made homogeneous. However, from the mineralogical 
point of view, the finer the material the greater is 
the chance that it will separate into its mineral consti- 
tuents, especially if the liberated ore minerals differ 
substantially in density from those of the gangue. The 
balance between these factors limits the degree to 
which the reference ores can be homogenized and this 
is a principal reason why it is theoretically impossible 
to assess the “true value” for a selected element or 
other characteristic. Therefore, the objective of homo- 
genization is to prepare a RM that is sufficiently 
homogeneous to be useful in a reasonable number 
of common analytical applications. 

Errors associated with characterization procedures 

Considering these practical limitations, the charac- 
teristic property of an RM (e.g., value of a selected 
element) can be expressed by its mean and its vari- 
ance. Because, in most cases, there is no perfect ana- 
lytical method for the selected element(s), another 
error will be introduced owing to the imperfection 
of the method. This error can also be treated in two 
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parts, a systematic error (the bias) and a random error 
(the variance). 

Ideally, the characterization <procedure should be 
chosen so as to minimize bo’th the bias and the vari- 
ance; however, technological and economic limi- 
tations dictate that a choice be made. This choice 
should be optimized with respect to the intended use 
of the RM. For example, if it is intended for use in 
internal (process) calibration, the bias is relatively un- 
important as long as the variance is minimized. How- 
ever, if the RM is to be used for contractual pur- 
poses, in which the “absolute” value is desired, the 
bias becomes very important. 

Choice of interlaboratory characterization schemes 

Theoretically, there are two extreme approaches 
that can be used for certifying a RM. The first is 
to have the material analysed by a single analyst, 
using the “best” method available. This method would 
yield a result with high precision but with unknown 
bias. The second extreme involves an interlaboratory 
programme in which the participating laboratories 
are requested to choose the analytical method(s) that 
theyconsider best for the purpose. The result of this 
type of programme will be most likely to have an 
acceptable bias, but will have a greater variance. 

The choice between these two extreme procedures, 
or their combination, depends on the intended use 
of the RM and the type of interlaboratory pro- 
grammes that can be arranged. The certified reference 
ores prepared in the CCRM Project are intended 
for use both by us and by others; therefore, an interla- 
boratory scheme is used to characterize them. It is 
to be noted that in these interlaboratory programmes 
a relatively wide variety of analytical methods is used 
by the participating laboratories to provide results 
for certifi&,tion for each element. This scheme was 
modified somewhat, in that certain laboratories, 
within the authors’ institution, were requested to 
carry out more extensive work on each material than 
that done by other laboratories. ConsequentIy, the 
contributions of the former carry more weight than 
those of the latter. 

Definition of consensus value 

For any laboratory it is assumed that the bias, B,, 
is constant; it can only be determined, in theory, by 
analysing a large number of replicates and knowing 
the “true value” (n) for the selected element. Assuming 
that all the participating laboratories are equally 
competent to perform a particular analysis it is also 
reasonable to assume that B, is normally distributed 
with a mean of B, and variance w2. We can now 
define a “consensus” value to be: 

c=p+B,,, 

and c is the best estimate of the “true value” that 
can possibly be obtained if a large number’ of 
laboratories are each willing to supply a large number 
of replicate results. With respect to the consensus 
value, the bias Bi is normally distributed, has an 

expected value of 0 and variance w2, where w2 can 
be defined as the interlaboratory variance. The fol- 
lowing model is considered more realistic however: 

E[x] = c (1) 

V[x] = 62 + 02 + u2 (2) 

where x = measured value of a characteristic; 
E[x] = expected value of x; V[x] = variance of x; 
d2 = inhomogeneity variance; o2 = between-labora- 
tory variance; a2 = within-laboratory variance. 

The principal purpose, then, of an interlaboratory 
certification programme is to prepare a homogeneous 
material and to obtain a consensus value, c, having 
sufficiently narrow confidence limits for the reference 
material to be useful in a number of realirltic analyti- 
cal applications. When this is the case the consensus 
value becomes the “recommended” or “certitied’ 
value. In this regard, we propose, subsequently in this 
paper, the use of a quality criterion, or “certilication 
factor”, for evaluating objectively the suitability of a 
reference material for a particular application. 

Although this paper deals mainly’with programmes 
to certify base-metal ores, the results of o&r 
CCRMP programmes to certify materials rich in pre- 
cious metals are also discussed. 

THE CCRMP INTERJ.,O.,~&A&ORY PROGRAMME 

Physical preparation and testing for homogeneity before 
distribution 

The ore, or related product, is ground in a ball-mill, 
usually to 200 mesh. The powder is then blended in 
a rotary conical-shell blender for about 8 hr. Six sam- 
ples are taken from various parts of the blender and 
these are tested for homogeneity by X-ray fluores- 
cence determination of one or more elements of im- 
portance; five replicate determinations are perlbcmed 
for each sample. A one-way analysis of variance 
(ANOVA) technique’ is used to detect the possible 
differences between samples. If the result shows that 
the difference is not detectable at the 5% level of sig- 
nificance, the bulk ore is bottled for storage. Ran- 
domly selected samples (bottles) are then analysed by 
chemical methods to confirm the degree of homo- 
geneity. 

Distribution of samples to the participating laboratories 

The material having been found suitably homo- 
geneous, i.e., that 6 is insignificant with respect to 
c in equation (2) on the basis of an in-house analyses, 
the sample is then distributed to the participating 
laboratories. It is desirable to confirm the insignifi- 
cance of 6 on the basis of the pooled (average) within- 
laboratory u. For this reason, two samples, taken at 
random are sent to each participating laboratory. 
Five replicate determinations are requested for each 
bottle for each element; this number of replicate 
determinations is considered to strike a balance 
between excessive work and the required degrees of 
freedom for the estimates. 
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Table 1. Summary4 of the t-tests on results between bottles for each laboratory for refer- 
ence ore HV-1 

Lab. No. Copper Molybdenum Lab. No. Copper Molybdenum 

1 A R 13 A A 
2 A A 14 
3 A A 15 : 

A 
R 

4 A A 16 A A 
5 A A 17 A A 
6 A R 18 A A 
7 A A 19 A A 
8 A A 20 - 
9 A A 21 A G 

10 A A 22 A A 
11 A A 23 A A 
12 A A 

A = Null ByRothesis accepted, i.e., there is no evidence of inhomogeneity. 
R = Null hypothesis rejected, i.e., there is evidence of inhdmogeneity. 

Subswnple size 

The long-range inhomogeneity is influenced by the 
completeness of blending and the ‘possible effects of 
the ‘bottling operations. Once the powder has been 
bottled this factor is fixed and its magnitude can be 
estimated from the results’submitted by the partict 
pating laboratories for each of their two bottles. In 
most cases the magnitude of the within-laboratory 
variance due to short-range inhomogeneity cannot be 
estimated experimentally because it cannot be separ- 
ated from the total analytical error. Previous 
workers”* ‘i have suggested methods of estimating 
this quantity by using formulae based on the binomial 
distribution which assume that the material is a mix- 
ture of two types of small spherical particles of uni- 
form size and density and which differ only in their 
concentration of the element of interest. From this 
estimate the required subsample size is calculated. 

While this method is mathematically neat, the basic 
assumptions are not justified for ore samples. Even 
if a particular element occurs in a single mineral, the 
proportion of that mineral in each particle will not 
be constant. There is also a practical limit to the sub- 
sample size for each analytical method; in some cases 
increasing the subsample size could make the method 
impractical. Moreover, because the subsampling error 
is always a part of the total analytical error there 
is no need to estimate its magnitude. Obviously, how- 
ever, mixing the contents of the bottle before removal 
of the subsample will reduce the total error. It is to 
bc noted that in equation (2) Q includes the subsam- 
pling error. 

In certain cases where the subsampling error is con- 
sidered to be potentially important (e.g., gold ores), 
the minimum subsample size, based on analytical and 
statistical considerations, is suggested to the partici- 
pating laboratories. 

Using submitted results to test homogeneity of reference 
materials 

The initial hypothesis is that the RM is homo- 
geneous, i.e., the between-bottle variance is insignifi- 
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cant with respect to the within-bottlevariance. If all 
the participatinglaboratories comply exactly with the 
experimental design, i.e., submit live repii&te rest&s 
for each of the two bottles, the between-laboratory 
variance can conveniently be estimated by the two- 
way ANOVA technique. However, there are always 
inconsistencies in the numbers of results collected 
from the participants. For this reason, the means of 
the resultsreported by each laboratory for each bottle 
are compared by a t-test method at the 5% level of 
significance. Graphically, the means of the results for 
the first bottle are plotted agaihst the means of the 
results for the second. The estimated standard devia- 
tions for, the two sets of results are represented by 
cross-bars of corresponding length through these 
points. Some typical results of these t-tests and their 
graphical representation are illustrated in Table 1 and 
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in Figs. 1 and 2. 

v I I I I I I I 
050 051 OS2 055 oz.4 (Mb 

Botth I 

Fig. 1. Average copper analyses (%) for reference ore HV-1 
from each participating laboratory.* (‘The crosses indiite 
one standard deviation on either side of the average for 

both bottles-analysed.) 
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Fig. 2. Molybdenum in HV-I* (same as Fig. 1). 

Table 2 shows the long+erm record of this test, and 
of 584 tests conducted to date, a total of 61 rejected 
t)e hypothesis Tl$s rejection represents about lo”/, 
of the total tests, which is higher than the 5% 

expected. At present, it is not possible to identify the 
cause of the high rejection rate; it could be a real 
indicator of inhomogeneity in the RM’s, or it could 
be due to a slight deviation of the results from normal 
distribution. 

The distribution of the analytical results 
All the results reported by the participating labora- 

tories for each selected element in a particular refer- 
ence material are combined and the cumulative distri- 
bution of these results is shown graphically in a docu- 
ment supplied with samples of each RM. To charac- 
terize the frequency distribution of these results, the 
following statistical parameters are computed: 
median, mean, standard deviatiolJ coefiSent of vari- 
ation (relative standard deviation), skewness factor and 
kurtosis coefficient. The skewness fsctor is defined as 
a3 = m,/# where a3 is a measure of the symmetry 
of the frequency distribution curve, and the kurtosis 
coefficient is defined as a4 = mJm$ where a4 is a 
measure of the sharpness of the peak of the curve. 
For a normaJ distribution the values of a3 and a4 

Table 2. Long-term results of t-test on the between-bottle variation with respect to 
the within-bottle variation 

CertiAed 
reference 

ore Elements 
No. of 
t-tests 

No. of 
null hypotheses 

rejected 
Null hypotheses 

rejected, % 

PR-I 

MP-1 

HV-1 

su-1 

UM-1 

KC-l 

PTA 
PTC 

PTM 

MO 
Bi 
Fe 
S 
Zn 
Sn 
cu 
Pb 
MO 
W 
In 
Bi 
As 
Ag 
cu 
MO 
Ni 
cu 
co 
Ni 
cu 
co 
Zn 
Pb 
Cu 
Sn 
& 
Pb 
Ag 
Au 
Pd 
Pt 
Rh 
Pd 
Pt 
Au 
Rh 

18 
16 
16 
17 
17 
15 
15 
17 
15 
10 
9 

11 
17 
13 
22 
22 

24 
24 
24 
24 
24 
30 
29 
22 
27 

1 
3 
1 

: 
1 
4 
1 
1 

: 

9 
1 
1 
3 
2 
2 
3 
1 
3 
3 
3 
5 
6 
2 
1 
1 
1 
1 
1 
1 
0 
0 
0 
0 
0 

6 
19 
6 
6 

12 
7 

27, 
6 
7 

g 
0 

12 
8 
4 

14 
8 
8 

12 
4 

12 
12 
13 
17 
21 
9 
4 

14 
50 
17 
12 
17 
0 
0 
0 
0 
0 
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Table 3. Statistical parameters computed on the assumption that the analytical results arc independent sf the reporting 

OWd 
.v M% X% s E.“. 113 a4 AV%¶F 

RM Elements l t ’ t l t l t ’ t ’ t * t C.“. 

PR-I MO 
Bi 
Fe 
s 

MP-I Zn 
Sn 
CU 
Pb 
MO 
W 
In 
Bi 
AS 

cu 
Sng 
AS 

209 
184 
162 
213 
208 

0599 
VI12 
I.250 
0785 

16300 
2.410 
2.140 
1.923 
0014 
0021 

V600 
VI12 
1.250 
0784 

16310 
2410 
2.140 
I.920 
0013 
cm21 

0030 
0007 
0038 
0027 
0288 
VI82 
0077 

-087 -022 5.9 

Ag @pm) 
HV-1 Cu 

1.5 
-028 -024 2.7 2.6 
-I@ -Vcw 7.1 1.1 

049 042 2.3 I.2 
-097 -do 4.4 05 

221 -020 -DOS 2.9 2.2 
218 -083 -Vu) 4.9 08 
235 0074 -018 -V32 3.2 I.2 
174 0009 2.29 I.28 6.8 7.5 
110 VOIO 094 041 3.8 7.9 
II3 0072 0071 OQO7 I.68 -021 5.8 2.0 
1.51 0026 0026 vO07 2.02 -059 8.1 5.5 
197 0780 v780 VO62 -045 064 46 I.6 

-5&o 5Sil 3.8 v44 042 2.3 I.5 
0522 0522 0014 088 -024 8.7 1.4 
vo57 a051 Vo03 041 041 b7 3.3 
1.51 1.51 OQ4 -06 -VI 4.1 1.3 
0% V86 003 -04 VI 4.5 
oQ64 0064 0062 0063 0006 -06 -05 3.1 ::: 

088 088 088 088 003 -06 02 52 I4 
044 043 044 043 002 2.8 -05 IS.7 I.6 
O-034 0035 0034 0035 OalI2 -06 -02 2.9 2.2 

2032 2033 2v34 2036 022 -07 07 5.9 04 
6.98 7.00 b98 741 VI4 -02 06 4.3 06 

291 283 O-114 VI14 VI14 VI14 OaO5 00 -VI 3.2 I.7 
240 190 V678 0680 0667 0678 0.049 -05 -V5 4.2 I.5 
284 373 0’114 VI14 VI14 VI14 005 1.9 -02 IV8 I.1 

169 
4.5 

MO 373 
SW-I Ni 357 

cu 339 
co 276 

UM-I Ni 336 
CU 327 

2oQ 
173 
156 
207 
193 
215 
208 
22. 
154 
106 
103 
141 
182 
166 
3.97 
361 
333 
319 
254 
313 
312 
274 
266 
300 

0594 
VIII 
1.244 
0792 

lb289 
2.424 
2.137 
1.925 
0017 
0022 
0073 
0027 
0789 

589 
vs22 
VV58 
1.50 
086 

05% 
VIII 
1.246 
0792 

16333 
2.419 
2.148 
1.923 
0.014 
0021 
0071 
VV25 
0794 

58.8 
0521 
0057 
I.51 
087 

CO 
KC-I Zn 

Pb 

286 
282 
334 

0924 
0006 
0029 
0025 
v212 
VI66 
0060 
0063 
Om2 
0008 
VO04 
VO04 
V045 
3.7 
0010 
0003 
003 
002 
OaV4 
vo2 
VOl 
Oil02 
VI6 
VI2 
Oal5 
(HI25 
OaO3 

5.1 
63 
3.1 
3.4 
I.8 
7.5 
3.6 
3.8 

54.9 
43.4 

97 
21.6 

7.9 
b5 
2.6 
5.7 
2.8 
2.9 
9.0 
3.3 
4.6 
7.1 
I.1 
2.1 
47 
7.3 
4.3 

4.0 
5.4 
2.3 
3.2 
1.3 
69 
2.8 
3.3 

15.3 
382 

s.2 
159 

5.7 
63 
1.9 
4.7 
2.1 
2.2 
7.1 
2.3 
2.9 
61 
08 
1.7 
4.2 
3.6 
3.0 

30 
2.1 
31 
2.2 
3.3 
2.1 
3.7 
2.8 
4.9 
24 

c 
3.0 
2.3 
2.7 
2.5 
2.5 

;; 

2.7 
3.0 
2.2 
29 
4Q 
2.3 
3.8 
3.3 

* All data. 
7 After rejection of results deviating from the grand mean by more than twice the standard deviation. 
9: Some of the results obtained by volumetric methods were rejected on chemical grounds. 

are 0 and 3 respectively. In computing these quanti- 
ties, use is made of the formula 

i=N 

mj = C (Xi - ji-Y’/N 
i= 1 

where mj is the jth moment of the x-values about 
their mean. 

Table 3 shows the distribution parameters for all 
results collected for the base-metal ores-too few 
results were available for the parameters to be calcu- 
lated for the materials containing precious metals. It 
can be seen that the difference between corresponding 
medians and the means is small, as are the skewness 
factors, with the exception of that for iron in PR-1. 
The kurtosis coefficients are generally larger than the 
normal value of 3, but they approach this value after 
rejection of data that deviate from the means by more 
than two standard deviations. Considering that the 
results are subject to all the errors associated with 
the interlaboratory programme, they are remarkably 
close to a normal distribution. 

Computation of the means and their conjdence intertzds 

The model, as expressed by equations (1) and (2), 
takes into account differences in the between-labora- 
tory results caused by factors such as variations in 
methods of analysis, the environment of the labora- 
tories, etc. Table 3 shows that, in all cases, the. average 
within-laboratory coefficient of variation (c.v.) for 
each element is smaller than the overall coeiYicient 
of variation. Figures 1 and 2 show graphically that 
the results are obviously dependent on the labor- 
atory; thus it is unrealistic to treat the results as 
though they are independent variables. Consequently, 
the model described by equations (1) and (2) is used to 

compute the means and their confidence intervals. 
Only in cases where w is found to be statistically 
insignificant would the results be treated as in-n- 
dent variables. 

When t-tests confirm the insignificance of 8, the fol- 
lowing expression can be formulated in terms of the 
individual results: 

Xij = C + Yi + eij 

where xi, = the jth result reported by laboratory i; 
c = the consensus value that will be estimated by the 
overti’mean of x; yi = the discreparicy between the 
mean of the laboratory i and the &sensus value; 
and ei, = the discrepancy of Xi, from the mean of 
laboratory i. 

The assumption in this analysis is that both yi and 
eij are normally distributed with means of zero and 
variances w2 and c2, respectively. The existence of 
w2 can be detected by comparing the ratio of “be- 
tween-laboratory” mean squares to “within-labora- 
tory”meansquareswiththeF-testatthe950/,confidence 
level and with the appropriate number of degrees of 
freedom. If the participating laboratories are a ran- 
dom sample of those laboratories regarded as compe- 
tent in the type of work, then the magnitude of 
w can be estimated. Based on this estimate, the confi- 
dence interval of c can be computed for each selected 
element by means of the following formulae:9 

where E. = the overall mean which has an expected 



value Of C; rti * tW nntnber of results reported by 
laboratory i; and k = the number of laboratories. 

Because the principal parameter to be estimated 
is the consensus value, c, the 95oJ, confidence interval 
is calculated for k- 1 degrees of freedom This 
method of ~~u~t~n gives weight to each I&ma- 
tory in accordance with the number of results submit- 
ted. 

Other schemes for weighting the data were also 
considered-these are: weighting the results in inverse 
proportion to the laboratory variance with respect 
to the consensus value,* and we~hting the results in 
inverse proportion to the square root of the same 
variance. Experience has shown that these schemes 
do not greatly alter the grand means, because the 
major component of the variance is the between- 
laboratory variance. A further d&advantage of these 
schemes is that some laboratories report results with 
apparently zero variance. The results of the method 
of weighting by the inverse of laboratory variance are 
also listed in each report. However, so far the con- 
sensus or recommended values have been taken from 
the scheme in which each result is given equal weight. 

It is desirable to have a criterion with which an 
RM can be assessed in terms of its analytical useful- 
ness. One approach is to correlate the precision of 
the conseflsus value for a selected element with the 
precision of the results of the various analytical 
methods used in the c&tification programme and to 
assume that these methods are similar to those that 
will be applied by the users of the reference material. 
With this in mind, the values assigned to a number 
of materials o&i&d in the CCRM Project were 
assessed in relation to their ~~~nd~ within- 
laboratory coefbcients of variation; the results are 
presented in Table 4. 

From Table 4 it can be seen that the spread in 
d&values for the selected elements of the precious- 
metal RM’s {I?lYAI FTC and PTM) are, in general, 
larger than those of the base-metal RI%%%. Thus, the 
consensus values for ibe precious-metal RM’s are esti- 
mated with a lower degree of precision than those 
of other reference materials. In other words, the abso- 
lute quality of the former materials is inferior to that 
of the latter. IIowever, as can be judged from the 

Table 4. C!er&ation factor for a number of reference materials 

Cartitkd 
reference 

ore 

Average of 
Recommended 95% ContIdence within-lab. Certitication 

value, limits Spread, % c.v.T % factor, 
Element % Iow high (‘4) (51 A/B 

FR-I 

MP-1 

WV-1 

S-r-1 

UM-1 

MO 
Bi 
Fe 
S 
Zn 

: 
Pb 
MO, 
W* 
In 
Ri 
As 
Ag 
Cu 
Mo 
Ni 
CU 
Co 

2 
co 
Zn 
Pb 
CU 
Sn 

i?t& 
Ag 

;: 
Pt 

z: 
Pt 
Au 
Rh 
Ag 

0594 
@Ill 
1.244 
0.793 

16.33 
2.50 
21.5 
1.93 
014 
0.022 
0971 
0.025 
0791 

59.5 ppm 
0522 
0058 
151 
087 
0063 
0.88 
043 
0034 

20.37 
698 
@if4 
068 
0.114 
3.1 ppm 
5.8 ‘7 
065 ” 

127 ‘7 
3.0 = 
062 ‘7 
8.1 ‘1 
5.8 ‘1 
1.8 ‘* 
0.88 I* 

66.0 ‘5 

0578 O-610 
0.107 Off4 
l-225 1.263 
0777 0809 

16.20 16.45 
2.39 261 
2.12 2.18 
190 1‘96 
013 015 
O-016 0,029 
0.068 0,074 
0.023 0.027 
0.763 O-814 

563 pprn 6Q.6 ppm 
0.517 0.526 
a056 0059 
1-50 I-52 
0.86 088 
0.061 Qo6S 
0.87 089 
0.43 044 
0.034 O-035 

2031 20.43 
694 7.02 
0112 0.116 
067 0769 
a112 0115 
2.9 ppm 3.2 ppm 
5.5 u 6.2 n 
0.55 *I 0.72 19 

12Q 9’ 13.0 W 
2S ~ 3*2 = 
0.55 ” 0.69 3’ 
7.4 111 8.8 n 
5.5 W 6.2 ,. 
1.6 1, 1.9 ,t 

o-73 ” I.03 ” 

5-38 
6.65 
3% 
4.01 1.23 3.27 
1.53 0.46 3.36 
8.80 
2.99 
3-10 

13.16 
57.09 
8% 

16.02 
571 
7.30 
133 
3.93 
1+9 
1.88 
632 
196 
2.29 
5.30 
0.61 
I+22 
3”29 
3.61 
2.24 
8.73 

IO-37 
27.08 
1QW 
1328 
18.39 
1630 
11-21 
19.02 
34.79 

I-54 
260 
1.12 

2.16 
0.82 
1.19 
7.62 
7,87 
2.41 
5.56 
1.47 
1.50 
I,37 
3.26 
1-24 
1.07 
2cN 
1.23 159 
1.19 1.92 
2.25 
@38 
0.65 
I@ 
1.43 
l-02 

1.570 
1Kkt 
20f7 

7.19 
1 t-30 
8.37 
7.94 
523 
9.73 
8.65 

3423 
2.56 
2.72 

4.07 
364 
2-60 
f-73 
7-25 
3.68 
2.88 
3.88 
487 
I.34 
1.21 
f.29 
1.77 
264 

2.35 
I.61 
1.82 
3-29 
2.53 
2.19 
055 
0.94 
i-34 
I.52 
I-18 
2-19 
2.05 
2.14 
1.96 
4.02 

21.23 4.49 4-72 
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means of within-laboratory coefficients of variation, 
the precision obtainable by the analytical methods 
for precious-metal ores, is much lower than that for 
base-metal ores, because only trace-levels of the 
metals are present, resulting in a high inhomo~~ity 
variance [equation (2)]. Consequently, this field of 
analysis does not require RM’s with such precise con- 
sensus values as does the field of base-metal ore 
analysis. Generally, the same is true for trace consti- 
tuents in ores and rocks as compared to minor and 
major ~nstituents. 

In Table 4, values for a “certification factor” are 
given. This is the ratio of the confidence interval of 
the consensus value, c, for a selected element, 
expressed as a percentage, to the mean of the within- 
laboratory coef?icient of variation. The certification 
factor is a measure of the quality of the RM’s because 
it takes into account the degree of precision required 
for the consensus values of the material in normal 
applications 

Table 4 shows that the values of the certification 
factors for the base-metal materials are less than 4, 
with the exception of those for Sn, Ag and W in ore 
MP-l* 

Therefore, it is arbitrarily proposed that a material 
be recommended as a reference for a particular ele- 
ment if the element has a certification factor of $4. 
This value can be explained on the basis that the 
confidence interval is twice the product of the value 
taken from the ~-dis~ibution and the ~~i~de of 
the coefficient of variation of the consensus value. For 
a large number of laboratories (approximately 20 or 
more), at 95% probability, the value of t approaches 
2. In other words, a reference material is suitable for 

* MP-1 is not recommended as a reference material for 
W. Because the certification factors for Sn and Ag are not 
much greater than 4, their recommended values are useful 
in certain applications of MP-1. Additional work is now 
being done to refine the recommended value for Sn and 
to narrow its confidence interval. 

use if its consensus value for a selected element has 
a precision that is equal to or better than the average 
precision obtainable by the analytical methods that 
were used in its certification, or are being considered 
for use in a particular application. 

The magnitude of the certification factor is in- 
fluenced by: 

(a) the within-laboratory variance, which includes 
the within-bottle inhomogeneity of the RM and the 
repeatability of the analytical methods used; 

(b) the ~~~n-~~~~ry variance, which includes 
the extent of the agreement between various analyti- 
cal methods and the between-bottle inhomogeneity 
of the RM; 

(c) the number of replicate determinations per- 
formed by each laboratory; 

(d) the number of participating laboratories. 

Because these variables are controllable to a certain 
extent in the interlaboratory programmes, it is often 
possible to optimize conditions so that a value of ,<4 
can be achieved for the certification factors. 
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SHORT COMMUNICATIONS 

ATOMIC-ABSORPTION DETERMINATION OF MANGANESE, COBALT AND 
COPPER IN WHOLE BLOOD AND SERUM, WITH A GRAPHITE ATOMIZER 
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(Received 14 October 1974. Accepted 17 January 1975) 

Trace elements in blood and other biological fluids are 
seldom determined, because the methods available are 
expensive and time-consuming. However, interest in trace 
mangwtesc, cobalt and copper determinations has recently 
expanded: the determination of copper is of use in pedii- 
tr&‘” gynaecology,* dermatology,s dietetics,6s’ geronto- 
logy0 and oncology;9 for instance the serum copper con- 
centration is clearly related to malignant lymphomas and 
elfectiveness of the therapy.” 

Cobalt can alter the renal erythropoietic factor”~12 and 
its determination is also related to the metabolism of vita- 
min Blz.” Cobalt was determined on fish tissues by flame 
atomic-absorption spectrometry with deuterium back- 
ground compensation after extraction,” and in serum by 
use of tantalum strips.15 

Manganese has been determined in urineI and in blood 
serum,” but in the latter work no instrumental back- 
ground compensation was used. Manganese is of interest 
in clinical chemistry as one of the most accurate indicators 
of myocardial infarction, when present at high con- 
centration in serum.18 

Efforts are now being made to achieve rapid determina- 
tion of trace metals in solid or dried samples by atomic- 
absorption spectrometry with a graphite atomizer and deu- 
terium background compensation,*9.20 and a multi-ele- 

ment serum standard for neutron activation analysis has 
been prepared.* a 

We feel that the graphite atomizer method with back- 
gromid compensation can provide a rapid, reliable and 
sensitive instrumental technique for the determination of 
manganese, cobalt and copper in biological fluids and tis- 
sues; the application of this technique would be an impor- 
tant advance over flame atomic-absorption spectr~metry,~~ 
especially because no manipulations on blood would 
be required and molecular absorption by smoke would 
be instrumentally compensated?3 

EXPERIMENTAL. 

Blood samples 

The blood samples were provided by the “Umberto I” 
Regional Hospital, Ancona, and by the Associazione 
Volontari Italiani Sangue, San Benedetto de1 Tronto, and 
contained oxalate as anticoagulant: the oxalate and 
heparin were tested for the metals of interest at the actual 
dilutions used and the amounts found were below the 
detection limits. The samples were centrifuged and stored 
at 4”. Just before. the analyses for Mn and Cu, 204 of 
blood or serum were diluted with distilled water, fivefold 
for Mn or tenfold for 0.1, to ensure reproducible delivery 

Table 1. Instrumental settings 

Manganese Cobalt Copper 

Wavelength, nm 
Slit setting 
Expansion 
Lamp, mA 
Purging gas 
Damping 
Programme No. 
Voltage, V 
Drying, set 
Charring set 
Atomization, set 
Background % 
Chart speed mm/min 

279.4 
4 
I.518 
16 
N2 

:+ 7t 

&.;; 

4 . 
-5 
40 

240.7 
(3)’ 4 
1.25/8 
26 
N2 

1 
7 
9 
pre-ashingt 
60 
5 
1 
20 

324.7 
4 
0.518 
16 
N2 

1 
7 
9 
60 
60 
5 
1 
20 

*The cobalt wavelength must be set with slit-setting 3, but the 
measurements should be carried out with slit-setting 4. 

t HGA-70 Programme selection number. 
$ As described under “Blood samples.” 
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loo with the Eppendorf pipette, to give concentrations on the 
calibration curves and to avoid carbonaceous crusts in the 
graphite atomizer that would partially obstruct the light- 
path. Cobalt was determined on the ash from C-5ml of 
se&in+ obtaina& u eshing dried serum at 750” for 5 min. 
The ash (IQ-2Omg) was weighed in tantalum boats and 
introduced into the atomizer with the Perkin-Elmer 
“spoon”. 

o- 
* 

“1 

Instrumentation 

‘A Perkin-Ehner 305 atomic. absorption 1 spectrometer, 
equipped with the HGA-70 p@ite. avm@r,and a deu- 
teriumarc background compensator was used, with a 
Hitachi P-E 56 recorder. For the determi~tions of Mn 
and CSt, a Perkin-Elmer multi-eiement hollow-cathode 
lamp was used at 16mA: above this value the deuterium 
compensation is not feasible. Cobalt was determined with 
a single-element lamp at 26 mA. These current values can 
be adopted only after prolonged warming-up of the lamps; 
otherwise the current should be 13 and 22 mA respectively 
and the energy output should be kept in the usual range 
(red-scale interval) by adjusting the photo-m~tiplier volt- 
age. This causes a small background signal due to the 
brightness of the carbon, but this is not detrimental to 
the measurements. The instrumental settings are given in 
Table 1. 

*. 
DC RFSULTS AND DiSCUSSfON 

Fig. 1. Readings on 20$ of diluted serum for Mn and 
Cu, and on 10 mg of serum ash for Co. The peaks of ana- 

Figure 1 shows the chart recorder trace for Mn, Co and 
Cu in serum. Three peaks are present in the manganese 

lytical use are indicated. reading for blood but only the second is rcpresenta$ive 

Table 2. Determinations of manganese, cobalt and copper in whole blood and in serum from healthy blood donors 

Donor 
Card No. 

; 
127 
194 
226 
227 
313 
342 
358 
360 
380 
413 
448 
4ag 
537 
548 
552 
612 
635 
654 
687 
725 
764 
804 
875 
899 
916 
936 
946 
949 

1035 
1071 
1091 

Mean values 
Std. deviations 

Age 

44 39 

:: 
32 
31 
30 
40 
41 
26 
26 
41 
23 
22 
36 
34 
37 
30 
27 
40 
38 
31 
31 
31 
25 
53 
21 
32 
33 
31 
24 
36 
22 

Manganese, nglcml 
blood serum 

12 5 
1s) 
18 5 
11 
9 

21 16 
1: 

6 
: 

18 
14 
9 5 

10 
9 

11 5 
7 

:; 
12 

17 
11 
6 
6 

16 
10 
16 9 
9 

11 6 
6 
6 
6 

18 

11 9 
f 4.4 k4.3 

Cobalt, &ml 
serum 

7.2 8.0 

9.8 

8.0 
7.9 
8.0 
6.4 

5.6 
5.6 

6.4 

9.8 

8.0 
7.9 

9.6 
9.6 

7.2 

6.8 

6.8 

I.7 
f 1.9 

Copper, ~frni 
blood serum 

I.3 1.5 1.0 1.4 
1.5 
1.3 1.3 
I.6 1.4 
1‘7 
1.3 1.3 
I.7 
1.3 1.3 
la.5 l-4 
1.0 
1.0 
1.0 
1.6 1.4 
I.7 
1.0 
1.2 l-1 
1.2 
1.4 l-3 
1.1 1.0 
1.1 
I.2 
1.0 
1.1 1.2 
1.1 
1.4 1.3 
1.2 1.1 
1.4 1.3 
1.3 1.1 
1.3 1.0 
1.2 I.1 
1.4 
l-0 

1.3 1.2 
f @22 f 0.16 
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of manganese, as is demonstrated by the standard addition Acknowledgements-This work was carried out under the 
method; the third peak is in fact absent in the serum read- auspices af the National Research Council, Rome (Con- 
ings. The calibration curves were linear but did not pass tract No. 1044/03), and was presented at the III National 
through the origin, there being a background contribution Symposium of Clinical Biochemistry, 4-7 Dec. 1974, Bari, 
from the carbon brightness. Italy. Thanks are due to the Associazione Volontari Ita- 

The readings for the metals were also proportional to liani Sangue, San Benedetto de1 Tronto, and to the 
the volumes of blood submitted to analysir+ i.e., 20, 30, Umberto I Regional Hasp&l, Ancorta,’ for ddnating blood 
40. 50 and 60 ul of blood or serum introduced into the samples. 
atomizer and dried for 15 set per 104 in the case of Mn 
and Cu, or the amount of ash from iO3, 0.751 and 1.0 ml 
of serum, for Co. Ten Cu determinations on cure serum 
sample gave a standard deviation of If: 0.07 ng/ml. 
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The standard-addition method was applied by adding 
known volumes of aqueous solutions of the metal ions 
to diluted blood or serum before the drying; the 
calibration lines for aqueous solutions and diluted blood 
were parallel, as expected. 

Typical results obtained are shown in Table 2. The 
ranges observed on samples from blood donors are: Mn 
3-21 ng/ml in blood, mean value f standard deviation 
11 & 4.4; 5-16ng/ml in serum, mean value + standard 
deviation 9 f 4.3; Co 56-98 ng/ml in serum, 7.7 + 1.9; 
Cu, 1.0-1.7&ml in blood, 1.3 + @22; 1.0-1.4&m in 
serum, 1.2 f O-16. They can be taken as normal values 
for this population, as the blood samples were from 
healthy blood donors. These values are in agreement with 
those reported in previous works on copper10*24 and 
rnanganese,is while the cobalt concentration corresponds 
to the one selected for the serum cobalt standard.21 Pre- 
liminary results on sera from patients show that most of 
them are clearly outside the normal intervals and therefore 
the metal determinations can provide unequivocal infor- 
mation for diagnostic purposes.*’ 

CONCLUSIONS 

The instrumental method developed is suitable for the 
rapid routine determination of manganese, cobalt and cop- 
per in whole blood and in serum samples. It requires very 
little blood or serum, 204 for Mn and Cu, and @5 ml 
for Co; it does not require time-consuming manipulations 
and hence avoids contamination risks. The metal deter- 
minations can be carried out on the serum aliquots that 
usually remain after other chemical tests, and care should 
then be taken to avoid metal contamination by pipettes, 
anticoagulant, test-tubes and stoppers. The method is 
based on the use of commercially available analytical in- 
strumentation and does not require expensive and delicate 
modifications of the instruments. 

These favourable features of the proposed method offer 
the possibility of collecting a large number of data in a 
short time and of using the metal concentration values 
as a new tool in clinical chemistry, environmental hygiene, 
toxicology, the food sciences and other fields where distinct 
changes in the metal concentration are diagnostic. 
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Snmnury-A new and rapid method is described for the determination of Mn, Co and Cu by atomic 
absorption with a graphite atomizer and deuterium compensation, on very small samples of whole 
blood and serum, with no preliminary manipulations. The metal concentrations in blood serum from 
healthy donors have been found to be Mn 9 + 4.3 n&l; Co 7.7 + 1.9 ng/ml and Cu 1.2 + 0.16 &ml. 
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CONTRIBUTIONS TO THE BASIC PROBLEMS OF COMPLEXOMETRY-XXV 

DETERMINATICYN OF RARE EARTHS AND PHOSPHATE 
WITHOUT SEPARATION 

J. Heyrovsky Institute of Physical Chemistry and Electrochemistry, Czechoslovak Academy of Sciences, 
Prague ,l, Jilska 16, Czechoslovakia 

(Receitieii 17 D&ember 1974. Accepted 30 Detthber 1974) 

As the phosphates of all rare earths (RE) are soluble only 
in relatively concentrated nitric acid, their direct deter- 
mination by EDT& titration is impossible. Indirect deter- 
mination by back-titration with, for examples, zinc, is also 
impossible because of ~&placement of the RE from’their 
EDTAcomplexes and their precipitation as the phbs- 
phates.’ Usually separation either of theIRE or the phos- 
phate is necessary. Kinnunen and Wennestrand2 decom- 
posed natural rare-earth #phosphates with ,sodium per- 
oxide, preeipitnted the RE as the oxalates, ignited these 
and dissolved the resulting or&&s in nitric acid, then deter- 
mined their sum ,by direct titration with EDTA at pH 
5-55, using Xylenol Orange as iudiitor. Genge and Sal- 
mons first precipitated the phosphate ,as &PO, with bis- 
muthyl perchlorate at pH O-5-19 and *determined the 
e&e; of bismuth in the filtrate by’ EDTA titration at 
pH 2; they then determined the RE indirectly by adding 
excess of EIYTA and back-titration with zinc at pH 10. 
(T&ices of Pyrooatechol Violet were used as indicator for 
the firat titration, and Eriochrome Black T for the second). 

For these reasons phosphate cannot be determined in 
the presence of RF by precipitation .as MgNH4P04 or 
ZnNHSO,. for examole. Determination of both RE and 
phosphate. in one sol&ion without any separation would 
be desirable. 

In one of our .previous papers’ we described a very 
simple method for tti determination of RE. in‘ the presence 
of phosphate, based on the fact that the RE form suffi- 
ciently stable complexes with diethylenetriaminepenta- 
acetic acid (DTPA) and are not displaced from these 
complexes by zinc. Knowing. that lanthanum is very 
easily displaced from its EDTA wmplex by zinc,’ we have 
developed a method for the determination of RE as well 
as phosphate, a problem which had not hitherto been 
solved satisfaatotily with compkxomttcy. 

Reagents 

EXPEPll@E~AL 

DTPA solution, DOSM. Prepared by dissolving 19.65 g 
of the free acid in NO-130 ml of 1M sodium hydroxide 

and diluting to 1, litre. Standardized complexometrically. 
Zinc nitrate solution, 0.05M. Prepared by dissolving 

3.2685 g of pure zinc in sufficient nitric acid (1 + 1) and 
diluting to 1 litre. 

Lanthanum nitrate solution, 00&U. Prepared by dissolv- 
ing 1@801 g of the hexahydrate in 500 ml of redistilled 
water. 

LunthanumEDTA solution, 0.025M. Prepared , by 
titration of suflIcient 0.05M lalithanum nitrate with OQ5M 
EDTA at pH 5-55, with Xylenol Orange is indicator. 
A stock solution can be prepared by mixing~erjuivalent 
volliunes of both solutions. The resulting soI_ should 
contain not more than one drop of, @05M lanthanum 
nitrate ir excess (red colour of indicator complex). 

Sodium dihydrogen phosphate solution, 0.05M. Prepared 
by dissolving 6@0 g in 1 litre ofjwater. 

RE nitrate solutions, @05M. Prepared by dissolution of 
appropriate amounts of nitrate ot, oxide in nitric acid- and 
dilution to 100 ml. RF obtainable from various sources 
were approx, 9899% pure. 

Procedure 

To the sufficiently acid solution containing up to 50mg 
of phosphate and up to 20 mg of rare earths hi a volume 
of 3&M ml add enough 005M DTPA to complex all 
cations present, then neutralize with ammonia to pH 4.5. 
Add 05-1.0 g of hydroxylamine hydrochloride or ascorbic 
acid and boil for L-2 min. Cool, dilute to 100-150 ml 
and adjust the pH to 55.5 with 20% hexamine solution, 
add a few drops of 1% Xylenol Grange solution and titrate 
with 0.05M zinc ‘nitrate from $%OW to red-violet. The 
consumption of DTPA corresponds to theA’surn of rare 
earths. 

“To the same solution add an excess of lanthanum- 
EDTA solution (roughly measured), dilute to 200-300 ml 
according to the phosphate concentration, warm to 4@50 
and titrate slowly with zinc nitrate solution to a red-violet 
colour which must not fade for at least 2-3 min. The 
consumption of zinc solution corresponds to the amount 
of phosphate (Table 1). 

Table 1. Determination of RE and phosphate 

Taken Found Taken Found 
O*OSM RE, PO:-, @OSM RE, PO:-, 0.05M RE, PO:-, 0.05M RE, PO:-, 

ml me ml w ml w ml w 

1.65 Sm 5.17 1.72 Sm 5.35 1.65 Sm 51.66 1.72 Sm 52.66 
@98 Dy 5.17 0.97 Dy 508 9.84 Dy 2583 9.85 Dy 27.03 
5.16 Er 5166 5.00 Er 53.13 9.00 Gd 36.19 9.05 Ga 3682 
1.93 Tb 10.33 1.99 Tb 1040 12.40 Yb 51.66 1223 Yb 52.20 



Remarks phates if we use TTHA instead of lRPA for It’s tigmplexa- 
Addition of ascorbic acid or hydroxylamine hydrochlo- tion.’ The procedure is’%imilar to tliat d&&%&d above. 

rida prevents the precipitation of even tracea of phosphate. 
The dispaatcemat reaction in-.Fhe second tit&on Lay- +t- 

However, thorium, RE a& phosphate cannot’all be de&- 
mined by this method, ow@ io the cQmpIicat&‘equilibr~ 

Zn2+ f PO:- +LaPO, + ZbY2- is very fast at normal between the Th-nHA complex and the RE-DTPA com- 
temmarature. wken a lame sensation of ~homhate is p1tm.s. 

pre&& Whqn a ~e~a~unF,of.p~osp~~ is-present, 
Fhe h&her temperature of 40-50” is more convenient. 

lnterjerences 1. 
All elements forming stable complexes with DTPA un- 

der the given conditions are co-titrated. Their sum can 2. 
be determined (with, the exception of alum~ium) in a 3. 
~parate,a~~~ot of the solution after masking .of RE (and 
aluminium) with ammonium fluoride. Thorium interferes 4. 
because it is precipitated as phosphate even in the presence 
of DTPA. It can be determined in the presence of phos- 5. 
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Summary-A new method for complexometric deter~~tion of rare earths (RE) and phosphate without 
prior separation is described. It is based on indirect determination of RE by back-titration of an 
excess of DTPA with zinc solution, with Xylenol Orange as indicator. After the titration an excess 
of La-EDTA complex solution is added and the solution is titratl?d again with tine at N-50”. 
During this titration lanthanum is displaced from its complex and precipitated as phosphate: LaY- 
+ Zn2+ + PO:- = LaPO* + ZnY2-. Th e consumption of ,zinc sdlntion corresponds to the 
amount of phosphate, 
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SPE~RGPHOTOMETRIC D~T~.R~~NA~~ON OP VANAD~M ANJ3 
FS APPLICATION FO GAS-TURBINE FUEL-OILS 
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Research and Control Labomtory, Durgaptu Steel $$nt, Durgapur-3, *West Bengal, India 

(Received 17 December 1974. Accepted 30 December 1974) 

The use Qf liquid-fuel injection in high-pressure boilers and 
gas turbines is increasing. The high-boiling petroleum frac- 
tions obtained a’s sludges and concentrates from the 
refineries have very high calorific value and very low ash 
content. However, s&e of the minor mineral constituents 
in the ash are ditreyely harmful owing to their corrosive 
effect, especially vanadium. 

Vanadium firm&w-melting compounds such as V20s 
(m.p. 691”) and causes &vere attack on ,a11 the highltem- 
peramm alloys u&l for &as-turBine blades. At the’ IO ppm 
level the corrosion rate is 3 times the normal oxidation 
rate and at 30 ppm it is 13 times the normal oxidation 
rate,‘,so it is necessary to limit’ Yhe vmrnadium content in 
such fuels fb less thah 2 ppm. 

The determination of v&adium in such oils ha$%ecome 
itiperative and necessitates a very sensitive and rapid 
method which is suitable for day to day routine analysis. 
The A&M phojphotungstic acid method’ involves a$hing 

the fuel oil at 525 $ 259 requires about 1 day and does 
not appear to be sultable f&f +!ontiiW work. Moreover the 
~n~um must be in 8he ~uinque~lent &ate and the 
strongest C&NU is obtained when the molalar ratio of 
phodphoric acid to sodium hmgm liea in tke tange 3: l- 
20: B. and the tungstate c~nchtration ls OOl-O.lM.2 ,The 
time for development, of the col~ur, is 1 hr. Several organic 
reage& have been suggested &u va&hsnn. These inch& 
pyr~caFech~l,~ benzoylphen~lhyd&@mi@’ btmzohyd- 
rotintio acid,’ saI&@lhydrox%mic acid,6 o-@enylenedia- 
m&e!’ and ~pheny~~~~.* Tfwre ~ rr#gcnts are ‘gener- 
ally used for the determination of vanadium in steels. Ben- 
zbIC)rdroxamic acid !&td’ diphenyibet&iine have ,%een used 
Cm &&determination of vana&um in petr6leum. Spec- 
whit methods, 9*10 a8nd atomic-absorptiofi~**tro- 
photometry ” have also been used. We hay&a& tinnin 
and&ioglycollic acid as’r reagent for the spectrophoto- 
metric ~~~Fion of niobium in stain&s& steel,” and 



Remarks phates if we use TTHA instead of lRPA for It’s tigmplexa- 
Addition of ascorbic acid or hydroxylamine hydrochlo- tion.’ The procedure is’%imilar to tliat d&&%&d above. 

rida prevents the precipitation of even tracea of phosphate. 
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lnterjerences 1. 
All elements forming stable complexes with DTPA un- 

der the given conditions are co-titrated. Their sum can 2. 
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Summary-A new method for complexometric deter~~tion of rare earths (RE) and phosphate without 
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of La-EDTA complex solution is added and the solution is titratl?d again with tine at N-50”. 
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+ Zn2+ + PO:- = LaPO* + ZnY2-. Th e consumption of ,zinc sdlntion corresponds to the 
amount of phosphate, 
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have observed that the same reagent can produce an in- 
tense in&go-blue colour with vanadium The reaction can 
be utilized for a sensitive spectrophotometric deiermina- 
tion of vanadium in gas-turbine fuel-oil and navy fuel-oils. 

Reagents 

EXPERIMENTAL 

Standard vanadium solution (05 trig/ml). Dissolve I.141 g 
of pure ammonium vanadate in distilled water in a stan- 
dard I-litre flask and make up to volume with distilled 
water. 

Standard wrradium sol&on (O-025mgjml). Dilute the 
05 mg/ml solution 20-fold with distilled water. 

Tannic aci&thioglycollic acid mixture. Mix equal 
volumes of 5% w/v tannic acid and 10% v/v thio ycollic 
acid solutions. Filter, and store in an amber bottle. % repare 
fresh every week. 

Acetate bu& pH 4. Dissolve 25 g of ammonium acetate 
and 200 ml of glacial acetic acid in 1 litre of distilled water. 

Table 1. Weight of sample for analysis 

Vanadium content, Weight of sample, 
ppm B 

<IO 10 
10 5 
20 3 
40 2 

>60 1 

Preparation of standard curve 

Into a series of 50-ml standard Basks pipette 0, 2, 4, 
68, 10 ml of @025 mg/ml vanadium solution, add 20-25 ml 
of acetate b&r and 5 ml of tannic acid-thioglycollic acid 
mixture to each’axid shake,well. Dilute to volume with 
distilled water and after IOmin measure the absorbance 
of each solution at 600 run, in a l-cm cell. Plot the absor- 
bance against the number of mg of vanadium in 5Oml. 

Procedure 

Prepare the sample aocording to ASTM’ and weigh a 
suitable portion (according to Table 1) into a lO&ml Pyrex 
beaker and add 5 ml of concentrated sulphuric acid. For 
a 10-g sample use a 250ml beaker and 1Omi of su_lphuric 
acid. Place the beaker on a high-temperature hot-plate. 
Take care to avoid spattering, and heat until the evolution 
of sulphur trioxide fumes ceases, then ignite with a burner 
whatever hydrocarbon vapours will burn and continue 
heating until a dry coke is obtained. Crush any lumps 
with a Battened-end glass rod and place the beaker in a 
mutlle furnace and co&me heating at 600-650” until all 
carboneceous matter is burnt off ,Cool the beaker and add 
5 ml of concentrated hydrochloric acid and a few drops 
of nitric acid and digast the residue on a hot-plate until 
completely dissol* boil off nitrous fumes and evaporate 
until about 1 ml of acid remains. Cool and add 5 ml of 
distilled water andammonia solution (1 + 1) drop by drop 
until tbe pH of the solution lies between 5 and 5.8 (use 
narrow-range indicator paper). Transfer the solution quan- 
titatively into a 50-ml standard Bask and complete the 
determination as described for the standard curve. Run 
a reagent .blank. 

If the inorganic ash contains silica, this should be 
removed with hydrofluoric acid in the usual way. 

RESULTS AND DISCUSSION 

Spectroscopic data 

The absorption spectrum for a 3-ppm vanadium solution 
at pH4 has a single peak with its absorbance tmtximtim 
at 600nm. The absorbance increases with pH from 3 to 
4, and is then constant up to pH 5. Beer’s law is obeyed 
over the range 05-5 ppm vanadium The upper limit can 
be extended by working at lower pH, e.g., to 5Oppm at 
pH 3. 

Table 2. Determination of vanadium 

Vanadium, ppm 
By ASTM method’ By this method 

57 55 
58 

52 50 
52 

40 42 
44 

53 52 
55 

60 57 
59 

The stability of the colour decreases with the increasing 
pH as well as with concentration of vanadium. Thus a 
IO-ppm vanadium solution at pH 5 coagulates after IO- 
15 min and a 5-ppm solution at pH 4 is stable for more 
than I hr ; hence measurements are generally made at pH 4. 

Effect of diverse ions 

The trace metals generally present in the mineral ash 
of the fuel oils include Ca, Pb, Mg, K, Na and Fe. None 
of these elements interferes. 

Effect of sequestering agents 

Complexing anions such as fluoride and oxalate cannot 
be tolerated. Excess of chloride, sulphate, phosphate or 
nitrate has no effect, but nitrate interferes. Citrate and tar- 
n-ate slightly decrease the absorbance. EDTA completely 
destroys the colour. 

Typical results for vanadium in fuel-oil samples are 
shown in Table 2 and compared with those obtained by 
the ASTM method.’ 
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Summary-A very bnsitive spectrophotometric method for the determination of vanadium in furnace 
oils is described. The intense indigo-blue colour developed by the reaction of vanadium with tannin 
and thioglycollic acid is measured at a wavelength of 600 nm at pH 4 and obeys Beer’s law between 
0.5 and 5 ppm vanadium. The method is applicable to gas-turbine fuel-oil and special navy fuel-oils. 
The common mineral constituents usually present in such oils do not interfere. 

‘l’nlmtlr. Vol. 22. pp. 691-693. Pergamon Press, 1975. Pnnted in Great Britsm 
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Tantalum can be determined by atomic-absorption spec- 
troscopy’ provided a high-temperature flame (e.g., oxygen, 
nitrogen-acetylene or fuel-rich nitrous oxideacetylene) is 
used and the solution conditions are carefully controlled. 
The procedure is not sensitive (con~n~ations iqf n&ml 
are needed for reasonable absorbance values) and several 
interelement effects have been noted,‘-’ hence when tanta- 
lum is present in a complex matrix, preliminary isolation 
of the element by extraction6-* is recpmmended. 

Recent publications on tantalum chemistry permit an 
interpretation of many of the effects noted in aqueous 
media. 

EXPERIMENTAL 

Additional information on interference effects was 
obtained by adding varying amounts of diluent and ana- 
lytical-grade reagents to a base solution prepared by dis- 
solving pure tantalum in 1.3M nitric acid (i.llo g/l.). 

Ato~c-abso~tion rn~sure~n~ were made on a Tech- 
tron AA-4 spectrometer, with the 2715 nm line of the tan- 
talum lamp (15 mA current) and a 1OOqm slit. 

Both a fuel-rich nitrous oxide-acetylene flame and an 
oxygen-nitrogen-acetylene flame were used. Results rele- 
vant to the discussion are summarized in Fig. I and 2. 

DISCtisSION 

In non-complexing media, tantalum behaves like Zr, Hf, 
Ti, U (and to a lesser extent Fe, Al) and exists in solution 
as oxy or hydroxy complexes. These are often polymeric, 
aggregated in nature, and subject to significant co-precipi- 
tation effects. When such solutions are aspirated into’s 
flame, a refractory oxide of high melting point is formed. 
The fraction of the initial salt converted into atoms is small 
and for absorption of resonance radiation to be observable 
the degree of oxide dissociation has to be increased by 
use of high temperatures and of flame conditions which 
favour interaction between solute particles and gaseous 
radical species. 

With an oxygen-nitrogen-acetylene flame, maximum 
absorption by tantalum is observed when oxygen repre- 

sents SO-%% of the support gas; the sensitivity achieved 
with a fuel-rich nitrous oxideacetylene flame is approxi- 
mately three times as gmat’ 

The ~nitude of the atom population in the flame can 
be further enhanced by converting the element of interest 
into a solute species which is more readily dissociated into 
atoms. The beneficial role of oxo-fluoro complexes (i.e., 
metal-fluoride bonds) in this type of operation has been 
considered in some detail by Sastri et aL2v3 

o~o 
Sodum ‘lo” wncmtrotfon , P/L 

Fig. 1. The effect of added sodium ions on the absorbance 
of hydrotluoric acid solutions containing Ta (@4g/l.). 

Nitrous oxide-acetylene &me, 3-cm burner. 
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Fig. 2. Diagram showing the variation in absorbance 
caused by the presence of add& solutes. Ta concentration 
1 g/l.; nitrous oxide-acetylene IIan@, burner width 6 cm (a, 
b, c) or 3 cm (d, e, jj. Effect of adding a, iron(II1) to 5% HF 
medium; b, iron(II1) to 0.1% HF medium; c, boric a&l 
to 5%HF mediu&;.d, boric &id to Ol%HF medium; e, 
cobalt to 2% HF medium contain& sodium (17 g/l.) and 
tungsten (2 &);f; titanium(IV) to 2yrHF medidm contain- 

ing sodium (17 g/l.), tungsten (2 g/l.) and cobalt (2 g/l.). 

In the absence of alkali metal ions, the addition of hyd- 
rofluoric acid to tantalum solutions.greatly increases the 
amount of radiation absorbed; even small amounts (@I%) 
produce significant changes1e4 

Tantalum forms a series of fluoro species [Ta(OH)2F,, 
Ta(OH),F;, TaF,, TaF:?] and cahmktions based on 
published’ equilibrium constants indicate that hydrofluoric 
acid concentrations greater than IO-*M (i.e., >0.02% w/v) 
would ensure conversion of hydrous tantalum oxide 
into the trifluorodihydroxy form. 

Da(OH),] [HF]3/[Ta(OH),F,] = 1.4 x 10-s; 

Da(OH)i+] [HF-J3/[Ta(OH),F,] = 2.8 x 10-29. 

A highly probable product on flame aspiration of such 
solutions is TaO,F; this compound disproportionates at 
850” to Ta,O,F and TaF5. ‘O*‘l The melting point of the 
pentafluoride is quoted as 97” (c$ Ta205, m.p. 1800”) and 
the increase in absorption at low hydrofluoric acid con- 
centrations could be due to this species. 

In solutions containing 622% hydrofluoric acid, there 
is evidence for the formation of both the hexa- and hepta- 
fluorotantalate.‘O*ll 

The proportion of each species present depends’ on the 
concentration of fluoride ion (~aF;]/~aF:-] = 7 x 
10-4/[F]) and on the basis of this equation, fluoride con- 

centrations >0,07M should ensure almost complete con- 
version into the heptafluoro form. To achieve fluoride con- 
centrations of this magnitude through dissociation of hyd- 
rofluoric acid, acid concentrations > 1OM (i.e., > 20% w/v) 
are required. 

The heptafluorotantalate ion combines with cations to 
form well-defined salts, e.g., with many bivalent metal ions 
to giveI compounds having the general formula 
MTaF, 6H20 (M = Ni, Co, Mn, Zn, Cd). 

The potassium salt, K,TaF,, precipitates from acid solu- 
tion on the addition of potassium fluoride; the yield varies 
with potassium fluoride concentration but is independent 
of hydrofluoric acid concentration.‘3 The addition of four 

moles of sodium fluoride per mole of heptafluorotantalate 
yields sodium octafluorotantalate. Octafluoro species can 
also be prepared lo by fusion of tantalum compounds with 
qlkali metal fluoride (the products incltide complex com- 
pounds such as KTa,OSF). 

In a flame, some reaction between iantalum species and 
the molten excess of alkali fluoride can be expected and 
the marked effect of adding alkali metal ions to hydro- 
fluoric acid solutions is clearly shown in Fig. 1. 

Recorded decreases in sensitivity in the presence of some 
metal ions (e.g., nicke16) may be attributed to the formation 
of bivalent-metal heptafluorotantalates, but these com- 
pounds are apparently less stable (thermally) than the 
alkali metal species since the addition of a metal ion (e.g., 
cobalt) to a solution containing a high concentration of 
alkali ions leads to enhanced atomic absorption (Fig. 2, 
curve e). 

The nature of the fluorotantalum species formed in solu- 
tion is a function of both the hydrofluoric acid and fluoride 
ion concentrations. The latter can be decreased by adding 
a masking agent such as boric acid or a metal ion which 
forms stable fluoro complexes (W, Ti, Fe, etc.). 

A boric acid-hydrofluoric acid mixture has been pro- 
posedI as a “releasing agent” and Fig. 2, curve c, indicates 
the type of enhancement observed in the presence of excess 
of boric acid. With higher concentrations of boric acid 
the signal intensity drops quickly as significant proportions 
of the fluoride become masked, (e.g.+ curve c falls to a 
reading of 0.22 with an addition of SOg/l.). With low initial 
hydrofluoric acid concentrations (e.g., 0.1% w/v) even small 
boric acid additions cause a decrease in atomic absorption 
(curve d). 

It has been reported’ that the addition of iron salts 
enhances tantalum absorption, and this statement is true 
with high ratios of hydrofluoric acid to iron(I11) (cJ curve 
a). On the other hand, wheie the concentrations of addi- 
tive, tantalum and acid are of the same order (curve b) 
the formation of the iron complex predominates and with 
increasing additions of iron(II1) the tantalum absorption 
signal tends towards the base-line &%erved in the absence 
of fluoride. 

Competition between species for both fluoride ions and 
the fluorotantalate ions can lead to the disappeatance of 
enhancement effects. For examtile, curvefshows how the 
positive effect of cobalt ions is lost on the addition of 
titamum(IV). 

The analyte used in the studies responsible for curves 
e andfconiains appreciable amounts of enhancing agents 
rhvdrofluoric acid and cobalt(II)l, signal deressant 
&dium) and masking agent (tung&). S&h ;&&&nations 
could be encountered in m;iny practical iiddtions, and 
with so many competitive reactions invalid, it is obvious 
that tantalum determinations by atomic abs&ption should 
either be preceded by a “tantalum isola&n from matrix” 
step or be done by a standard addition firocedure. 
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2-Mercaptopyridine-l-oxide (thione) has been used for 
gravimetric and absorptiometric determination of Fe(III), 
Hg(II), Cu(II) an&Pd(II). I--* The formation of a soluble 
thicme complex of uraayl ion has also been reported.5 In 
the present work the composition and stability constant 
of-this complex are studied and the use of solvent extrac- 
tion for its separation is reported along with the extraction 
constant. Use of the complex for spectrophotometric deter- 
mination of UO:+ is described. 

EXPERIMENTAL 

Reagents 

The sodium salt of thione was recrystalIii twice from 
a chloroformethanol mixture and the purity of, the com- 
pound (m.p. 251-252”) checked by elemental analysis and 
by the absorbance (200-780nm) in methanol solution. A 
l(r*M stock solution was prepared in boiled distilled 
water. A 10m2M stock uranyl nitrate solution was prepared 
from analytical-grade reagent in boiled distilled water and 
standardized by redox titration.‘j All other solutions were 
made from reagent grade chemicals. 

Apparatus 

A Gary-14 spectrophotometer was used for recording the 
absorption curves and further measurements were made 
with a Zeiss Spectrophotometer PMQ II, using 0.5, 1, 2, 
4 and 5cm cells. 

General procedure 

An aliquot of a sample containing 1-1Omg of UO:+ 
was ad&d to a lOO-ml volumetric flask and 1Oml of 1M 
sodium perchlorate were added to bring the ionic strength 
to @lOM. The solution was diluted to about 85ml and 
the pH was adjusted to 4.5 with sodium acetate and acetic 
acid, The required quantity of thione solution was added 
and the solution diluted to volume with distilled water. 

The liask was kept for 30min in a thermostat at 25” and 
the absorbance was then measured against a reagent blank. 

RESULTS AND DISCUSSION 

Complex formation 

The absorption spectrum of the complex is shown in 
Fig. 1, and has absorption peaks at 340 and 490nm. As 
neither UO:’ nor thione shows any absorption at 490 nm 
@ia wavelength was chosen for further study ,of t& com- 
plax.,Tbe composition of the. complex was esiabliahed by 
the winuous-variation method of job,’ the mole-ratio 
m@od of Yoe ?nd Jones6 aud the slope-ratio method.g 
Allwp methods showed that a complex with the compo- 
sition UO,(thione);, (thione = C,H,NOS-), was formed. 

Eficts of pH and time 

It was observed that the complex is stable over the pH 
range 3-6-5 and a pH of 4.5 was chosen as optimum. 

The colour formation was immediate, but a 30-min wait 
was allowed to ensure equilibrium was attained. The 
colour started to fade after about 5 hr. 

Stability constant of the complex 

The stability constant was determined by the “extinction 
ratio method” reported by Klausen,” from the absorption 
spectra of solutions with concentration sums of 2C, C, C/S 
C/4 and C/5. It was found that at pH 4.5 the conditional 
constant of UO,(thione); is 26 x 1012. The absolute stabi- 
lity constant of the complex was calculated from the equa- 
tion (Ringborn”) K’ = K/avo, .aThionc. Inclusion of the 
side-reaction coefficients at the specified pH resulted in 
the value K = 5.3 x 10i2. This is according to expectation, 
as at pH 4.5 not much hydrolysis of UO:+ takes pla&’ 
and also this pH is very close to the pk., of thione.12 
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The colour formation was immediate, but a 30-min wait 
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surement is fair, 0.04 pg/mi for A = 0001. If a 4-cm cexl is 
used 040 ppm of ua: + can be determined with an error 
of 2.1% and a standard deviation of oM)68 ppm (n = 6). 
Eleven replicate analyses for 13.8 ppm of UO$calone gave 
a mean of 13.7 pg/ml, standard deviation 0@38 pg!mL but 
in the presence of a large amount of other cations the 

t 
0.3 sekctivity becomes poor. Ions which form insoluble che- 

lates with thione such as Zr(IV), BiiIII), CuO, Hg(II), 
A Ag(I), Pd(II), Fe(III), Ti(IV), V(VX Tl(III), *b(P), ,Mo(VI), 

0.4 co(H), Ni(II), Zn(II), Pt(IV), Sn(II), W(VI), Ga(III), Cd(U) 
react with the reagent first and seriously interfere; however, 
if excess of reagent is added the precipitate of these metal 

600 

ions can bc separated from the sotubfe uranyl complex 
by ~~~~t~~ or the uranyl compfex s&ctiveIy 
extracted with tributyi phosphate. Thiocyanate masks the 
uranyl ion, NQi, SO1 and HsQs decrease the colour of 
the complex and iodine reacts with the reagent and must 
be absent. A 1 O-fold excess of AI(III), Y(III), Ce(IV), 

Fig I. Absorption spectrum of uranyl thione complex. 
Th(IV), Sb(III), AsfIII), F-, PO:-, I@-, C,O:-, SQ$- 
had no appreciable e&t on the absorbance of a solution 
containing 13.8ppm of uranyl ion. 

Several organic solvents were tested for the extraction 
of the complex and tributyl phosphate (TBP) was found 
to be the most etBciint. When equal volumes of aqueous 
phase and TBP were shaken together for 2 min, the volume 
of the organic phase incmamd by about m”d, at the expense 
of the aqueous phase, and the absorbance readings had 
to be corrected according&. 

The conditional extraction constant of the complex was 
calculated according to Likussar and Bolt~,~~ from the 
equation: 

ICE = 0375 - JlogK + logy,, - bIog(f - y,J 

where Ir: is tha ~n~n~~n sum and y_ is the “maxi- 
mum normalized absorbance term”. A value of Re.== 
8.9 x lOI* was obtained. 

Spechophotomeh”Q determination of uranyl ion 

With l-cm cells, at pH = 4.5, temperature 25” and A- 
490 nm, Beer’s law is obeyed for solutions of complex con- 
taining l-30ppm of urany$ ion. The sensitivity of the mea- 
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Smnm&ry--The complex formed by uranyl ion with 2-mercaptopyridine-l-oxide (thione) is studied 
by spectrophotometry. At pH 4.5 and 25” 
stabiBty constant of this complex is 2.6 x 

the only complex formed is U02(thione)i. The conditional 
10 r2. Tributyl phosphate is used for the extmction of the 

complex from the aqueous phase and the extraction constant is 89 k f012. The use of the reagent 
for the separation and determination of uranyl ion is eiaborated. 
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In our laboratory, the quantitative determination of metal 
halides has been studied by mass spectrometry as a method 
of determination of trace amounts of metals. 

In previous papers mass spectra of several metal chlor- 
ides were reported, 1*2.3 but the mass spectra of alkali 
metal chlorides could not be obtained, because of their 
low volatility. As the vapour pressure of metal iodides is 
generally higher than that of the chlorides, attempts were 
ma& to measure the mass spectra of alkali metal iodides. 
It was found possible to record the mass spectra of LiI, 
NaI, KI, RbI, and CsI as well as those of AsIs, SbIs, Sr&, 
CuI, and Pb12. 

EXPERIMENTAL 

All reagents used were of super pure grade. The instru- 
ment used in this study was a JMS-OlSG double focusing 
mass spectrometer, JALCO. The operational conditions 
were as follows: main slit 20 or 8 pm; acceleration voltage 
7 kV; ionization voltage 75 or 20 V; ionization current 
200 4; sample temperatures loo-400”. 

RESULTS 

Table 1 summarizes the mass spectrum of lithium iodide. 
In this mass spectrum peaks at m/e 7 (Li+), 127 (I’), 134 
(LiI+), 141 (LizI+), and 254 (12+) and additional peaks 
at m/e 23 (Na+, calculated mass; 22990, observed mass; 
22*987), 150 (NaI+, calculated mass; 149.894, observed 
mass; 149.895) and 157 (LiNaI*, calculated mass; 156.910, 
observed mass; 156906) appeared. The additional peaks 
were also observed in the mass spectra of other commercial 
samples of lithium iodide, which suggests that some 
sodium iodide is contained even in the super pure grade 
lithium iodide. Table 2 summarizes the mass spectrum of 
sodium iodide. In addition to the characteristic peaks of 
sodium iodide, a peak at m/e 166 was assigned to KI+ 
(calculated mass; 165.868, observed mass; 165*867), which 
originated from contamination of the sodium iodide. 

Table 3 summarizes the mass spectrum of potassium 
iodide. In this spectrum peaks at m/e 39 (K+), 127 (I+), 

Table 1. Mass spectrum of lithium iodide (sample tem- 
perature 380°C) 

m/e Ion 

7 Li+ 
23 Na+ 
63.5 12+ 

127 1+ 
128 HI+ 
134 LiI+ 
140 6Li7LiI+ 
141 ‘L&I+ 
157 NaLiI+ 
254 I2+ 

Relative 
intensity, % 

9.3 
2.2 
7.3 

179 
5.1 
4.6 

100 
7.9 
3.9 

405 

166 (KI+), 205 (K,I+) and 254 (12+) were observed, and 
other peaks at m/e 23 Na+ (calculated mass; 22990, 
observed mass; 22.987), 150 (NaI+), 189 NaKI+ (calculated 
mass; 188.858, observed mass; 188.858) and 133 (Cs’) also 
appeared. 

Table 4 summarizes the mass spectrum of rubidium 
iodide. In this spectrum peaks at m/e 85 (Rb+), 127 (I+), 
128 (HI+), 212 (RbI+), 254 (Is+), 297 (Rb,I+) and 339 
(RbI:) were observed. Other peaks from contamination 
also appeared at m/e 23 (Na+), 150 (NaI+), 166 (KI+k 
133 (Cs+) and 260 (CsI+). 

Table 5 summarizes the mass spectrum of caesium 
iodide. In this spectrum peaks at m/e 635 (I”), 127 (I+), 
133 (Cs’), 254 (Ir+), 260 (CsI+) and 393 (C@) were 
observed and no other peak appeared. 

From these results, it appeared possible to detect various 
.alkali metals by mass spectrometry. 

Table 2. Mass spectrum of sodium iodide (sample tem- 
perature 35O’C) 

Relative 
m/e Ion intensity, y0 

23 Na? 56.4 
63.5 12+ 53.3 

127 I+ 39.0 
128 HI+ 8.2 
150 NaI+ 954 
166 KI+ 35.4 
173 Na,J’ 100 
254 I2 + 44.6 

Table 3. Mass spectrum of potassium iodide (sample tem- 
perature 420°C) 

Relative 
mle Ion intensity, y0 

23 Na+ 74.6 
39 39K+ 47,6 
41 .+iK+ 3.4 
63.5 Is+ 100 
85 ‘=Rb+ 11.1 
87 s’Rb+ 4.1 

127 I+ 79.4 
128 HI+ 44.4 
133 cs+ 71.4 
150 NaI+ 952 
166 asKI+ 36.6 
168 *‘KI+ 3.2 
189 NaIK+ 38.1 
205 s9K21+ 47.6 
207 agKd’KI+ 9.5 
254 I2 + 7,9 
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Table 4. Mass spectrum of rubidium iodide (sample tem- Table 7. Mass spectrum of antimony tri-iodide (sample 
perature 380°C) temperature 120°C) 

mle 

23 
85 
87 

127 
128 
133 
150 
166 
212 
214 
254 
260 
297 
299 

30 
339 
341 

Ion 

Na+ 
=-Rb+ 
s’Rb+ 

1+ 
HI+ 
cs+ 

NaI+ 
KI+ 

s’RbI+ 
87RbI+ 

2: 
s5RbzI+ 

sSRb*‘RbI+ 
*‘RbrI+ 
=RbIz+ 
s’RbIr + 

Relative 
intensity, % 

5.1 
96.6 
37.2 
97.4 

5.1 
100 

7.7 
11.5 
41.0 
15.4 
7.7 

23.1 
6.4 
51 
1.2 
3.8 
1.5 

m/e Ion 

63.5 Iz+ 
121 tZlSb+ 
123 123Sb+ 
127 I+ 
248 12’SbI+ 
250 123SbI+ 
254 IZC 
375 iz1Sb12+ 
377 123Sb12+ 
502 i21Sb13+ 
504 ‘?Sb13 + 

Relative 
intensity, % 

4.4 
28.6 
22.0 

100 
24.2 
18.9 
6.6 

42.9 
31.9 
36.3 
26.4 

Table 8. Mass spectrum of tin tetraiodide (sample tem- 
perature 220°C) 

Table 5. Mass spectrum of caesium iodide (sample tem- 
perature 400°C) 

m/e 

63.5 
127 
133 
254 
260 
393 

Ion 

I*+ 
I+ 

cs+ 
1+ 

c&+ 
cs,1+ 

Relative 
intensity, % 

88.3 
83.3 
33.3 
28.3 

100 
11.7 

mle Ion 

116 1 lesn+ 

118 iisfjnt 
120 120cJn+ 

127 I+ 
243 ii%nI+ 
245 “sSnI+ 
247 120SnI+ 
254 It 
371 ’ ‘%I, + 
373 “sSn12 + 
375 lzoSn12+ 
497 “%n13 + 
499 “%I3 + 
501 i20Sn13 + 
624 “%nI,+ 
626 118Sn14+ 
628 120Snla+ 

Relative 
intensity, % 

5.3 
9.9 

12.5 
100 
8.8 

13.8 
18.8 

100 
2.5 
3.8 
6.3 
&8 

125 
17.5 
7.5 

100 
13.8 

Table 6. Mass spectrum of arsenic tri-iodide (sample tem- 
perature 127°C) 

Table 9. Mass spectrum of copper (I) iodide (sample tem- 
perature 280°C) 

m/e Ion 

63.5 12+ 
127 I+ 
202 AsI+ 
254 I2 + 
329 AsI, + 
456 AsI, + 

Relative 
intensity, % 

8 
100 
24 
55 
44 
72 

Mass spectra of AsIs, Sbl,, Snl, Cul and Pblz 

Table 6 summarizes the mass spectrum of arsenic tri- 
iodide. Arsenic is a monoisotopic element, and provides 
a simple spectrum. Table 7 summarizes the mass spectrum 
of antimony tri-iodide. Antimony has two natural stable 
isotopes ( iZISb and iz3Sb) and this spectrum was more 
complex. Table 8 summarizes the mass spectrum of tin 
tetraiodide. Since tin has ten natural stable isotopes, the 
mass spectrum is even more complex. Table 9 summarizes 
the mass spectrum of copper(I) iodide. Copper has two 
natural stable isotopes (L3Cu and %Zu). In this spectrum 
peaks at m/e values higher than that of CuI+ were 
observed. These peaks are due to the ions Cu31:, Cu31:, 

m/e Ion 

63 WU+ 
63.5 12+ 
65 Wu+ 

126 %Li: 
127 I+ 
128 63cu65cu+ 
130 6Qlz + 
190 6”CUIf 
192 %ll1+ 
253 Yl121+ 
254 IZ+ 
255 63cu65cuI+ 
257 Wu21+ 
380 6’cu212+ 
382 Wll~5cuI+ 
384 Wu21* + 
443 6’cu31z+ 
445 Wu,WuI, + 
447 Wu~5cu212+ 
449 65cu312+ 
570 63Cu313 + 
572 ~3cu2~5cu13+ 
574 63cuWu213 + 
576 Wu313 + 

Relative 
intensity, % 

41 
10 
18 
26 
52 
15 
7 

100 
48 
76 
47 
65 
12 
9 
7 
2 

44 
57 
25 

3 
66 
85 
38 

5 
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Table 10. Mass spectrum of lead(H) iodide (sample tem- 
perature 260°C) 

m/e Ion 
Relative 

intensity, y0 

63.5 Is+ 8.6 
127 I+ 100 
128 HI+ 8.6 
206 zoSPb+ 4 
207 solPb+ 4 
208 208pbf 10 
331 ‘04PbI+ 2 
333 ‘06PbI+ 27 
334 “‘PbI+ 23 
335 *08PbI+ 52 
458 204Pb12+ 1 
460 so6PbI, + 17 
461 207Pb12+ 15 
462 zosPb12+ 36 

Cu&, and CuJ+. A -peak due to the Cur+ ion also 
appeared. Table 10 summarizes the mass spectrum of lead- 
(II) iodide. Lead has four natural stable isotopes, but this 
spectrum was very simple. 

The: mass spectra of metal iodides were in general 
simpler than those of the metal chlorides reported earlier, 
because of the monoisotopic nature of iodine. 

Acknowledgment-The authors are deeply grateful to Dr. 
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Talanto, Vol. 22, p. 698. Pergamon Press, 1975. Printed in Great Britain 

CORRIGENDUM 

On p. 548 of the June issue, the names of two of the authors were inadvertently omitted. The authors’ names and 
addresses should read as follows: 

Department of Chemistry, 
Lowell Technological Institute, 
Lowell, Massachusetts, U.S.A. 

New England Nuclear Corp., 
Billerica, Massachusetts 

v. LAVRAKAS 
E. BARRY 

T. GOLENBESKI 

698 



Talanta, Vol. 22, pp. 699-705. Pergamon Press, 1975. Printed in Great Britain 

TALANTA MINI-REVIEW* 

CELLULAR AND FOAMED PLASTICS AS SEPARATION MEDIA 

A NEW GEOMETRICAL FORM OF THE SOLID PHASE IN ANALYTICAL 
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Sunmmry--There has been considerable interest during the last few years in using cellular (foamed) 
plastics (mainly polyurethanes) either unloaded or as a means of immobilizing hydrophobic organic 
reagents, powdered ion-exchangers or finely divided precipitates, for the collection and separation 
of inorganic or organic species from aqueous solution. Foamed plastics with anchored (bonded) func- 
tional groups have also been used for the same purpose. It has been realized that the application 
of cellular plastics is often advantageous not only for quantitative work but also for qualitative and 
semiquantitative analysis. Methods available on the application of cellular and foamed plastics for 
the collection, separation and recovery of various inorganic and organic components from aqueous 
solution are reviewed. 

Probably the oldest application of a material of 
cellular geometry (in the form of sponge) for chemical 
purposes was the purification of ethyl alcohol by dis- 
tillation through a sponge impregnated with olive oil. 
This method, used by Brunschwig 1 more than four 
centuries ago, can be considered as partition chroma- 
tography, the sponge material being the support, olive 
oil the stationary phase and ethyl alcohol vapour 
the mobile phase. In 1962 Bayer 2 checked this ancient 
method and found that it operates well. 

Lal et al. a have described a method for the extrac- 
tion of trace elements from sea-water, by use of ferric 
hydroxide supported on natural sponges. Several ele- 
ments (e.g. Si, Be, A1 and Ti) were extracted by towing 
ferric hydroxide impregnated sponge through coastal 
sea-water. 

Recently, however, papers 4-6 have been published 
describing the possibility of using cellular plastics for 
gas-solid and gas-liquid chromatographic separations. 

Bowen 7 was the first to discover the absorption 
properties of polyurethane foams toward a number 
of inorganic and organic species in aqueous solution. 
Since the appearance of this work several investiga- 
tors a-ll have used polyurethane foams for the 
absorption and recovery of inorganic and organic 
compounds from aqueous solution. 

Braun and Farag ~2'~3 suggested in 1972 the ana- 
lytical application of polyurethane foams loaded with 
hydrophobic extractant. Gesser et a l}  4 described a 
method for the collection of pesticides from water by 

* For reprints of this Review, see Publisher's announce- 
ment near end of this issue. 

t Present address: National Research Centre, Dokki, 
Cairo. Egypt. 
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using polyurethane foam coated with chromato- 
graphic-grade greases. 

Recently, foamed plastics (mainly polyurethanes) 
immobilizing hydrophobic reagents, powdered ion- 
exchangers and finely divided precipitates, or bonding 
certain functional groups, have been recommended 
for several analytical applications. 15-1s 

This review collects the papers published and gives 
an up-to-date picture of the use of cellular (foamed) 
plastics as a new geometrical form of the solid phase 
in analytical liquid-solid extraction processes. 

DEFINITION, GEOMETRY AND CELL STRUCTURE OF 
CELLULAR (FOAMED) PLASTICS 

Cellular (foamed) plastics can be defined i9 as plas- 
tic materials in which a proportion of solid is replaced 
by gas in the form of numerous small cells. The gas 
may be a continuous phase, giving an open cell 
material, or it may be a discontinuous phase, i.e., in 
the form of discrete, non-communicating ceUs. 

From the geometrical point of view, if the gas bub- 
bles occupy a volume fraction smaller than 76~ of 
the whole, they may be spherical. If they occupy a 
volume fraction larger than 76~, they will be dis- 
torted into polyhedra 2° (mainly pentagonal dodeca- 
hedra). In the latter case the polymer is distributed 
between the walls of the bubbles and the lines where 
bubbles intersect. The bubbles are called cells, the 
lines of intersection strands, and the walls windows 
(or membranes). In an open-cell flexible foam, at least 
two windows (from the total) in each cell must be 
ruptured for fluids to pass freely through the foam. 

Cell. struotUre (i.e., the presence or absence of win- 
dows in the cells, or the number of windows per cell) 
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is a tunction of the process by which the cellular 
material is made. It w a s  n o t e d  19 that both rigid and 
flexible foams may be obtained, with open or closed 
cells. The structure made up of windowless cells (con- 
raining only strands) is called a reticulated foam. 2° 

It was reported 19 that flexible and rigid materials 
generally tend to have open and closed cell structures 
respectively. However, there are many exceptions and, 
as the type of cell structure is mainly determined by 
the method of expansion, some materials which can 
be made by more than one method can exist in both 
open and closed cell forms. Furthermore, methods are 
available by which closed cell structures can be con- 
verted into the open cell form by rupture of the win- 
dows. Rupturing may be caused mechanically by 
applying pressure, or chemically by hydrolysis or oxi- 
dation. 

GENERAL M E T H O D S  O F  PREPARING CELLULAR 
PLASTICS 

With the highly developed technology for making 
cellular plastics today, 21 methods exist by which prac- 
tically every plastic material may be made in cellular 
form. The general principle for preparing cellular 
materials is the dispersion of a gas within a liquid 
to obtain a liquid foam which will then be solidified 
to a solid cellular plastic. The main methods t9 for 
uniform dispersion of the gas bubbles are chemical 
(e.g., thermal decomposition of a chemical blowing 
agent or blowing by in situ chemical reaction); physi- 
cal (e.g., low-pressure release of dissolved gas, blow- 
ing by vapour from a volatile liquid or temporary 
filler); and mechanical (e.g., mechanical entrainment 
of gas or the use of microspheres). 

Several plastic materials are now commercially 
available in cellular forms, e.g., poly(vinyl chloride), 
polyurethane, polymethylmethacrylate, phenol- 
formaldehyde, urea-formaldehyde, polyethylene, poly- 
tetrafluoroethylene. 

In the major part of the published work on the 
application of cellular plastics in analytical chemistry, 
polyurethane foams have been employed. Conse- 
quently, some information about the preparation of 
polyurethane foam and its physical and chemical 
properties is briefly given. 

Polyurethane foam preparation 

Polyurethane foams can be prepared in soft, flexible 
or rigid forms. 22 They are formed by the reaction 
of the terminal hydroxyl groups of a polyester or 
polyether resin and a polyfunctional isocyanate. 23' 24 
Foams prepared from a wide variety of hydroxyl 
compounds (polyethers, polyesters or polyols) and 
isocyanates are now commercially available. In 
general, polyols in the molecular weight range 400- 
6000 are employed. 25"26 The most widely used iso- 
cyanate compound is toluene di-isocyanate (usually 
80/20 and 65/35 mixtures of the 2,4- and 2,6-isomers 
are used). 

Physical and chemical properties of polyurethane foams 

Generally, the physical properties of polyurethane 
foams depend on the method by which they are pre- 
pared. For example, the windows may or may not 
be ruptured in the final stage of expansion, depending 
on the relative rate of molecular growth (gelation) 
and gas reaction, giving rise to flexible or rigid foam. 
The. choice of the polyol has a major effect on the 
foam properties determining its rigidity or flexibil- 
ity. 22 The cross-link density of the urethane polymer 
also determines whether the foam will be flexible (low 
cross-link density) or rigid (high cross-link density). 
Flexible foams are prepared from polyols of moder- 
ately high molecular weight and low degree of branch- 
ing, while rigid foams are prepared from low molecu- 
lar weight, highly branched resins. 

Also, the chemical properties of polyurethane 
foams are a function of the preparation process. For 
example, solvent-resistance of the foam material is in- 
creased at highe r cross-link density, seems to be unaf- 
fected by the type of aromatic di-isoeyanate used, and 
isreduced by the use of a large excess of isocyanate. 2~ 

Bowen 7 examined the chemical resistance of some 
batches of flexible polyurethane foam and claimed 
that they were rather stable and inert. He reported 
that the foam batches tested were degraded when 
heated between 180 ° and 220 ° , and slowly turned 
brown in ultraviolet light. They were dissolved by 
concentrated nitric acid, and reduced alkaline potas- 
sium permanganate. They were mostly unaltered, 
apart from reversible swelling, by water, 6M hydro- 
chloric acid, 4M sulphuric acid, 2M nitric acid, glacial 
acetic acid, 2M ammonia, 2M sodium hydroxide and 
the following solvents: light petroleum, benzene, car- 
bon tetrachloride, chloroform, diethyl ether, di-iso- 
propyl ether, acetone, isobutyl methyl ketone, ethyl 
acetate, isopentyl acetate, and alcohols. Also it was 
noted that polyurethane foams could be dissolved in 
hot arsenic(III) chloride solution. 

U N L O A D E D  POLYURETHANE FOAMS 

B o w e n  7 initiated in 1970 the application of foamed 
polyurethane for the absorption and recovery of a 
number of inorganic and organic compounds from 
aqueous solutions in static (batch) experiments. He 
measured the surface area of various polyurethane 
foam samPles (of polyether type) and demonstrated 
that the uptake of different components from aqueous 
solutions by the foam materials is due to absorption 
rather than adsorption phenomena. 7'z2 The absorp- 
tion isotherms of some elements have been measured 
and the distribution ratios and absorption capacities 
of the foam materials for these elements have been 
determined. ~ In some cases [e.g., iodine and gold(III)] 
the absorption was found to be greater at low temper- 
atures than at higher ones, while in others [e.g., 
Fe(III)] the reverse was observed. 

In a subsequent communication Bowen 28 recom- 
mended the application of polyurethane foam for the 
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recovery of gold(III) chloride from mineral waste- 
waters by the batch technique. The possibility of 
separating gold(III) chloride from natural waters by 
polyurethane foams has also been examined by 
Schiller and Cook. s It was claimed s that gold at ppM 
(parts per milliard) level can be quantitatively col- 
lected from aqueous solutions by shaking the mixture 
for 90 min. 

Recently, Braun and Farag 1° investigated the re- 
covery of gold-thiourea complex from aqueous solu- 
tions containing perchlorate ion, using polyurethane 
foams in batch operations. Open-cell polyether and 
polyester type foams were examined. The uptake of 
the gold-thiourea complex by different samples of the 
polyether type foam depended to some extent on the 
cell dimensions and decreased as the cell size de- 
creased. Further, the absorption capacities of the 
polyether type foams for the gold complex are gener- 
ally greater than those of the polyester type. ~° 

Sukiman 11 described the application of polyureth- 
ane foam for the extraction of gold(III) chloride from 
acidic aqueous solutions and natural waters by the 
dynamic technique. Gold(III) at trace concentrations 
(0.02-25 ppM)can be quantitatively collected from 
aqueous solution by percolating the solution through 
a short foam column at relatively high flow-rates (10- 
13 ml.cm -2 .min- 1).. Acetone has been used for the 
recovery of gold from the foam column at a flow-rate 
of 1 ml .cm-2.min -1. 

On the other hand, Gesser e t  al. 9 studied the possi- 
bility of using polyurethane foam Columns for the 
extraction and concentration of organic contaminants 
from water. The collection of polychlorinated bi- 
phenyls at various concentration levels (2-20 ppM) has 
been successfully achieved by passing the aqueous sol- 
ution through the foam column at high flow-rates (ca. 

80ml.cm -2 .min- 1). Acetone and hexane have been 
employed for the elution of the biphenyls from the 
foam column. Further, Gesser e t  al. 29 have shown 
that polyurethane foam columns can be Used to moni- 
tor organic matter in drinking water. A certain 
volume of water (1-2 litres) was percolated through 
the foam column at a flow-rate of 2-4 
ml.cm-2.min - t  and the extracted organic com- 
pounds were then stripped from the foam material 
with hexane in a Soxhlet extractor. 

POLYURETHANE FOAMS WITH PHYSICALLY 
IMMOBILIZED HYDROPHOBIC ORGANIC REAGENTS 

AND EXTRACTANTS 

Although unloaded polyurethane foams have suc- 
cessfully been used for the separation and con- 
,centration of some inorganic and organic components 
from aqueous solutions, yet the general applications 
of foamed polyurethanes are reduced by their limited 
selectivity towards the absorption of various com- 
pounds.9,17 This directed attention towards the appli- 

* We consider it necessary to include the cr0ss-sectional 
area of the column in specification of the flow-rate, which 
thus has  the dimensions of a linear flow-rate, cm.  m i n -  1. 

cation of polyurethane foam impregnated with certain 
organic reagents, to provide selective separation 
methods. 

Organic extractants (e.g., tri-n-butyl phosphate) are 
physically immobilized on the foam matrix by allow- 
ing the foam material to swell in solutions of 
them. 12'13 The hydrophobic character of polyureth- 
ane foams together with their high available surface 
area allowed the immobilization of considerable 
amounts of a wide variety of organic reagents and 
extracting agents.11,12,14,3o Polyurethane foam 
loaded with tri-n-butyl phosphate (TBP) has been pre- 
pared 13 by the above-mentioned method. In this case 
the foam material can be considered as a support 
for the TBP, which is actually the stationary phase. 
Separation methods in which these loaded foams are 
used in chromatographic columns are called reversed- 
phase foam chromatographyJ 3,a° Braun and Farag 13 
demonstrated the practical advantages of using TBP- 
loaded foam for the separation of inorganic species 
from aqueous solution. They made a comparative in- 
vestigation of the separation of palladium(II), bis- 
muth(III) and nickel(II) in a thiourea-perchloric acid 
system on the TBP-loaded foam and on TBP-loaded 
"Voltalef" (polytrifluorochloroethylene) powder. A 
polyether foam of open-cell type was found 1°' 13 to 
absorb and retain TBP more efficiently than "Volta- 
lef" powder did. The extraction rate of the palla- 
dium-thiourea complex on the loaded foam was 
proved 17 to be faster than on the loaded "Voltalef" 
powder. 

For packing the foam material homogeneously in 
glass tubes of various lengths and diameters, 
a vacuum method has been developed. 13 This method 
was found to produce columns with very good flow 
characteristics and this vacuum-packing technique 
proved 31 to be suitable for filling chromatographic 
columns with granular "Voltalef". 

A comparative study on the gravity flow-rate 
attained for columns packed with polyurethane foam 
and "Voltalef" powder (0.16-0-25 mm grain-size) has 
shown that the hydrodynamic properties of the foam 
columns are much superior. 

The chromatographic behaviour of the palladium- 
thiourea complex on a TBP-loaded foam column has 
also been examined. 13 The elution curve (with water 
as eluent) is symmetrical and the peak relatively 
sharp. The height equivalent to a theoretical plate 
(HETP) as calculated 32 from the elution curve of pal- 
ladium was found 17 to be 1.7 and 2.8 mm for foam 
and "Voltalef" columns, respectively. The break- 
through and overall capacities of foam and "Voltalef" 
columns have also been measured 17 by using the pal- 
ladium-thiourea complex solution. In general, the 
capacity of the TBP-loaded foam is higher than that 
of the TBP-loaded "Voltalef" (about double)J 7 Sep- 
aration of palladium from bismuth and nickel in a 
thiourea-perchloric acid system can be achieved on 
the TBP-loaded foam columns33 

Furthermore, the separation and concentration of 
gold(III) from thiourea-perchloric acid systems on 
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TBP-loaded polyurethane foam have also been inves- 
tigated by the batch and column techniques. 33 The 
gold-thiourea complex is extracted on the loaded 
foam from 0.1M perchloric acid containing 3~ 
thiourea and 1~ sodium perchlorate. The uptake of 
the gold complex by the loaded foam was claimed 33 
to be fast and not appreciably affected by the presence 
of some interfering elements [e.g., zinc(II), iron(III) 
or bismuth(III)]. Quantitative separation of trace 
amounts of gold from high concentrations of Zn 2÷, 
Co 2+, Ni 2+, Fe 3+, Sb a+, Cu 2+, Bi 3+ or Pd 2+ is 
achieved by using short foam eolunms and a flow-rate 
of 10-12ml.cm-2.min-  L 

The chemical enrichment of gold from dilute 
aqueous solutions has also been investigated, a3 Gold 
was completely collected on passing the solution 
through a short foam column at the flow-rate men- 
tioned above. The gold was then recovered from the 
foam column by dissolving the foam material in hot 
concentrated nitric acid. 

The analytical utility of TBP-loaded polyurethane 
foam columns for the separation of some metals from 
hydrochloric acid solution has also been investi- 
gated. 3'~ The distribution of cobalt, copper and iron 
chlorides in a TBP foam-hydrochloric acid system 
was measured. Using the TBP-loaded foam columns, 
it was possible to separate iron from nickel, copper 
or cobalt, and the suitability of using the loaded foam 
columns for the separation of 58Co and 59Fe isotopes 
has been demonstrated. 

Polyurethane foam columns immobilizing finely 
divided tetrachlorohydroquinone were proved a° to be 
suitable for the reduction of some metal ions in their 
higher valency state. Reduction of cerium(W), vana- 
dium(V) and iron(III) on foam-redox columns has 
been examined. The effect of flow-rate and tempera- 
ture on the reduction efficiency for each metal ion 
was investigated. Cerium(W) can be reduced quanti- 
tatively on passing its aqueous solution through the 
foam column at flow-rates of 1-6 ml .cm-  2. min- 
and room temperature. The reduction of vanadium(V) 
and iron(III) was, however, slower. At 35 ° a relatively 
high flow-rate could be used without affecting the 
completeness of the reduction. 

The application of polyurethane foam immobilizing 
tetrachlorohydroquinone in a finely divided state or 
in chlorobenzene solution and packed in a syringe 
(pulsed column) has been described 3s for the reduc- 
tion of Ce(W), V(V) and Fe(III). The reduction of 
the metal ion is simply achieved by pressing and 
releasing the plunger of the flexible-foam pulsed 
column several times, with the tip in the test solution. 
The reduction efficiency of pulsed columns packed 
with swollen foam materials (i.e., immobilizing the 
redox reagent in chlorobenzene solution) was found 
to be better than that of pulsed columns packed with 
dry foam (i.e., immobilizing the redox reagent in a 
finely divided state). The reduction of Ce(W), V(V) 
and Fe(III) was more effective if the aqueous metal 
ion solution was heated to about 80 ° before use of 
the pulsed column. Various amounts (2-20 mg) of the 

three metal ions have been determined -by this 
method. 

Polyurethane foams immobilizing methyl isobutyl 
ketone, diethyl ether, isopropyl ether or ethyl acetate 
have also been examined 1~ for the extraction of 
gold(III) chloride from aqueous solutions. For the rapid 
collection of gold at trace concentrations ((~06-25 
ppm) the percolation of the aqueous solution through 
short columns packed with these foams at relatively 
high flow-rates (10-13 ml. cm -2 . min- ' )  was recom- 
mended. The gold was then eluted from the foam 
column with acetone. 

All the methods mentioned previously describe the 
possibility of using polyurethane foam immobilizing 
various organic reagents. However, polyurethane 
foams were also proved x8'36 to be suitable for the 
immobilization of inorganic reagents. Immobilized 
finely divided silver sulphide or metallic copper have 
been suggested for isotope and redox exchange sep- 
arations, respectively. The silver sulphide foam was 
prepared ~8 by loading a heterogeneous cation- 
exchange foam 3T with ionic silver and subsequent 
precipitation of silver sulphide in the foam matrix 
with sodium sulphide solution. Similarly, foam con- 
taining copper was prepared a6 by loading the hetero- 
geneous cation-exchange foam with copper ions and 
then reducing the ionic copper to the metallic form 
with sodium hydrosulphite solution. Static and dyna- 
mic isotope and redox exchange separations of radio- 
silver on silver sulphide foam and copper foam, respec- 
tively, have been investigated. Columns packed with 
silver sulphide foam were suitable for the collection 
of various levels of radiosilver (0-1-100 #g of Ag ÷) from 
nitric acid solution, at relatively high flow-rates 
(20 ml.cm-2 .min- 1). 

Quantitative collection of radiosilver at various 
concentrations (in 2M nitric acid) by redox exchange 
reaction on columns packed with copper foam has 
also been reported, the flow-rate being 10- 
12ml.cm -2 .min- L 

The possibility of using polyurethane foam immo- 
bilizing chromatographic-grade greases (preferably 
DC-200) for the collection of trace concentrations of 
organo-chlorine pesticides from water or aqueous 
suspensions has also been investigated. 14 The 
grease-loaded foam is prepared by dipping the foam 
material in a 5~ solution of the grease in a suitable 
solvent. 

The extraction efficiencies of different greaseqoaded 
foam columns for ten different organo-chlorine pesti- 
cides have been tested. In the collection of the differ- 
ent pesticides from water, fast flow-rates (ca. 
80 ml. cm- 2. min- 1) could be employed. However, in 
the case of collection from suspensions, low flow-rates 
(ca. 10 ml. cm - 2. min - 1) were recommended. 14 

Generally, foam columns (loaded with DC-200) 
grease) are able to extract all the ten pesticides from 
water' almost quantitatively. However in the case of 
suspensions some pesticides (e.g., p,p'-DDE) are not 
extracted completely, This was attributed to their 
ability to adsorb on the suspension. 
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PLASI'ICIZED REAGENT FOAMS 

Plasticizers can be defined as non-volatile liquids 
used to modify synthetic resins. 3s Plasticizing of a 
polymer is a process in which plasticizer molecules 
neutralize (reduce) the secondary valence forces (van 
der Waals) between the polymeric chains, thus in- 
creasing the mobility of the molecular segments and 
decreasing the glass-transition temperature of the sys- 
tem. Above the glass-transition temperature the mobi- 
lity of plasticizer molecules within the polymeric 
network is apparently quite high. ~9 

The preparation of plasticized reagent foams has 
recently been studied 16'a°'41 by dissolving hydro- 
phobic organic reagents in a plasticizer solution and 
then immobilizing the solution on an open-cell type 
polyurethane foam by swelling. Several hydrophobic 
organic reagents (exd., dithizone, 1,nitroso-2-naphthol 
and diethylammonium diethyldithiocarbamate) were 
found to dissolve in various plasticizers (e.g., TBP, 
~-di-n-nonyl phthalate, di-n-octyl phthalate or 
dibutyl adipate). Accordingly, plasticized zinc dithi- 
zonate, 16,4° 1-nitroso-2-naphtho141 and diethylam- 
monium diethyldithiocarbamate 41 foams with reason- 
able capacities and suitable for the preconcentration 
of metal ions from aqueous solutions have been pre- 
pared. The mobilities of metal ions in the plasticized 
reagent foam were proved to be quite high and conse- 
quently their collection proceeded rapidly. This 
makes the applications of relatively high flow-rates in 
column operations possible without any appreciable 
loss in collection efficiency. 

The collection of traces of silver(I) or mercury(II) 
on zinc dithizonate foam has been examined. 16,4° It 
was proved that the collection rates with plasticized 
zinc dithizonate foams are generally better than with 
the unplasticized ones. Small amounts of silver or 
mercury from extremely dilute solutions (e.g., 1 ppM) 
are collected by percolating the aqueous metal ion 
solution through the plasticized foam column at a 
flow-rate of 8-12 ml. cm-  2. min- 1. Quantitative recov- 
eries of silver and mercury from the plasticized zinc 
dithizonate foam are obtained by elution with sodium 
thiosulphate solution. 16'4° 

Complete collection of silver was possible in pres- 
ence of 106 times as much lead or copper. 16 

Traces of cobalt(II) are collected on plasticized 1- 
nitroso-2-naphthol and diethylammonium diethyl-" 
dithiocarbamate foams. 41 The optimal pH-values of 
the aqueous solutions for the collection are 6.6-9.0 
and 4.5-5.5 for 1-nitroso-2-naphthol and diethylam- 
monium diethyldithiocarbamate foams respectively. 
Various amounts of cobalt(II) (1-1000 #g) are quanti- 
tatively collected from aqueous solutions on foam 
columns at a flow-rate of 5-6 ml. crn- 2. min- 1. 

Recently, the preparation of plasticized iodine and 
silver dithizonate foams suitable for isotope exchange 

separations of radioactive isotopes has been de- 
scribed. 42 The exchange of radioiodide on the iodine 
foam was found 42 to be very fast in batch exper- 
iments. The highest exchange yield is obtained from 
aqucous solutions at pH-values lower than 1. It was 
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proved 42 that the mobility of the iodide ion in the 
plasticized foam material is quite high and conse- 
quently equilibrium is attained rapidly, Complete sep- 
aration (by exchange) of radioiodide from a large 
excess of sodium, potassium, chloride and bromide 
ions, which are known to interfere seriously in the 
determination of iodine in biological materials by ac- 
tivation analysis, 43 was achieved. 

Quantitative collection of radiosilver ((~01-1 #g) 
from 0.1M nitric acid was realized on columns packed 
with plasticized polyurethane foam immobilizing pri- 
mary silver dithizonate. 42 

On the other hand, plasticized polyurethane foams 
immobilizing chromogenic hydrophobic organic rea- 
gents have been suggested 44 for rapid detection and 
semiquantitative determination of very low con- 
centrations of metal ions in aqueous solution. The 
name "chromofoam" was proposed for these reagent 
foams. It was claimed 44 that the organic reagent solu- 
tion, whic h is homogeneously distributed on the large 
available surface area of the plasticized reagent foam 
(chromofoam)~ can function as an effective collector 
for metal ion traces from relatively high volumes of 
aqueous solution. This together with the greater pos- 
sibility of observing the reaction products on the sur- 
face of the foam material allows the detection of 
traces of metal ions with a chromofoam by shaking 
one small cube of it with one or more ml of the 
aqueous solution in a test-tube. 

Detection and semiquantitative determination of 
zinc(II) or lead(II) with plasticized dithizone foam and 
of copper(II) and cobalt(II) with rubeanic acid and 
Amberlite LA-I foams, respectively, have been investi- 
gated. 44 Generally, the sensitivity of the foam test is 
better than or equal to that of the usual spot-tests 
on a spot-plate or filter paper. Also, the detection 
of cohalt(II) with Amberlite LA-1 foam in the pres- 
ence of thiocyanate ions was proved 44 to be more 
sensitive than the resin spot-tests. 45 The selectivity 
of the chromofoam test has been examined in the 
case of cobalt by studying the detection of 1 #g of 
cobalt in the presence of up to 10 nag of more than 
40 elements. The chromofoam test was found to be 
quite selective. 

A further advantage of chromofoams is that 
columns packed with them can be used for the detec- 
tion and semiquantitative determination of metal ions 
at the ppM level. This is simply achieved by passing 
large volumes of the aqueous solution through the 
reagent foam column at a flow-rate of 10- 
15 ml .cn1-2 .min- 1 and measuring (in comparison 
with a standard) the length of the coloured zone. 

POLYURETHANE FOAMS WITH ANCHORED (BONDED) 
FUNCI'IONAL GROUPS 

The preparation of cellular (foamed) plastics to 
which specific functional groups are chemically 
bonded has also been attempted.15.37 Gesser e t  al.~ 5 

described a method for the preparation of SH-polyur- 
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ethane foam. Columns packed with the SH-foam were 
evaluated for the adsorption of mercuric chloride and 
methylmercuric chloride from extremely dilute 
aqueous solution. It was found that mercury at con- 
centrations ranging between 0.4 and (~0004 ppm can 
be quantitatively collected on the foam columns when 
100ml of the aqueous solution are allowed to pass 
through them at a flow-rate of about 13 
ml .cm-2 .min-  ~. At higher mercury concentra- 
tions (e.g., 4 ppM) the retention efficiency of the 
foam columns is decreased because of oversaturation. 

In general, the effective capacity of the foam 
columns for mercury was much lower for methylmer- 
curic chloride than for mercuric chloride. This was 
attributed to the probable steric hindrance effect of 
the methyl group. The fraction of mercury adsorbed 
on the foam column was generally increased as the 
concentration of mercury decreased. 

The recovery of mercury from the SH-foam has 
also been investigated, the foam material being 
extracted with 2M hydrochloric acid in a Soxhlet 
extractor. 

On the other hand, Braun e t  al., a7 during their 
studies on the preparation of ion-exchange foams, de- 
scribed various methods suitable for the direct and 
indirect introduction of functional groups (ionogenic 
groups) in the foamed skeleton structure. They pre- 
pared phenol-formaldehyde resin foam to which sul- 
phonic acid groups were chemically bonded by direct 
sulphonation of a commercially available phenol-for- 
maldehyde foam. It was repOrted that the mechanical 
properties of the original phenol-formaldehyde foam 
were not much changed by sulphonation. Also, the 
ion-exchange capacity of the foams was reasonable 
(1.85 meq/g). 

Indirect introduction of the ionogenic groups into 
the foam material has also been described. Two differ- 
ent methods are used. The first method is based on 
carrying out a polymer analogue reaction after join- 
ing the foam to an easily transformable polymer. Styr- 
ene-polyurethane interpolymer foam was prepared by 
this method and the anion-exchange groups then in- 
troduced by chloromethylation and amination. The 
mechanical properties of the foams depended on the 
polymerization conditions and the quality of the in- 
itiator used. 

The second method for the indirect introduction 
of ionogenic groups into the foam matrix was based on 
the radiation grafting of a monomer with ionogenic 
groups. The radiation grafting of open-cell polyureth- 
ane and closed-cell polyethylene foams with methac- 
rylic acid has been investigated. 37 Foams with excel- 
lent properties and good ion-exchange capacities 
(4 meq/g) have been prepared. 

In our opinion, the analytical use of foamed plastics 
with bonded functional groups is a very promising 
field. Foam materials with very selective properties 
should be obtained by anchoring functional groups 
to the foam skeleton, and could become very impor- 
tant if suitable methods could be developed for the 
preparation of such foams. 

HOMOGENEOUS AND HETEROGENEOUS 
ION-EXCHANGE FOAMS 

Homogeneous ion-exchange foams are prepared 
by 37'~ (/) physical immobilization of liquid ion- 
exchangers on or in flexible polyether-type polyureth- 
ane foam, (ii) direct anchoring of ion-exchange groups 
on previously prepared phenol-formaldehyde foam, 
(iii) indirect introduction of the ionogenic groups into 
polyurethane or polyethylene foams. 

The direct and indirect introduction of the iono- 
genic groups into the different foams has been 
described in the previous section. Physical immobili- 
zation of a benzene solution of tri-n-octylamine 
(TNOA), liquid anion-exchanger on polyurethane 
foam was found 46 to be possible by allowing the foam 
material to swell in a TNOA-benzene solution. The 
analytical utility of the foam was tested by investigat- 
ing the separation of cobalt(II) and nickel(II) in hy- 
drochloric acid media. Columns packed with foam 
materials containing 11.4 and 17.7% w/w of TNOA 
in benzene were found 46 to be the most suitable for 
the quantitative retention (and subsequent elution) of 
cobalt from hydrochloric acid solution. Separation of 
nickel and cobalt at different relative concentrations 
was achieved by using 8M and 1M hydrochloric acid 
for the elution of nickel and cobalt respectively. 

Plasticized polyurethane foam immobilizing 
Amberlite LA-1 (liquid anion-exchanger) has also 
been prepared: 44 The application of this foam mater- 
ial for rapid and selective detection and semiquantita- 
tive determination of cobalt(II) in batch and column 
operations was described above. 

A method for the preparation of a heterogeneous 
cation-exchange foam has also been reported. 37 This 
method is based on foaming a very finely ground 
powder of a commercially available cation-exchanger 
(Varion KS) with the precursors of open-cell 
polyether-type polyurethane foam. The possibility of 
using this cation-exchange foam for rapid separations 
in aqueous and alcoholic solutions has been investi- 
gated. 47  Sorption of metal ions (e.g., Cu 2+) on the 
cation-exchange foam took place in one rapid step, 
i.e., gel diffusion was not the rate-controlling step as 
in common ion-exchange beads. The t~/2 value for 
equilibrium .8 sorption on the cation-exchange foam, 
as calculated from the rate-curve for copper(II), was 
found 47 to be 0"6 min. However, the capacity of the 
cation-exchange foam is much higher than that of sur- 
face-sulphonated resin beads. 

A comparison between the efficiency of cation- 
exchange beads (Varion KS) and the cation-exchange 
foam for the elution of copper(II) with hydroxylam- 
monium chloride solution shows that flow-rates as 
high as 3 ml .cm-  2. min- ~ could be applied in the 
case of foam columns without any considerable loss 
in column performance, while in the case of bead 
columns quantitative elution is only obtained at a 
flow-rate of 1 ml. cm-2.  min- 1. The selectivity of the 
cation-exchange foam was proved to be more or less 
the same as that of the original cation-exchange 
beads. 
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SPECIALLY TREATED POLYURETHANE FOAMS 

Bauman et al. 19' so reported that open-cell polyur- 
ethane foam can be used as a support for starch gel 
containing enzymes. They described a method for the 
preparation of immobilized horse-serum cholinester- 
ase products in which the enzyme in the starch gel 
is physically entrapped on the surface of open-cell 
polyurethane foam pads. This immobilized enzyme 
pad is used to monitor water and air continuously 
for atmospheric pollutants which are enzymic inhibi- 
tors of cholinesterase. 

Goodson et al. 51 have recently described an im- 
proved method for the preparation of polyurethane 
foam coated with horse-serum cholinesterase. They 
suggested the adsorption of the horse-serum cholines- 
terase on aluminium hydroxide gel before the starch- 
gel preparation. Portions of this foam were found 51 
to be suitable for the detection of low concentrations 
of anticholinesterase substances in air, by use of a 
special cell in which the enzyme activity of the foam 
pad is observed electrochemically. 

On the other hand, Evans et al. 52 examined the 
possibility of using open-ceU polyurethane foam in 
the immunoadsorption of cells. Reticulated polyureth- 
ane foam of the polyester-type to which the antibody 
is coupled was found 52 to serve as a matrix for the 
immunological binding of erythrocytes. 
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Snmmary--A review is given of the various phosphorimetric techniques, now available, together with 
their analytical applications. 

Phosphorimetry is a method of spectrochemical 
analysis that has been developed rather recently. In this 
technique, a sample containing organic molecules is 
excited at low temperature by ultraviolet or visible 
radiation; the excited molecules emit radiation of 
lower energy but of relatively long lifetime known 
as phosphorescence, which is measured by the detec- 
tion system. 

Although the use of phosphorescence as an analyti- 
eal method was proposed in 1944 by Lewis and 
Kasha, 1 it was not until 1957 that the analytical use- 
fulness of phosphorimetry was established by Keirs, 
Britt and Wentworth. 2 In the 1960's, numerous 
papers describing the instrumentation and the quali- 
tative and quantitative uses of phosphorimetry in 
non-aqueous solvents were published, and their con- 
tent has been summarized in several recent 
reviews. 3-s 

Most of these studies were performed with clear 
glasses of organic solvents, e.g., pure ethanol, and 
EPA (EPA is a mixture of ethanol, isopentane and 
ether, 2: 5: 5 v/v) at 77 K. In 1970, quantitative analyti- 
cal determinations utilizing phosphorescence spectra 
were extended to organic compounds in cracked or 
snowed matrices of organic solvents. 9 Since that date, 
phosphorimetry of organic compounds has been stud- 
ied with snowed matrices of aqueous or partially 
aqueous solvents, s-19 Progress has also recently been 
reported on the analysis of organic compounds and 
their mixtures by time-resolved and phase-resolved 
phosphorimetry. 2°-2s Room-temperature phosphor- 
escence of ionic organic compounds has been also 
recently proposed as an analytical technique. 26 

In the present paper, we wish to review briefly the 
fundamental aspects, the instrumentation, and the 
analytical applications of phosphorimetry in snowed 
media, and of time-resolved and phase-resolved phos- 
phorimetry. 

* This work is supported by NIH GM 11373-12. 
l" Present address: Consultate G6n6ral de France, 920 

Esperson Building, Houston, Texas 77002. 

CONVENTIONAL P H O S P H O R I M E T R Y  IN SNOWED 
MEDIA 

Up to 1970, low-temperature phosphorescence 
analysis had to be carried out with organic solvents 
forming a clear and rigid glass at 77 K (b.p, of liquid 
nitrogen, generally used a s  c o o l a n t ) .  27 The use of 
cracked glasses and snowed maixices was proposed 
by Zweidinger and Winefordner. 9 

Theoretical aspects 

Expressions for the intensity of phosphorescence 
in optically inhomogeneous and homogeneous ma- 
trices, are given in Table 1. They are obtained by the 
integration of the Kubelka and M u n k  2s differential 
equations of diffuse reflectance, used to calculate the 
transmittance, T, and diffuse reflectance, R, of the ana- 
lyte in these media. Basic assumptions are that the 
sample is an ideal diffuser, planar, and illuminated 
on one surface with diffuse monochromatic light. For 
more thorough discussion and complete integration, 
the reader should refer to Zweidinger and Wine- 
fordner. 9 

From the expressions of Table 1, some analytically 
useful conclusions can be drawn: 

(/) for a clear glass (homogeneous matrices), all ana- 
lytical curves (log Ip vs. log C) have a slope of unity 
at low concentrations and a slope of zero at high 
concentrations of analyte; 

(i/) for an optically inhomogeneous medium, e.g., 
a snow or densely cracked glass, analytical curves 
should have a slope of unity at low concentrations, 
a slope of 0"5 at intermediate concentration, and a 
slope of zero at high analyte concentrations. 

Instrumentation 

The basic system used for phosphorimetry consists 
of a spectrophotofluorimeter with a phosphoroscope 
attachment, and a specially-designed quartz Dewar 
flask for low-temperature measurements. Two types 
of phosphoroscopes are used: 

(i) the Becquerel phosphoroscope, in which the 
sample tube is placed between two circular rotating 
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Table 1. Phosphorescence intensity expressions 

Homogeneous or inhomogeneous matrices 
. . . .  F(1 + fl)exp(x~) + ( 1 -  fl_)exp (-x/5) -_2_] 

Ip = ztppplo/-.z- - - ~ " - ' 7  
L (1 + IJ) exp[xo) - (1 " fl)2 exp(--x~) ] 

Clear glass 
(s = o) 

Ip = ~p.l  o [1 - e x p ( - k b ) ]  
Low concentrations Hiclh concentrations 

Ip = ~plokb lp = ~p/o 

Optically inhomogeneous matrix 
(snow or densely cracked glass) 

(s = o) Low concentrations High concentrations 

lp=phosphorescence intensity, i n  J (actually a flux); 4~p=phosphorescence power efficiency, no units; Io = 
incident intensity, in J; /3 = k/(x/k + 2s) where k, the fraction of radiation absorbed per average path-length,~ is 
given by k = 2'303EC in cm -1 (E is the molar absorptivity of the analyte in 1.mole -1 cm -a, and C is the 
concentration of analyte, in mole/1.); s is the fraction of radiation scattered per average path-length and independent 
of analyte concentration for all analytical concentrations of the analyte, no units; ~ is the average cell path-length for 
diffuse reflectance, in cm; r = x / ~  + 2s). 

disks in a straight-through arrangement [this ar- 
rangement is less common than (i/)]; 

(ii) the Aminco-Keirs phosphoroscope, more widely 
used, in which the sample tube is placed in the middle 
of a rotating cylinder with two diametrically opposite 
apertures; emission light is usually collected at right 
angles to the excitation light. 

Detailed description of several types of commercial 
spectrophosphorimeters has been given in recent 
reviews. 3'5'6"a However, important improvements of 
the technique have been recently reported. 7' 9-12 They 

cell 

spinner 

Icm 

_Convenfional 
phosphoroscope 
cover 

-Dewar flask 

- Liquid N 2 

Fig. 1. Schematic diagram of rotating sample-cell assem- 
bly. 9 (Reprinted with permission from Anal. Chem., 1970, 

42, 639. Copyright by the American Chemical Society.) 

mainly concern the modification of the sample cell 
and the sensitivity of the detector system. 

Sample cell. In Fig. 1, the rotating sample-cell 
assembly is schematically shown, as described by Holli- 
field and Winefordner, 29 and modified by Zwei- 
dinger and Winefordner. 9 It consists of a Varian 
A60-A High Resolution Nuclear Magnetic Resonance 
Spectrometer Spinner Assembly mounted on a 
sample-compartment light-cover. The fluctuations of 
signal resulting from inhomogeneities in the snowed 
media and irregularities in the diameter of  the sample 
tube are minimized by the rotation of the sample cell 
(average speed from 450 to 1400 rpm), which is gener- 
ally a long thin-walled quartz tube. Other properties 
of the rotating sample-cell are: 

(/) the inner-filter effect is reduced; 
(ii) sampling is simpler and more rapid; 
(iii) precision of measurement of the phosphores- 

cence signal is improved. 
A new type of rotating sample-cell is suitable for 

aqueous solvents. It consists of an open-ended quartz 
capillary tube. 10,12 The use of a capillary tube per- 
mits quantitative phosphorimetric measurements of 
organic compounds in frozen aqueous solutions, with 
the following advantages: 

(i) shattering of the sample cell by the strain caused 
by expansion of water at 77 K, is prevented by the 
thick walls of the capillary tube; 

(ii) the sampling procedure is much simpler and 
more convenient than previously reported pro- 
cedures; 

(iii) the inherent photoluminescence of the capillary 
tube material is minimized by the use of film polar- 
izers ;12 

(iv) the sample size is reduced to about 20 p.1. 
Detector system. Phototube signals of very low in- 

tensity are measured by analogue means with a low- 
noise nanoammeter described by O'Haver and Wine- 
fordner 3° or by digital means with a photon counter. 
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Fig. 2. Phosphorescence signal as a function of solvent 
composition (methanol/water solution); (a) 20 x 10-tM 
indol-3-ylacetic acid; (b) 4.7 x I0-6M hippuric acid; (c) 
1.7 x 10-6M thioacetamide; (d) 1.0 x 10-4M purine; (e) 

1"0 x 10-4M adenine. 

Analytical studies 

Solvent matrix effect: The effect of change in com- 
positio n of methanol-water mixtures on the phos- 
phorescence signal has been studied in detail in the 
ease of several biologically-important organic com- 
punds. 11'14 As shown in Fig. 2, the dependence on 
solvent composition is similar for all compounds 
tested, and the optimum composition for sensitivity 
and accuracy of phosphorimetric measurements is 
between I0 and 30~o v/v methanol. In this region, 
the matrix is mainly snowed, and relatively homo- 
geneous, which results in a reproducible and nearly 
constant phosphorescence signal. 

A similar effect is obtained with various amounts 
of sodium chloride, bromide, and iodide, added to 
pure water, which indicates the importance of the 
physical matrix effect, in increasing phosphorescence 
signal. ! 1 

External heavy-atom effect. Several studies have 
shown recently the importance of the effect of a 
heavy-atom solvent on the phosphorescence intensity, 
which results in better sensitivity. TM 12,16--18,31,32 

It haS been demonstrated that it is advantageous 
to use alkali metal halide solutions as solvents for 
phosphorimetric analysis of organic molecules. In- 
deed, alkali metal halides (especially the bromide and 
iodide) may be obtained in ultrapure form, and thus 
the phosphorescence background may be reduced to 

extremely low levels. Also, the heavy-atom effect 
enhances the phosphorescence signal by virtue of in- 
creasing the rate of intersystem crossing to the triplet 
manifold. Decay-time measurements indicate that the 
phosphorescence decay is considerably shorter in 
aqueous sodium iodide solutions than in methanol- 
water solutions (Table 2). These results are consistent 
with the heavy-atom perturbation theory. 33 

The heavy-atom effect on the phosphorescence in- 
tensity, defined as the ratio I~X/lp of the phosphores- 
cence intensity in methanol-water-sodium halide solu- 
tions (i~ax) and in methanol-water (Ip), may vary 
widely with the phosphorescence quantum yield and 
the structure of the organic molecules. 

In Table 3, the heavy-atom enhancement factors 
of sodium isodide are given for a number of  organic 
compounds. In the case of monosubstituted benzenes, 
the values of the enhancement factors are correlated 
with the phosphorescence relative quantum yields q~ 
as proposed by Aaron, Mousa and Winefordner: 17 

log ~b~ = -2.06 log lp NaI/ip "1- 0"22 

This relation would allow the prediction, within an 
error of about 25~, of the magnitude of the analytical 
heavy-atom effect and therefore, evaluation of this 
effect for the improvement of sensitivity.17 It is clear 
that the increase in the phosphorescence signal result- 
ing from the effect of sodium iodide should be at 
least 2-3 times the normal signal if it is to be analyti- 
cally useful. 

Limits of detection and analytical curves. In Table 
4, a comparison is given of the best experimental 
limits of detection for several organic compounds 
measured by phosphorimetry, fluorimetry and colori- 
metry. As far as sensitivity is concerned, the results 
in Table 4 indicate that phosphorimetry compares 
favourably with other commonly used spectrometric 
methods. In some cases, of course, fluorimetry is a 

Table 2. Typical data for the sodium iodide effect on phos- 
phorescence decay times 

Compound z, sec*'f ~, msec*§ Ref. 

Anisole 3.4 (3-0) 10-7 17 
Benzene 7"0 (7.0) 58 17 
Benzoic acid 2.7 (2.5) 5"8 17 
Benzyl alcohol 6.2 13.7 17 
N, N-Dimethylaniline 2"3 36.0 17 
Ethylbenzene 8-8 5"8 17 
Phenol 2'8 (2"9) 122 17 
Toluene 8-2 (8"8) 30.2 17 
Acetophenone 0.0041 (0-004) 4.9 17 
Benzaldehyde 0.0035 (0-0023) 4"9 17 
Propiophenone 0.37 15.5 17 
lndol-3-ylacetic acid 7.0 900~ 11 
Thioacetamide 1.7 830:[: 11 
Hippuric acid 3-0 970~/ 11 

* Lifetime: error + 10~o. Times are in msec for the sol- 
vent containing NaI. Values in parentheses are for EPA 
media, and taken from R. S. Beeker, Theory and Interpre- 
tation of Fluorescence and Phosphorescence, Wiley, New 
York, 1969. 

t Solvent 10°A v/v methanol-water. 
§ Solvent 10% methanol-water-0-75M NaI, except where 

otherwise noted. 
:~ Solvent 1M aqueous NaI. 



710 J.J. AARON and J. D. WINEFORDNER 

Table 3. Heavy-atom enchancement factors in 
phosphorimetry 

Enhancement factor,* 
Compound l~'~/lp Ref. 

Anisole 2"8 17 
Benzene 8"3 17 
Benzoic acid 1.7 17 
Benzyl alcohol 2"8 17 
N, N,-Dimethylaniline 6"2 17 
Ethylbenzene 3.0 17 
Phenol 3'8 17 
Toluene 3"4 17 
Acetophenone 1 "3 17 
Benzaldehyde 1.3 17 
Propiophenone 1"2 17 
Indol-3-ylaeetic acid 6"05- l 1 
Hippurie acid 3.07 11 
Cytidine 4"8§ 18 

Diphenhydramine HCI 1.4¶ 32 
Bromodiphenydramine HCI 1"0~ 32 
Chloreyelizine HCI 1.0~ 32 
Meclizine HC1 1.3¶ 32 
Phenindamine tartrate 1.8¢ 32 
Pyrilamine maleate 1.0~ 32 
Methapyrilene HCI 1.2¶ 32 
Thenyldiamine HCI 2.2¶ 32 

* Defined as the ratio of the molar phosphorescence in- 
tensity in 10% methanol-water-0.75M sodium iodide solu- 
tion ,tlr~'l~p, and 10% methanol-water solution (Ip); other 
solvents are used as noted. 

1" In 1M aqueous NaI. 
§ pH = 10, 0.1M NaI-10% methanol-water. 
:~ pH = 2.5, 0-1M NaI-10% methanol-water. 
¶In ethanolic 0.1M NaI. 

more sensitive method than phosphorirnetry, espe- 
cially when the phosphorescence quantum yield is 
particularly low. 

In Table 5, a comparison is given of the best abso- 
lute detection limits for fluorimetry and phosphori- 
metry. Ir~ most cases, that lower absolute quantities 
can be detected by phosphorimetry than by fluori- 
metry is partly due to the small volume of sample 
(20 #l) needed in the phosphorimetric procedure. The 
analytical curves in phosphorimetry are generally 
linear over a range of 10~-105 concentration units. 
As expected from the theoretical equations for opti- 
cally-inhomogeneous matrices, slopes of the analytical 

Table 4. Comparison of limits of detection* (in ng/ml) in 
phosphorimetry and other spectrochemical methods for m . 

some orgamc compounds 

Compound Colorimetry Fluorimetry Phosphorimetry Ref. 

Vit[min KI 2.5 x 104 - -  103 13 
Vitamin Ks ~2 x 103 ~4007 70 13 
6-Methyl- 10 0.6 14 

mercaptopurine 
LSD-25 50 6"5 8 16 
STP; DOM§ - -  10 10 16 
N,N-Dimethyl- - -  15 15 16 

tryptamine 
Psilocin - -  100 6 16 
Psilocybin - -  23 14 16 
Ibogain hydro- - -  7 10 16 

chloride 

* Limit of detection is defined as the concentration giv- 
ing a phosphorescence signal (located on the linear part 
of the analytical curve) that is twice the background noise. 
The background signal was subtracted from the observed 
signal value. 

~" Value determined by absorption spectrophotometry. 
§ 2,5-Dimethoxy-4-methylamphetamine. 

Table 5. Comparison of minimal detectable amounts* (in 
ng) in fluorimetry and phosphorimetry for some organic 

compounds 

Compound Fluorimetry Phosphorimetry Ref. 

Tyrosine 103 0.4 15 
2-Methoxy-4- 

hydroxy- 
phenylethylamine 40 2.015 

Normetanephrine 10 0.4 15 
Metanephrine 10 0.4 15 
Homovanillic acid 200 0-8 15 
Norepinephrine 0"5 3.0 15 
Epinephrine 0"5 4.0 15 
Dopa 103 2"0 15 
Dopa mine 10 3.0 15 
3,4-Dihydroxy- 

phenylacetic acid 103 4.0 15 
3.4-Dihydroxy 

mandelic acid 10 a 1'8 15 
LSD-25 6'5 0.16 16 
STP; DOMt 10 0"2 16 
N, N-Dimethyl- 

tryptamine 15 0.3 16 
Psilocin 100 0.1 16 
Psilocybin 23 0,3 16 

'lbogain 7 0'2 16 
hydrochloride 

Adenine 100§ 0.4 14 

* Minimal detectable amount is defined as the absolute 
limiting quantity detected by the method, calculated from 
the limit of detection and taking into account the volume 
of sample. 

~" 2,5-Dimethoxy-4-methylamphetamine. 
§ Value measured by a spectrophotometric method. 

curves are close to unity (between 0,9 and 1.1~ at 
relatively low concentrations, and a decrease of the 
slope is generally observed in the higher con- 
centration region of 10-3M, ow'.mg to the inner-filter 
effect. 

With the rotating quartz capillary tube, good preci- 
sion is obtained. A relative standard deviation of 1"59/o 
has been obtained for ten replicate determinations. 12 
Generally, in routine triplicate measurements, rela- 
tive standard deviations of phosphorescence signals 
are 49/0 or less113-16 

? 

PULSED-SOURCE TIME-RESOLVED 
PHOSPHORIMETRY 

Pulsed-source time-resolved phosphorimetry is a 
useful method for analysing mixtures of fast-decaying 
phosphors. Some of the fundamental aspects of 
pulsed-source phosphorimetry were theroretically 
established by O'Haver and Winefordner, 34'as and 
the experimental usefulness of pulsed-source gated 
detector instrumentation was shown by Wine- 
fordner. 2° A more sophisticated pulsed-source phos- 
phorimeter was proposed by Fisher and Wine- 
fordner, 21 and recent applications of this technique 
include the analysis of drugs. 22-24 

Theoretical considerations 

In Fig. 3, the sequence of events occurring during 
one cycle of sample excitation and observation in a 
pulsed-source gated detector phosphorimeter sys- 
tem 21 is given. After an initial burst of radiant energy 
from the source, with a duration tf (see Fig. 3), the 
phosphoresence intensity climbs to a value Io and 



Phosphorimetry, a spectrochemical method of analysis 711 

Infensify 
- ~  Time 

/ \  
Fig. 3. Schematic diagram of events occurring during one 
cycle of sample excitation and measurement in a time- 
resolved pulsed-source phosphorimeter. 21 te = half-inten- 
sity width of source flash; t_ = "on" time of detector or 
measurement system; td = orelay time from end of exci- 
tation pulse to beginning of measurement of phosphores- 
cence signal; first solid line = flash intensity temporal dis- 
tribution; second solid line = detector "on" time; cross- 
hatched area = measured integrated luminescence signal 
per source pulse. (Reprinted by permission from Anal. 
Chem., 1973; 44, 984. Copyright by the American Chemical 

Society.) 

decays exponentially; the integrated phosphorescence 
intensity represented by the cross-hatched area is 
monitored over a t ime-period tp, for example with 
an electronic gate, af ter  a time-delay of td. The expres- 
sion 2°,35 for the integrated phosphorescence intensity 
I (20,35) is given in Table 6; I is directly proport ional  

• to f, the source-pulse repetition frequency, in the case 
of a d.c. read-out system. General  expressions for bi- 
nary and mult i-component systems of phosphors, are 
also given in Table 6. 

Three methods, based on the equations in Table 
6, may be used to evaluate the analyte concentrations 
by pulsed-source phosphorimetry. 21 

Table 6. Theoretical expressions for pulsed-source 
phosphorimetry 

Integrated 
phosphor- Iofts[exp( - tdz)] [1 - exp(tp/z)] 
escence I = 
intensity [1 - exp(-  1/fz)] 

Binary system IrA = IOA exp(-  td/ZA) 

Its = loa exp(--td/'CB) 

ltT = /tA + It~ 

Multicomponent liT = )'~ la exp( - td/zi) 
system 

i 

(i) Multiple analytical curve method, in which the 
dependence of the slopes of the, analytical curves on 
the delay time td is used to determine the analytical 
concentrations in a binary phosphor mixture. This 
method is most conveniently used for a time-resolved 
phosphorimeter with a mechanical phosphoroscope. 

(ii) Exponential method; decay times ~ ,  %, ... rl of 
the phosphorescent components  of the mixture are 
measured by determining the phosphorescence signal 
Ira, ltb . . . .  lti of each component  as a function of the 
delay time td- The principal advantage of this method 
is that  it may be easily applied to systems with more 
than two components. 

(iii) Looarithmic decay time method; in this method, 
b a s e d  on the standard method of determining 
radioactive isotopic species after nuclear activation, 
a semi-logarithmic plot  of phosphorescence signal vs. 
time is used to determine the analyte concentration in 
a multi-component phosphorescence system. Calcula- 
tions are considerably simpler than in the other two 
methods, but  accuracy in the evaluation of the ana- 
lytical concentration of the phosphor is not as good 
as the other methods. 

Instrumentation 

Basic system. The basic diagram of a pulsed-source 
time-resolved phosphorimeter is given in Fig. 4. 

I°l 
H---r--1 

I = integrated phosphorescence intensity, arbitrary 
units; Io = steady-state integrated intensity, arbitrary 
units; f = source-pulse repetition frequency, Hz; tf = flash 
duration halfwidth, sec; ta = delay time, sec; tp = "on" 
time of detector or read-out system, sec; z = phosphores- 
cence decay time, sec; ItA and l t B =  phosphorescence in- 
tensity of molecules A and B, respectively, at a delay time 
t, arbitrary units; loA and lob = phosphorescence in- 
tensities of molecules A and B, respectively, at time t = 0, 
arbitrary units; Itr = total phosphorescence intensity of a 
mixture of i components, at a delay time t, arbitrary units. 

Fig. 4. Block diagram of time-resolution pulsed-source 
phosphorimeter. 21 A, pulse generator; B, power supply 
-- low voltage; C, power supply--high voltage; D, trigger 
circuit for source; E, xenon flash-tube source; F, sample- 
cell compartment; G, emission monochromator; H; photo- 
multiplier power supply; I, photomuliplier; J, variable load 
resistor; K, oscilloscope; L, preamplifier; M, signal aver- 
ager; N, potentiometric recorder; O, synchronization for 
oscilloscope and signal averager. (Reprinted by permission 
from Anal. Chem., 1973, 44, 948. Copyright by the Ameri- 

can Chemical Society.) 
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Source. The source used is a short-arc high-pressure 
xenon flash-tube, pulsed by the trigger module de- 
scribed by Fisher and Winefordner. 21 

Detectors. Read-out devices for pulsed-source sys- 
tems are somewhat more complicated than the d.c. 
systems used in commercial phosphorimeters. There 
are three principal measurement systems: 

(i) pulsing of the phototube, which is turned off 
and on at different moments of the cycle; an integrat- 
ing d.c. measurement system measures the signal dur- 
ing the on-time of the phototube; 

(ii) phototube operated continuously, with an elec- 
tronic gate (boxcar integrator) which monitors the 
phosphorescence signal; 

(iiO phototube operated continuously, as in the pre- 
vious method, but with a fast multi-channel read-out 
device for scanning the entire decay curve. 

The main advantages of pulsed-source time- 
resolved phosphorimeters over conventional phos- 
phorimeters with mechanical modulation are the fol- 
lowing: 

(i) the possibility of achieving higher source peak- 
intensities (and proportionately less noise) during the 
measurement period, and thus lower detection limits; 

(ii) the ability to obtain a greater selectivity for a 
given short-lived phosphor relative to a long-lived in- 
terferent; 

(iii) the possibility of measuring phosphors with 
short lifetimes (z as short as 10#sec), because of a 
termination time of several #sec for a flash-tube 
pulse, compared to 30 #sec for a typical disk chopper 
and 100psec for a typical rotating can; 

(iv) the improvement of the signal-to-noise ratio 
and precision (also detection limits) by gating the 
detector during a predetermined time; and 

(v) the ability to scan the phosphorescence decay 
curve easily and to examine the linearity of the log 
I vs. td plot, which provides a quick confirmation of 
the purity of the phosphor standards. 

Analytical studies 

Phosphorescence lifetimes. A number of organic 

compounds are structurally and spectrally very simi- 
lar and are very difficult to differentiate by conven- 
tional as well as by other spectrometric methods. 
However, phosphorescence lifetimes of these com- 
pounds are often sufficiently different to allow their 
temporal resolution: such compounds can be deter- 
mined by pulsed-source time-resolved phosphori- 
metry with a precision better than 10yo, as shown 
in the case of arylketones. 23 

Quantitative analysis o f  mixtures. An important ap- 
plication of pulsed-source phosphorimetry is the 
quantitative analysis of mixtures of organic com- 
pounds which have different decay times, but other- 
wise very little structural difference, and almost iden- 
tical absorption, fluorescence,and phosphorence spec- 
tra. For these reasons, the analysis of the mixture 
is practically impossible with a conventional spectro- 
metric technique but very convenient with pulsed- 
source time-resolved phosphorimetry. 

Examples of quantitative determination in binary 
and ternary mixtures of halogenated biphenyls 22 and 
drugs 24 are given in Table 7. Relative errors for the 
composition of binary and ternary mixture are gener- 
ally within 10~o. 

However, some mixtures of drugs, such as amphe- 
tamine and methamphetamine, or phenobarbital' and 
cocaine, cannot be resolved by pulsed-source phos- 
phorimetry, because of insufficient difference in the 
phosphorescence lifetimes. 24 As pointed out by 
O'Donnell et al., 22 the phosphorescence lifetime ratio 
of any two species should be at least 2 if they are 
to be resolved in this way. 

PHASE-RESOLVED PHOSPHORIMETRY 

This new method, recently proposed by Mousa and 
Winefordner, 25 is based on the phase resolution of 
the phosphorescence signal from species with different 
lifetimes. Because of the different phase and amplitude 
relationships of their luminescence signal, mixtures of 
structurally similar organic compounds might be 
quantitatively analysed with this technique. 

Table 7. Typical data for the analysis of mixtures by pulsed-source time-resolved phosphorimetry 

Phosphorescence Composition of mixture, pg/ml Relative 
Mixture lifetime, sec Present Found error, ~o Ref. 

0.570 3.8 3.6 5'0 
0'017 1'1 0-95 4.0 22 
0'0032 1.4 1.2 14 
0"170 6.95 7.35 5.4 
0.570 3.8 3.4 10 22 

0"039 23 22 4.3 
0-020 110 120 9-0 24 
0.04 52 42 20 
0.02 110 160 45 24 

1.1 62 58 7.0 
0-014~f 38 42 10-0 24 
0"82t 21 18 14.0 

4-Chlorobiphenyl 
4-Bromobiphenyl 
4-Iodobiphenyl 
2-Chlorobiphenyl 
4-Chlorobiphenyl 

Codeine 
Morphine 
Ethylmorphine 
Morphine 
Quinine 
Morphine 
Cocaine 

* Measured in anhydrous ethanol, except- otherwise noted. 
t Measured in chloroform. 
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Fig. 5. Semi-logarithmic plots of theoretical variation of degree of modulation, rap, and phase-shift 
angle, 0p, with frequency of modulation, f (a) Xp = 1 msec; (b) ~p = 10 msec; (c) Zp = 100msec. 

Theoretical considerations 

The equations derived by Mousa and Wine- 
fordner, 25 describing the phase and frequency charac- 
teristics of luminescence, are given in Table 8. 

The expression for total luminescence intensity in- 
cludes a constant intensity-term, and a sinusoidally 
varying intensity-term, and may be separated into the 
individual intensities of fluorescence, IF, and phos- 
phorescence, Iv. A third component, the scattered 
light intensity, Is~ is assumed to be negligible. If a 
frequency- and phase-selective detection system is 
used, only the a.c. terms of the luminescence intensity 
are observed. 

With a proper choice of excitation and emission 
wavelengths, if strongly phosphorescent compounds 

Table 8. Theoretical expressions for phase resolved 
phosphorimetry 

Total d.c. 
luminescence term a.c. term 
intensity I L = k L . I~ + mL. kL. I~. cos (tot-O0 

INDIVIDUAL 
INTENSITIES 
Fluorescence I F = k F . I~ + m F . k F . I~. cos (tot-0F) 
Phosphorescence Ip = kp. I~ + rap. kv. I~. cos (tot-Op) 
FREQUENCY 
FUNCTIONS 
of the a.c. Degree of modulation Phase-shift angle 
term of phos- mp= (1 + 47t2f21:2v)- 1/2 ; 
phorescence 0p = tan- 1 (27rfzv) 

kL, kF and kp = factors taking into account the quantum 
efficiency and concentration factors for total luminescence, 
fluorescence, and phosphorescence respectively; I~ and 
I~ = constant-intensity term and sinusoidally-varying in- 
tensity term of  the exciting-light function Io(t), respect- 
ively; mL, mr, and mp = degree of modulation of total 
luminescence, fluorescence, and phosphorescence, respect- 
ively; 0L, 0F, and 0v = phase-shift angle of  total lumines- 
cence, fluorescence, and phosphorescence, respectively, 
degrees; ~p = phosphorescence lifetime, sec; co = angular 
frequency in H z ; f  = linear frequency, Hz. 

are used, the fluorescence term can be neglected, and 
only the a.c. phosphorescnece term is experimentally 
important. However, one of the limitations of phase- 
resolved phosphorimetry is that in many cases this 
selectivity cannot be achieved, and the a.c. fluores- 
cence term of the theoretical expression in Table 8 
must also be considered. 

From the expressions in Table 8, the following ana- 
lytically useful conclusions can be drawn. 

(/) The phosphorescence parameters, me (degrees of 
modulation), and 0p (phase-shift angle) are a function 
of the frequency, f ,  of modulation of the source, and 
the lifetime, zp, of the phosphorescence. A preliminary 
study of the variation of these parameters with fre- 
quency of the source has to be made for a potential 
application, in order to choose the optimal analytical 
conditions for a given species in a mixture. Theoreti- 
cal curves of rap(f) and Odf) are given in Fig. 5. 

(i0 At a fixed frequency, the phase-shift angle, OF, 
(and the phase-angle difference (0p - OR) between the 
analyte and reference signal) is a cosine function of 
the phosphorescence signal intensity. By adjusting the 
value of the reference phase angle to a proper value, 
it is possible to maximize (or minimize) the measured 
analytical signal of the phosphorescent species of con- 
cern.  

(iii) In the case of a binary mixture, the phase-reso- 
lution of the two components can be accomplished 
either by varying the phase angle of the reference sig- 
nal (phase method), Or by varying the frequency of 
modulation (frequency method~ to eliminate the signal 
(not the noise, however) from one of the two phos- 
phorescent components and  to maximize the signal 
of the other phosphor. 

Instrumentation 

Basic system. The basic system for phase-resolved 
phosphorimetry is schematically shown in Fig. 6. The 
basic components are similar to the instrumentation 
used in phase and modulation fluorometry. 
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Fig. 6. Block diagram of phase-resolved phosphorimeter. 25 
A, power supply; B, source starter circuit; C, power sup- 
ply; D, operational amplifier and current booster, E, 
modulation circuit; F, excitation and emission monochro- 
mators; G, photomultiplier; H, photomultiplier power sup- 
ply; I, load resistors for photomultiplier; J, differential 
amplifier; K, lock-in amplifier; L, potentiometric recorder; 
M, xenon arc lamp; N, sample composition. (Reprinted 
by permission from Anal. Chem., 1974, 46, 1195. Copyright 

by the American Chemical Society.) 

Source. The source of excitation, a 150-W xenon 
arc lamp, is operated by a special starting and modu- 
lation circuit devised to keep the arc operating at 
a constant intensity level, and to superimpose a sinu- 
soidal variation in source intensity: 

Detector. The detector is a conventional photomul- 
tiplier tube; the measurement system is a lock-in 
amplifier which indicates the average a.c. component 
of the incoming signal. 

Analytical studies 

Phosphorescence lifetimes. Phosphorescence life- 
times can be determined by phase-resolved phosphor- 
imetry, by using the expressions for the degree of 
modulation, rap, or the phase-shift angle, 0p, (see Table 
8), and the experimental curves for variation with the 
frequency of modulation. Phosphorescence lifetimes 
calculated by this method are in good agreement with 
those obtained by time-resolved phosphorimetry, but 
difficulties of measurement at very low frequencies 
(<  10 Hz) make it very difficult to determine lifetimes 
longer than about 50 msec. 

Qualitative analysis of synthetic mixtures. Severely 
overlapping emission spectra of phosphors can be 
resolved by means of either the phase or frequency 
methods of "phasing out" one of the components of 
a binary mixture. Even if the excitation and emission 
spectra of the two components do not completely 
overlap, phase:resolution may still be very useful, if 
one component.~mits a much stronger phosphores- 
cence than the other. If the stronger phosphor is 
phased out, the spectrum of the weaker phosphor can 
be more conveniently measured. 

Quantitative analysis of  binary mixtures. The phase 
method is also useful for quantitative analysis of bi- 

nary mixtures of organic compounds. The composi- 
tion of the mixture is determined from the analytical 
curves obtained for standard solutions of two com- 
pounds of a binary mixture, measured at the phase 
angle where the phosphorescent signal from one of 
the compounds is phased out. 

Analytical data indicate that relative errors in the 
concentrations found in synthetic binary mixtures are 
10% or less. However, larger errors are observed in 
two cases: 

(/) when the concentration of each of the com- 
ponents in the mixture is more than 10-5M, less ac- 
curate results are obtained, probably because of an 
inner-filter effect; 

(ii) when the concentration ratio of a strongly phos- 
phoreseent species to a weaker phosphorescent spe- 
cies is/> 10, a large error is introduced into the deter- 
mination of the weaker phosphor; this probably 
results from the inability to phase out the strong sig- 
nal completely and also the difficulty of detecting the 
weaker phosphor signal in the presence of the large 
noise componerit coming primarily from the species 
with the stronger signal. 

ROOM-TEMPERATURE PHOSPHORESCENCE 

The recently observed phenomenon of room- 
temperature phosphorescence from ionic organic 
compounds 011 dry supports 36,av has just been devel- 
oped into a new method of phosphorescence analysis 
by Paynter, WeUons and Winefordner. 26 

A filter-paper cell-system is proposed, and the pro- 
cedure for drying the sample seems essential for 
reproducible and sufficiently intense phosphorescence 
measurements to be obtained. E6 

Although only a few ionic organic compounds 
have so far been tested by this technique, they are 
representative of a variety of polynuclcar carboxylic 
or sulphonic acids, phenols, and amines. Preliminary 
results indicate that relatively low limits of detection, 
sometimes in the nanogram region, are possible by 
room-temperature phosphorescence. With necessary 
improvements, this method should provide a new and 
sensitive analytical tool, particularly useful for mole- 
cules of biological interest. 

REFERENCES 

1. (3. N. Lewis and M. Kasha, J. Am. Chem. Soc., 1944, 
66, 2100. 

2. R. J. Keirs, R. O. Britt and W. E. Wentworth, Anal. 
Chem., 1957, 29, 202. 

3. M. Zander, Phosphorimetry. The Application of Phos- 
phorescence to the Analysis of Organic Compounds. 
Academic Press, New York, 1968. 

4. J. D. Winefordner, W. J. McCarthy and P. A. St. John, 
Methods of Biochemical Analysis, D. Glick, ed. Vol. 
15. Interscience, New York, 1968. 

5. C. A. Parker, Photoluminescence of Solutions, Elsevier, 
New York, 1968. 

6. J. D. Winefordner, P. A. St. John and W. J. McCarthy, 
Fluorescence Assay in Biology and Medicine, Vol. II, 
S. Udenfriend, ed. Academic Press, New York, 1969. 



Phosphorimetry, a spectrochemical method of analysis 715 

7. J. D. Winefordner, Phorphorimetry, in Accuracy in 
Spectrophotometry and Luminescence Measurements, in 
Proc. Conf'. N.B.S. 22-24 March 1972. NBS Spec. Publ. 
378, Washington, 1973. 

8. W. J. McCarthy, Phosphorescence Spectrometry, in 
Spectrochemical Methods of Analysis, J. D. Wine- 
fordner, ed. Wiley-Interscience, New York, 1971. 

9. R. Zweidinger and J. D. Winefordner, Anal. Chem., 
1970, 42, 639. 

10. R. J. Lukasiewicz, P. A. Rozynes, L. B. Sanders and 
J. D. Winefordner, ibid., 1972, 44, 237. 

11. R. J. Lukasiewcz, J. J. Mousa and J. D. Winefordner, 
ibid., 1972, 44, 963. 

12. ldem, ibid., 1972, 44, 1339. 
13. J. J. Aaron and J. D. Winefordner, ibid., 1972, 44, 2122. 
14. ldem, ibid., 1972, 44, 2127. 
15. W. J. Spann, J. L Mousa, J. J. Aaron and J. D. Wine- 

fordner, Anal. Biochem. 1973, 53, 154. 
16. J. J. Aaron, L. B. Sanders and J. D. Winefordner, ~lin. 

Chim. Acta, 1973, 45, 375. 
17. J. J. Aaron, J. J. Mousa and J. D. Winefordner, Ta- 

lanta, 1973, 20, 279. 
18. J. J. Aaron, W. J. Spann and J. D. Winefordner, ibid., 

1973, 20, 855. 
19. J. J. Aaron, R. Fisher and J. D. Winefordner, Talanta; 

1974, 2. 
20. J. D. Winefordner, Accounts Chem. Res., 1969, 2, 361. 
21. R. P. Fisher and J. D. Winefordner, Anal. Chem., 1972, 

44, 948. 
22. C. M. O'Donnell, K. F. Harbaugh, R. P. Fisher and 

J. D. Winefordner, ibid., 1973, 45, 609. 

23. K. F. Harbaugh, C. M. O'Donnell and J. D. Wine- 
fordner, ibid., 1973, 45, 381. 

24. Idem, ibid., 1974, 46, 1206. 
25. J. J. Mousa and J. D. Winefordner, ibid., 1974, 46, 

1195. 
26. R. A. Paynter, S. L. Wellons and J. D. Winefordner, 

ibid., 1974, 46, 736. 
27. J. D. Winefordner and P. A. St. John, ibid., 1963, 35, 

2211. 
28. D. Kubelka and F. Munk, Z. Techn. Physik, 1931, 12, 

593. 
29. H. C. Hollitield and J. D. Winefordner, Anal. Chem., 

1968, 40, 1759. 
30. T. C. O'Haver and J. D. Winefordner, J. Chem. Educ., 

1969, 46, 241. 
31. D. M. Fabrick and J. D. Winefordner, Talanta, 1973, 

20, 1220. 
32. D. R. Wirz~ D. L. Wilson and G. H. Schenk, Anal. 

Chem., 1974, 46, 896. 
33. S. P. McGlynn, T. Azumi and M. Kinoshita, Molecular 

Spectroscopy of the Triplet State. Prentice-Hall, Engle- 
wood Cliffs, 1969. 

34. T. C. O'Haver and J. D. Winefordner, Anal. Chem., 
1966, 38, 602. 

35. ldem, ibid., 1966, 38, 1258. 
36. E. M. Schulman and C. Walling, Science, 1972, 178, 

53. 
37. Idem, J. Phys. Chem., 1973, 77, 902. 

rAL 22/9--n  



Talanta, Vol. 22, pp. 717-727. Pergamon Press, 1975. Printed in Great Britain 

A HIGH-PRECISION TITRATION OF 
4-AMINOPYRIDINE 

A VALUE F O R  T H E  FARADAY 

WILLIAM F. KOCH, WILLIAM C. HOYLE and HARVEY DmHL 

Department of Chemistry, Iowa State University, Ames, Iowa 50010, U.S.A. 

(Received 29 August 1974. Accepted 15 January 1975) 

Summary--A specimen of 4-aminopyridine purified by repeated sublimation in an atmosphere of 
nitrogen has been titrated coulometrically in two ways: (1) directly, using the hydrazine-platinum anode, 
and (2) with perchloric acid, the titration being completed coulometrically and the perchloric acid 
being standardized coulometrically. The values for the faraday calculated from these titrations are 
96,486.40 (1'53) and 96,486-78 (0.57), 1972 NBS coulombs per mole, respectively, the average being 
96,486"69 (0-81) and the numbers in the parentheses the standard deviations. The maximum error 
obtained by combining the estimated maximum errors in the various measurements was 8.4 ppm. 

In selecting a base for a high-precision coulometric 
titration we chose 4-aminopyridine. 4-Aminopyridine 

can be purified by sublimation, thus ensuring the 
absence of occluded solvent. The melting point, 
159<)9 °, lies in a convenient range for obtaining a 
freezing curve for an estimate of the total impurity 
present. One titratable group is present, pKa = 4;,63, 
sufficiently strong to provide a good end-point. The 
molecule is made up only of  carbon, hydrogen, and 
nitrogen, elements for which variation in the isotope 
abundance ratios, natural or as a result of processing, 
is probably negligible, but elements for which, if 
necessary, the abundance ratios can be determined 
without too much difficulty. Thus the titration data 
may be used for calculation of a value for the Faraday, 
based directly on carbon-I 2. 

EXPERIMENTAL 
Reagents 

4-Aminopyridine. Crude 4-aminopyridine (Reilly Tar and 
Chemical Corporation, Indianapolis, Indiana) was pow- 
dered, dried at 105 ° lor 10 hr, and subjected to a prelimi- 
nary sublimation in a large evaporating dish resting in 
an electric heating mantle and covered with an inverted 
glass funnel. During the first 20 hr, the material being held 
at 100 °, a yellow, low-melting substance collected on the 
funnel; this was removed and discarded. A large, perfor- 
ated filter paper was placed over the material in the dish, 
the funnel was replaced, and a coil of lead tubing was 
wrapped around the outside of the funnel. A stream of 
cold water was passed through the tubing and the tempera- 
ture of the material was raised to 125 °. Colourless, crystal- 
line sublimate formed above the paper. The sublimate col- 
lected during the first 24 hr was discarded; that collected 
subsequently (during several days) was subjected to further 
sublimation. 

During the initial sublimation a hemispherical shell of 
sublimed material formed above the crude material in the 
evaporating dish. This shell consisted of numerous layers 
of crystalline material, the innermost being light brown, 
the next very dark brown, and then a series varying pro- 

gressively from brown through tan to coloudess. This 
material was crystalline in the form of needles parallel to 
the radius of the hemisphere. Apparently a zone-refining 
operation was occurring by sublimation. The 4-aminopyri- 
dine collected for further purification had passed through 
this shell. By titration with standard acid this 4-amino- 
pyridine was found to be 100% pure within the limits of 
normal titrimetric work, that is, to within 1 part in 1000 
o r  SO. 

The 4-aminopyridine was finally purified by sublimation 
in an atmosphere of nitrogen in the apparatus shown in 
Fig. 1. The 4-aminopyridine was placed in the 500-ml 
round-bottomed flask, the flask embedded in copper shot 
in an electric heating mantle, the atmosphere in the flask 
replaced by nitrogen, and flask and material heated to 
105 ° . The neck of the apparatus was maintained at 95 ° 
and the elbow at 90 ° by means of heating tapes; the col- 
lecting tube was held at room temperature. The sublima- 
tion was carried out at the rate of 1.5-2.0 g/day. The subli- 
mate appeared in successive steps in the neck, elbow, and 
collecting tube. The material which passed farthest along 
the collecting tube was rejected as possibly carrying an 
impurity of slightly higher volatility than 4-aminopyridine. 
The material in the first 15 cm (from the neck) of the col- 
lecting tube was taken for the high-precision titrations; 
this portion constituted about 90% of the total sublimate 
in the collecting tube. 

No impurity detectable by emission spectrographic exa- 
mination was present in the 4-aminopyridine, the material 
being as free in this respect as the best grades of spec- 
trographic carbon. 

To measure the total impurity, a freezing curve of this 
4-aminopyridine was obtained; 1 although attack by the 
molten 4-aminopyridine on the gold crucible of the instru- 
ment confused the results, it was concluded that the total 
impurity was less than could be detected by the instrument, 
that is, less than about 0.001 mole% (10 ppm). 

A titration of the 4-aminopyridine with 0-1M perchloric 
acid was carried out in 1.0M sodium perchlorate solution, 
the electrolyte to be used later in the coulometric titrations. 
Carbon dioxide was removed by passage of nitrogen gas 
and the solution was maintained at 26"6 °. A high-alkalinity 
glass electrode was used. The pH meter was calibrated 
with NBS standard buffer [0-025M potassium dihydrogen 
phosphate-04)25M disodium hydrogen phosphate, pH 
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Fig. 1;. Sublimation apparatus. A, electric heating mantle; 
B, copper shot; C, nitrogen inlet; D, electric heating tapes. 

6"865 at 25 ° (Bates2)] and the range scale was checked 
against NBS buffers (0.05M potassium hydrogen phthalate, 
pH 4.008 at 25 °, and 0.01M sodium tetraborate, pH 9.180 
at 25°). The pH at the mid-point was taken as pKA and 
no correction for activity was made. Found: pKB = 4'63 
(26'6 °, 1.0M sodium perchlorate). 

Sodium perchlorate. Vacuum-distilled perchloric acid was 
heated to boiling, cooled to room temperature with 
nitrogen bubbling through it to remove chlorine, and 
diluted to 2.0M. The acid was neutralized with carbonate- 
free sodium hydroxide prepared by filtering 50% sodium 
hydroxide solution, the pH brought to 5.00, and the solu- 
tion diluted to 1.0M. All dilutions were made with triply- 
distilled water. 

Sodium hydrazinium sulphate solution, 0'25M. The com- 
mercial hydrazine sulphate, N2H6SO4, was found by 
titration with sodium hydroxide to be 99'9% pure. This 
material was dissolved in I'0M sodium perchlorate and 
the pH brought to 4'5 by the addition of carbonate-free 
sodium hydroxide. The solution was made 0.25M in 
sodium hydrazinium sulphate by dilution with 1.0M 
sodium perehlorate. 

Nitrogen. Commercial "prepurified" cylinder nitrogen 
was passed through a tube containing "Ascarite" and then 
successively through scrubbers containing: (1) distilled 
water; (2) vanadium(II) sulphate in IM sulphuric acid over 
amalgamated zinc; (3) alkaline permanganate (to ensure 
the absence of hydrogen sulphide which is sometimes 
generated in the oxygen scrubber); (4) 1.0M sodium perch- 
lorate. 

Apparatus 

Coulometric titration apparatus. A Leeds & Northrup 
Model Number 7960, as described by Eckfeldt and 
Shaffer, 3 was used, the specific standard resistance and 
details of technique used being those described by Knoeck 
and Diehl. 4 The cell used was essentially that of Eckfeldt 
and Shaffer as modified by Knoeck and Diehl. A side-arm 
of short length and large diameter was added to accommo- 
date more conveniently the glass and saturated calomel 
electrodes, Fig. 2. The ultrafine glass frit used in the con- 
struction of the shield tube was replaced by a length of 
unfired Vycor rod, a use of this material proposed by 
Durst; 5 two methods of affixing the rod to the glass tube 
were used [Fig. 3a (used in preliminary titrations)'and Fig. 
3b (used in the final titrations)], In 3a the unfired Vycor 
rod, 25 mm in length, 14 mm in diameter, was sealed inside 
a glass tube 1.5 mm larger in diameter, with Silicon Seal 
(General Electric Company). The seal was allowed to cure 
for a minimum of 2 weeks, In 3b the Yycor rod was butted 
against a glass tube of identical outside diameter and the 
assembly jacketed with 50 mm of heat-shrinkable Teflon 
tubing 6 (Chemplast, Inc., Wayne, New Jersey). About 
2 mm of the Teflon tubing was left projecting beyond the 
end of the rod. The assembly was heated in an oven for 

Fig. 2. Coulometric titration cell. A, platinum working 
electrode; B, platinum counter-electrode; C, glass frit on 
bottom of inner shield-tube; D, unfired "Vycor" on bottom 
of intermediate chamber; E, nitrogen inlet; F, combination 
pH electrode; G, sample inlet; H, magnetic stirring bar. 

I, "Plexiglass" covers. 
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Fig. 3. Shield tube made by using unfired "Vycor": a, seal 
, made with "Silicon Seal"; b, seal made with heat-shrink- 

able Teflon. A, unfired "Vycor"; B, "Silicon Seal"; C, heat- 
shrinkable Teflon; D, glass frit; E, siphon tube. 
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Table 1. Potentials of standard (unsaturated) cells, in 1 July 1972, NBS volts (based on NBS calibration, December 
• 1974) 

Difference 
(E791896-E806020)  

Date Cell No. 791896 Cell No. 806020 ~V 

October 1973 1.019244 (24'0 °) 1.019212 (24"0 °) 32 
(dE/dT= -3 ' 2  x 10 -6 V/deg)* (dE/dT= -3 '7  x 10 -6 V/deg)* 

Interval 22-24 
(5 months) 

March 1974 1.019235 (25'9 ° ) 1.019222 (25.9 ° ) 13 
[1.019238 (25.9°)]i " [1.019205 (25"9°)]5. 

Interval 22-24 
(2 weeks) 

April 1974 1.019244 (23.2 ° ) 1"019225 (23"2 ° ) 18-20 
[1'019244 (23.2°)]5" [1.019212 (23"2°)]I " 

October 1974 1.019236 (26.00°)~ 1.019209 (26.00 °) 27 
[1.019238 (26"00°)]5" [1.019205 (26.00°)']5" 

* ET = (dE/dT)(T-  24"0 °) + E:,.oo. 
i" Calculated from October 1973 value and temperature coefficient. 
§This value (1.019244V at 24.00 °) was used in the January .1975 recalculation leading to the results in Tables 

3 and 4. 

Table 2. Resistance of Leeds & Northrup Standard Resis- 
tor, Serial Number 1711765 

Resistance, Uncertainty, 
ohms at 25'00 ° ppm 

Leeds & Northrup Company, 
January 1967" 19.99979 20 

C. A. Swenson't, July 1973 19.9996 10 
National Bureau of Standards§, 

October.December i974 19.999703 0.2 

* After having been stored by the manufacturer for 1 
yr. Value traceable to the National Bureau of Standards 
through NBS Test Number 211"01/189516 and 189517, 
August 1966. 

5" By comparison with five 10-ohm resistors of similar 
construction by the Leeds & Northrup Company, using 
an a.c. potentiometer, Automatic Systems Laboratories, 
Ltd., Leighton Buzzard, England, Model 103, Serial 
Number 014. Values of the 10-ohm resistors traceable to 
the National Bureau of Standards. 

§ Calibration made under the same loading (64 mA) as 
used in the coulometric titrations made in this work. 

3tir at 115 °. At higher temperature the Vycor shattered. 
Both assemblies, 3a and 3b, were soaked in I'0M sodium 
perchlorate for 48 hr and conditioned by running electri- 
city through them for 8 hr in a mock coulometric titration. 
This conditioning was essential to remove the acid remain- 

ing within the Vycor from the manufacture. Considerable 
trouble was experienced with 3a cracking, and 3b proved I 
better in routine use. 

The electrolyte was removed periodically by siphoning 
through the tube shown in Fig. 3b; the level of electrolyte 
around the counter-electrode was kept just above the top 
of the electrode, thus ensuring continual flow of electro- 
lyte from the intermediate chamber into the electrode com- 
partment. 

Measurement ofpH. The pH was measured with a com- 
bination electrode and an expanded range pH meter manu- 
factured by Hach Chemical Company, Ames, Iowa, Model 
No. 8596, Serial No. 4, readable to 0.001 pH unit. The 
4M potassium chloride solution surrounding the external, 
silver-silver chloride reference electrode of the combina- 
tion electrode, was replaced with 4M sodium chloride to 
prevent the precipitation of potassium perchlorate at the 
porous ceramic junction. The pH meter was calibrated 
with the NBS buffer 0.025M potassium dihydrogen phos- 
phate-0.025M disodium hydrogen phosphate, pH 6"865 at 
25 ° , immediately before each titration. The drift of this 
unit, as indicated by the change in calibration from day 
to day, was less than (>02 pH unit per 24 hr. 

Measurement of current, potential, time and mass 

Electromotive force. Two standard cells were used, both 
unsaturated Weston Cells manufactured by the Eppley 
Laboratory, Inc., Newport, R.I., Catalogue Number 100, 
Serial Numbers 791896 and 806020. The potentials of these 

Table 3. Coulometric titration of 4-aminopyridine with acid generated at the hydrazine-platinum anode 

Titration 
No. 

Weight of Quantity of Electrical equivalent 
4-aminopyridine, electricity, per gram 

q 1972 NBS coulombs 1972 NBS coulombs/o 
Value of the faraday, 

1972 NBS coulombs/mole 

1 1.007170 
2 3.004429 
3 3.009784 
4 2.004910 
5 3.003388 
6 3.000431 

826.0031 1025" 1534 96,484.38 
2464.0836 1025" 1881 96,487-65 
2468.4327 1025'1703 96,485.97 
1644-3454 1025" 1989 96,488.66 
2463' 1927 1025-1726 96,486-19 
2460.7518 t025.1658 96,485-55 

Average 96,486.40 
Standard deviation of the individual observations 1.53 

Standard deviation of the mean 0.62 

Mol. wt. 4-aminopyridine: 94.11702; purity of 4-aminopyridine: 100~. 
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Table 4. Titration of 4-aminopyridine with perchloric acid (coulometric end-point) and standardization of perchloric 
acid coulometrically 

Standardization of perchloric acid 
Weight of Concentration of 

Titration perchloric acid, Quantity of electricity perchloric acid, 
No. ff 1972 NBS coulombs 1972 NBS coulombs/o 

1 25-1721 219ff4280 87.01809 
2 25"8985 2253'6769 87.01959 
3 25.8424 2248-7433 87'01759 
4 30.8234 2682"2112 87'01867 
5 20"1659 1754-8024 87.01830 
6 20-1630 1754"5662 87'01910 

Average 87'01856 
Standard devmtion of the individual observation 0.00072 

Standard deviation of themcan  0-00030 

Titration of 4-aminopyridine 
Headings of columns: A, titration number; B, weight of 4-aminopyridine; C, weight of perchloric acid; D, electricity 

delivered via perchloric acid; E, additional electricity to reach end-point; F, total electricity; G, electrical equivalent 
per gram; H, value of faraday (C = 1972 NBS coulombs): 

Mol. wt. 4-Aminopyridine: 94"11702. Purity of 4-aminopyridine: 100% 

A B C D E F G H 
Number g g C C C C/# C/mole 

1 2'183418 27'3884 2383.2990 
2 2.174815 27.4146 2385"5789 
3 2'155224 27'1490 2362.4667 
4 2"083729 25.5475 2223'1065 
5 2.057622 24-8447 2161.9499 
6 2.102143 25'8854 2252"5101 

144.8926 2238.4064 1 0 2 5 " 1 8 4 7  96,487.33 
156'0075 2229.5714 1025.1773 96,486.63 
152.9856 2209.4811 1025'1749 96,486-41 
86'9306 2136"1759 1025'1696 96,485'91 
52'5151 2109.4348 1025.1810 96,486'98 
97-4238 2155"0863 1025'1855 96,487"40 

Average 96,486.78 
Standard deviation of the individual observation 0"57 

Standard devmtion of the mean 0'23 

cells were determined by Mr. W. A. Rhinehart in the Ames 
Laboratory of the U.S. Atomic Energy Commission during 
October 1973, March 1974, April 1974, and again in 
October 1974, by comparison with a bank of three satu- 
rated Weston cells in a constant temperature box, Eppley 
Model 121, Serial Number 3955. The potential of these 
three cells is traceable v/a an Eppley certificate dated 1 
July, 1969 to a National Bureau of Standards calibration, 
Test Number 197281, dated 20 February 1969. The poten- 
tial of these cells was thus based on the value of the NBS 
volt adopted on 1 January 1969. The potentials of the three 
cells were redetermined during November 1974 by com- 
parison with the travelling volt standard of the National 
Bureau of Standards, Enclosure 1900, operating at a 
nominal temperature of 32"00°; NBS Test Number 211.01/ 
211655 dated 19 December 1974. The procedure followed 
in this calibration was that prescribed by the NBS. The 
values obtained for the three cells in set 3955 were on 
the average 3.01 ppm higher than those of the 1969 
calibration. On the assumption that the cells of set 3955 
remained unchanged during the period October 1973- 
October 1974, the potentials of the cells of set 3955 and 
of the unsaturated cells used in the titration work were 
recalculated during January 1975 to the NBS values of 
December 1974; the new values are used in Tables 1, 3 
and 4. The calibration of December 1974 places the poten- 
tials on the basis of the NBS (U.S. legal) volt, which since 
1 July 1972 has been referred to the Josephson junction. 7 

For the comparison of the unsaturated (working) cells 
791896 and 806020, cells 791896 and 806020 were placed 
in an environmental chamber and, in the October 1973 
calibration; the temperature was changed successively from 
18 ° to 23 °, 28 °, 33 ° and back to 23 °, each temperature 
being steady to better than 0.1°; in the other calibrations 

measurements were made at a single temperature. After 
each change, time was allowed for the system to reach 
thermal equilibrium and comparisons were made until 
three successive readings at intervals of several hours were 
essentially identical. The comparison was made by using 
a differential voltmeter (John Fluke Mfg. Co., Inc., Seattle, 
Washington, Model 895A) which has an internal Kelvin- 
Varley voltage divider, as a transfer standard; switching 
was done with a Leeds & Northrup low thermal switch. 
The temperature coefficient was obtained from the slope 
of the straight line obtained from the October data .by 
least-squares treatment. 

The coulometric titrations were carried out in a constant 
temperature room held at 24~0 + 0.5 °. Cells 791896 and 
806020 were placed inside a box with polystyrene walls 
5 cm thick. The temperature of the cells followed changes 
in the room temperature very slowly and at no time 
changed sut~ciently to.vary the potential by more than 3 #V. 
Intercomparison of the two cells was made at intervals 
with the Type K-5 potentiometer used in the titration work. 

Cell 791896 proved stable throughout the work (Table 
1); cell 806020 underwent changes when moved, but all 
were below 10/~V. Fortunately, all of the work, that is, 
the standardization of the perehloric acid, the titration of 
THAM, s and the titration of the 4-aminopyridine, was 
done with cell 791896. 

The sequence of calibrations and titrations was: October 
1973 calibrations; perchloric acid standardizations 1, 2 and 
3 (Table 4); back-titrations of THAM; s standardizations 
4 and 5; back-titrations of 4-aminopyridine (Table 4); 
standardization 6; March 1974 calibration; April 1974 
calibration; titrations of 4-aminopyridine, using the hydra- 
zine-platinum anode (Table 3); October 1974 calibration; 
November 1974 calibrations. 
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Faraday 
Value, Error, 

Method coulombs/mole f ppm s Authors 

Silver oxidation ~ 96,486.6 (2' 1)h 16 

96,486.70 (0"54) ~'" 5.5 

Arsenic trioxide oxidation b 96,486"3 (3"1) j 32 
Benzoic acid reduction c 96,487-5 (2.1) ~ 25 
Oxalic acid dihydrate 

reduction c 96,486.2 (1.7) 1 34 
4-Aminopyridine oxidation d 

and reduction c 96,486"69 (~81) m'" 8'4 

Craig, Hoffman, Law and Hamer; 2s see 
also Hamer 29 

Craig, Hoffman, Law and Hamer 2s as 
recalculated by Taylor, Parker and 
Langenberg a° 

Marinenko and Taylor 31 
Marinenko and Taylor 32 

Marinenko and Taylor a2 

This work 

a Dissolution of silver at the anode. 
bTitration of arsenite with iodine generated at the anode. 
¢ Reduction in the sense of titration with base generated at the cathode. 
d,~ Combination of results by two methods based on 4-aminopyridine. O~idation in the sense of titration with acid 

generated at the hydrazine sulphate--platinum anode; reduction in the sense of titration of excess of perchloric acid 
with base generated at the cathode. 

f Coulombs on the basis of the NBS as-maintained volt after the change in the value of the volt made 1 January 
1969; see reference 30, p. 443, column 1. Pre-1969 values raised 8"4 ppm. None of the numbers appearing in this 
table is affected by the redefinition in 1972 of the volt, referring it to the Josephson junction. 

8 Error in ppm includes systematic and random errors as cited by authors. 
Based on 9 vacuum values by Craig, Hoffman, Law and Hamer as recalculated by Hamer using a new value 

for the atomic weight of silver. Figure given in parentheses is the standard deviation of the individual result as calculated 
from the standard deviation of the mean, a~ = 0-7, given by the original authors (a~ = ~/x/n). 

i Standard deviation obtained by including all 31 values by the  original authors: 
J Standard deviation calculated from results reported, 5 degrees of freedom. 
k Standard deviation calculated from results reported, 18 degrees of freedom; authors give 25 ppm for "overall limits 

of error". 
Standard deviation of results reported, 10 degrees of freedom; authors give 34 ppm as "overall limits of error". 

,1A weighted average of two sets of titrations. The uncertainty is the combined random plus systematic errors expressed 
as the standard deviation of the mean and reported in coulombs per mole (in parentheses) and in ppm. The value 
is given in 1972 NBS coulombs per mole. 

n An additional figure has been included, following the practice of Taylor, Parker and Langenberg (ref. 30, p. 485, 
column 2), to avoid errors caused by rounding off. 

When purchased in November 1966, the cells had poten- 
tials of 1'01936 V (791896) and 1-01930 V (806020) at 23 °. 
The experimentally found drop in potential with aging was 
predicted by Mr. R. H. Verity of Leeds & Northrup and 
is not inconsistent with the findings of Hamer in his exten- 
sive studies 9 of the potential standards (saturated Weston 
cells) and other (unsaturated) cells at the National Bureau 
of Standards. By a detailed review of the calibration work, 
Mr. Wayne A. Rhinehart placed the uncertainty in the 
potential of cell 791896 at 4 ppm. 

Resistance. The 20-ohm resistor used was manufactured 
and calibrated by the Leeds & Northrup Company, Cata- 
logue Number 4025-B-S, Serial Number 1711765. The 
calibrations of this resistor and the uncertainty are given 
in Table 2. The value 19'999703 ohms at 25-00 ° was used 
in calculating the results of the titration s made in this 
work, Tables 3 and 4 (as recalculated during January 1975). 

The temperature coefficient of resistor 1711765 was 
stated by Leeds & Northrup to be given by 

Rr = R25[1 + 0.000002(T - 25) - 0-0000005(T - 25) 2] 

During the course of the titrations, the resistor was im- 
mersed in an oil-bath at 25-0 °. A rise in temperature of 
the resistor of 1'5 ° occurred owing to the passage of cur- 
rent (about 64 mA). During each titration the temperature 
of the resistor was measured and the resistance at that 
temperature used in the calculations. 

Potential drop. The potential drop over the 20-ohm resis- 
tor, Number 1711765, was measured with a Leeds & 
Northrup Type K-5 potentiometer, Model 7555-I-B, Serial 

Number 1713729, calibrated at the Leeds & Northrup 
standardization laboratory in February 1967 at a room 
temperature of 25 ° via the set of reference standards men- 
tioned above. During August 1973, calibration of the K-5 
potentiometer was checked in accordance with the operat- 
ing manual. No adjustments were necessary. At the poten- 
tials measured, no corrections to the potential readings 
were required. The certificate accompanying the instru- 
ment places the error on the I-6-V range at less than 
+0-001% + 2/zV. This error applies to the difference in 
the potentials measured in the calibration (cell 791896), 
1"019241 V, and that observed at the 63.4-mA current, 
1-268 V, i.e., about (~2498 V; the error is thus 2"5 /zV. 
Since the end correction of +2/~V in effect cancels, the 
error in the measurement of potential drop was estimated 
to be less than 3/~V. 

Time. An  electronic counter, Computer Measurements 
Co., Model 225CN, Serial Number 74186, was used. It 
was calibrated by using the standard time signals of Radio 
Station WWV of the National Bureau of Standards: 

Elapsed time, hr 13 16 18 
Deviation (counter slow), ppm 19-3 19'4 t 9.4 

A correction of 19-4 ppm was added to all time intervals 
recorded. 

In preliminary work, the mechanical counter and fre- 
quency standard provided as original equipment with the 
Leeds & Northrup Coulometric Analyser were used. For 
the calibration of this timing method, see the theses of 
Hoyle 1° and KochJ t 
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Mass. A set of two-piece rhodium-plated brass weights 
manufactured by Ainsworth, Inc., Englewood, Colorado, 
Serial Number 9156, and calibrated at the National Bureau 
of Standards, NBS Calibration Test Number G-37168, 
May 1967 was used. The weights in this set are thus "air- 
weight" weights, the platinum and aluminium fractionals 
being corrected for buoyancy to apparent weight of brass 
of density 8'4 g/cm 3 in air of density 1.2 g/l. (see the rele- 
vant publications of the National Bureau of Stan- 
dards ~2-t4 and of Biggs relative to similar practice at the 
National Physical Laboratory.15 Weighings were made on 
an Ainsworth FDJ equal-arm microbalance. All weighings 
of 4-aminopyridine were made by substitution; the empty 
boat and the weight of appropriate size were weighed 
together (tared), the weight was removed, and the 4-amino- 
pyridine added to the boat until the weight was within 
0-002 g of the tare, and the weighing completed with the 
calibrated rider. Boat and 4-aminopyridine together subse- 
quently entered the reaction vessel and electrolyte. Only 
three weights (l-g, 2-g and rider) were involved in the 
entire set of weighings. 

Weighings were corrected to weight in vacuum, using 
for the density of 4-aminopyridine 1.2695 g/cm 3 (found by 
the pycnometer method using mineral oil), for the density 
of the weights 8.40g/era a (the value used by the National 
Bureau of Standards during the calibration), and for the 
density of air, a value obtained by measuring the baro- 
metric pressure, temperature, and relative humidity pre- 
vailing at the time of weighing. For convenience in making 
the routine determinations of the density of air, a Baxter's 
globe 16 was constructed, the exterior volume of the globe 
determined by hydrostatic weighing, and the calibration 
checked occasionally under different conditions of baro- 
metric pressure, temperature and humidity. 

The weight-burette containing the perchloric acid was 
weighed on an Ainsworth single-pan balance, Model 28N, 
from which the last three figures (down to 0"1 mg) are 
obtained from an optically projected scale. The burette was 
weighed and replaced by the calibrated weights to the 
nearest 0.1 g below its weight, and the last three figures 
were obtained from the optical scale. The optical scale was 
checked against the 50mg and 100mg weights of the set 
at loads of 0, 25, and 50 g and found to be independent 
of the load and true to 0"1 rag. The weight of perchloric 
acid taken was about 25 g, so the error in the weighing, 
0.1 mg, represented a relative error of 4 ppm. In making 
the correction to weight in vacuum, the density of 1.050 g/ 
cm 3, obtained by direct pycnometric measurement, was 
used. 

The weight-burette was a plastic bottle with closure 
bearing a tip with a very fine bore. This was more con- 
venient than the conventional weight-burette because the 
sample could be transferred and weighed in a much shorter 
time and losses due to evaporation minimized. The time 
of transfer, that is, from initial weighing to final weighing, 
was less than 3 min. The loss in weight from the tip was 
less thgm 0.1 nag in 20min and thus the loss in weight 
during the transfer process was estimated to be less than 
0.01 mg. 

Titration of 4-aminopyridine, using the hydrazine-platinum 
anode 

This series of titrations was carried out in the titration 
cell described above, using the hydrazine-platinum anbde 
of Hoyle, Koch, and Diehl. t7 The outer chamber of the 
shield tube was filled with 7.5M sodium perchlorate and 
the inner chamber surrounding the counter-electrode was 
filled with just sufficient 1-0M sodium perchlorate to cover 
the electrode. In the titration cell, Fig. 2, were placed 
100ml of a solution 0.25M in sodium hydrazinium sul- 
phate and I'0M in sodium perchlorate, and a magnetic 
stirring bar. Purified nitrogen was passed through the solu- 
tion for 2 hr to remove carbon dioxide and the flow was 

maintained throughout the titration. A pretitration was then 
carried out to remove any electroactive species present. 
The solution was taken forward and backward three times 
through the equivalence-point region, between pH 3 and 
6, by electrolysing with the working electrode alternately 
anodic and cathodic. During the third anodic electrolysis, 
the pH was measured as a function of time, at the lower 
current setting, approximately 6.4 mA. The potential drop 
across the standard resistor was also recorded. 

The weighed sample of 4-aminopyridine was introduced 
by lowering the weighing boat plus the amine into the 
electrolyte by a platinum wire. The solution was then elec- 
trolysed anodically at about 63.4 mA. The major part of 
the titration required about 10.5 hr for a 3-g sample. At 
30-min intervals the potential across the standard resistor, 
the temperat~are of the resistor, and the pH of the solution 
were recorded. Anolyte was extracted from the inner shield 
tube and 7.5M sodium perchlorate added to the outer 
chamber of the shield tube to maintain a slow flow of 
electrolyte into the cathode chamber. When the pH of the 
main solution reached 5.5, the titration was interrupted 
and the walls of the titration chamber were rinsed with 
triply-distilled water. The titration was continued at a cur- 
rent of approximately 6.4 mA delivered in 20-sec incre- 
ments, the pH, time; and potential drop across the resistor 
being measured. Between additions sufficient time was 
allowed for the solution to equilibrate before the pH was 
recorded. 

In each analysis, two equivalence points were deter- 
mined, that in the pretitration and that in the actual 
titration. The point of inflection was found by a computer 
technique ~s that had been found superior to Yan's finite 
difference method 19 or visual inspection of a graph. 

The number of coulombs passed was calculated from 

CT,,t~l = A + B + C 

where A is the number of coulombs delivered during the 
pretitration (current approximately 6.4 mA) from the point 
of inflection to the beginning of the main phase of the 
titration, as given by E2tffR(t = time), B is the number 
of coulombs delivered during the main phase of the 
titration (current approximately 63.4 mA), calculated from 
E2tffR, and C is the number of coulombs delivered during 
the concluding phase of the titration (current approxi- 
mately 6.4 mA), calculated from E3t3/R. The quantities E~ 
and E3 were the averages of 4-6 readings, E2 of 15-25 
readings. The value of the faraday was calculated from 
F = (CTot~0(equiv. wt.)/(5/4)(wt. 4-aminopyridine). 

Titration of 4-aminopyridine, using perchloric acid standar- 
dized coulometricaUy 

The outer chamber of the shield tube ("intermediate 
chamber" of the titration cell) was filled with 7'5M sodium 
perchlorate and the inner chamber surrounding the 
counter-electrode (anode in this instance) with just suffi- 
cient 1-0M sodium perchlorate to  cover the electrode. In 
the titration cell, Fig. 2, were placed 80 ml of 1.0M sodium 
perchlorate and a magnetic stirring bar. The pH was 
brought to 3 by the addition of 1M perchloric acid (the 
same acid as used later). Purified nitrogen was passed 
through the solution for 2 hr to remove carbon dioxide. 
The flow of nitrogen was maintained throughout the 
titration. The electrolyte was then pretitrated to remove 
any electroactive species present by cathodically generating 
hydroxide ion in the cell. When the solution reached pH 
9, the electrolysis was stoppe.d and the solution was acidi- 
fied by the addition of IM perehloric acid. 

This sequence was repeated three times. During the third 
electrolysis, the pH was measured as a function of time, 
at the lower current setting, approximately 6-4 mA. The 
potential drop across the standard resistor was also 
recorded. The weighed sample of 4-aminopyridine was in- 
troduced by lowering the weighing boat plus the amine 



A value for the Faraday 723 

into the electrolyte by a platinum wire. A slight excess 
of standard perchloric acid was added from the weight 
burette. The solution was then electrolysed eathodically, 
at about 63.4 mA. At 5-rain intervals, the potential across 
the standard resistor, the temperature of the resistor and 
the pH of the solution were recorded. Anolyte was 
extracted from the inner shield tube and 7.5M sodium 
perchlorate added to the outer chamber of the shield tube 
to maintain a slow flow of electrolyte into the anode 
chamber. When the main solution reached pH 3.5 the 
titration was interrupted and the walls of the titration 
chamber rinsed with triply-distilled water. The titration 
was continued at a current of approximately 6.4 mA deli- 
vered in 20-sec increments, the pH, time, and potential 
drop across the resistor being measured. Between additions 
sufficient time was allowed for the solution to equilibrate 
before the pH was recorded. 

The perchloric acid was standardized in a similar man- 
ner. The major part of the titration required about 9 hr; 
the potential drop over the standard resistor was measured 
every 30 rain during this period. 

In each analysis, two equivalence points were deter- 
mined, that in the pretitration and that in the actual 
titration. The equivalence points in the pretitrations and 
the standardization of the perchloric acid were determined 
by the method of Yan. 19 In the titrations in which 4- 
aminopyridine was present (actually back-titrations of 
excess of perchloric acid), the point of inflection was found 
by the computer method. Is 

The concentration of the standard solution of perchloric 
acid, expressed in coulombs per gram, was calculated from 

C.c~o, = (A + B + C)/(wt. solution) 

where A, B and C have the same meanings as before. 
The excess of perchloric acid in the back-titrations, 

expressed in coulombs, was calculated from 

Ce ..... HOO,= - A + B + C  

and the net perchloric acid used, in grams, from 

CN¢tHClO4 = (wt. HC1OaXCaoo,) - (CE ..... ncto,) 

Finally, the value of the faraday was calculated from 

F = (CN,tnclo,)(equiv. wt.)/(wt. 4-aminopyridine). 

RESULTS AND DISCUSSION 

The quantity electrical equivalent per gram has 
been calculated for each titration and is reported in 
Tables 3 and 4. One electron being involved per mole- 
cule of 4-aminopyridine, it remains simply to multiply 
the electrical equivalent per gram by the best value 
of the molecular weight, to obtain the value of the 
faraday. Using the new hydrazine--platinum anode, 
five hydrogen ions are generated per four electrons 
passed; this has been taken into consideration in the 
calculations. 

The values for the faraday obtained by averaging 
the six titrations by each of the two methods were 
as follows. 

Hydrazine-platinum anode method: F = 96,486.40 
1972 NBS coulombs per mole; o.~ = 1.53 (five degrees 
of freedom); o"~ = 0.62. 

Back-titration method: (platinum cathode): F = 
96,486.78 1972 NBS coulombs per mole; o"~ = 0.57 

(five degrees of freedom); o.e = 0.23 
Here o"i and o"~ are the standard deviations 

(random errors only) of the individual observation 
and of the mean, respectively. 

We advance for the value of the faraday a weighted 
average of these values: F = 96,486.69 (0.81) 1972 
NBS coulombs per mole, in which the number in par- 
entheses is the uncertainty resulting from combining 
random and systematic errors and expressed as the 
standard deviation of the mean. This uncertainty is 
8.4 ppm. 

The weighted meah ~ and its uncertainty o.e were 
calculated by using the method followed by Taylor, 
Parker and Langenberg [ref. 30, p. 382, equation 
(10)]: 

Xh 
~ _ o . ~  ~ 

1 

o.~ ~- 

(72 1 1 1 
, -- ~..q.. o" 2 1 a2+b ah 

in which the subscripts h and b refer, respectively, 
to the hydrazine-platinum anode and back-titration 
methods, and the standard deviations of the means, 
% and ab, are the combined random error plus those 
systematic errors not common to the two methods, 
all being expressed in ppm. The uncertainties were 
combined by taking the square root of the sum of 
the squares (root-sum-square, RSS [ref. 30, p. 383, 
equation (11)]). Thus 

O'h = [(O'a, h) 2 "J" (O'cp,h)2"] 1/2 =- [(6"40) 2 + (7)2] 1/2 = 9"48 

O" b = [(O¥.b) 2 "4- (O'cp,b) 2 "[- (O'a,.stdn)2"] 1/2 

= [(2'43) 2 + (3) 2 + (3"39)2] 1/2 = 5"14 

in which the standard deviations of the mean are 
expressed as ppm (designated by the prime in the 
subscript), and the subscripts ep and stdn designate 
end-point and standardization. The end-point errors 
are the best estimates obtained as described later; for 
o.~,st,,, see Table 4. Application of these formulae 
leads to F = 96,486,69 1972 NBS coulombs per mole 
and o.h + b = 4"52 ppm. To o.h+ b was then added, 
again by the RSS method, the errors common to both 
methods (in ppm): Weston unsaturated standard cell 
(4), standard resistor (0"2), time (0.2), potential drop 
(3), mass (4), purity (3), molecular weight (0.3). The 
total was 12.7 ppm, or 1.22 coulombs per mole. 

The results presented in Tables 3 and 4 are based 
on a purity of 100% for the 4-aminopyridine; intro- 
duction of a lower value for the purity raises the value 
for the faraday. For the effect of possible impurities 
in the 4-aminopyridine, see below. The value used 
for the molecular weight of 4-aminopyridine is based 
on a recalculation of the atomic weight of nitrogen; 
see below. 

For comparison, values obtained for the faraday 
since 1960 are tabulated in Table 5. 

Estimate of error 

In estimating the errors used in the section 'immedi- 
ately above, we have attempted to give our best esti- 
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mate at the one standard deviation (70% confidence) 
level rather than the maximum possible error. Such 
estimates, the best guess on the part of the investiga- 
tor, based on his feel for his subject, are subjective, 
of course, but the practice has the sanction, and in- 
deed is the general and preferred operating practice, 
of those engaged in evaluating the fundamental con- 
stants; see Taylor, Parker and Langenberg (ref. 30, 
p. 383) and the discussion in the papers of the 1970 
symposium 34 at the National Bureau of Standards, 
in particular the paper of Thomsen. 35 

The rationale for the assessment of the errors in 
the standards of electromotive force, resistance, 
potential drop, time and mass is given in preceding 
sections under Experimental. The larger errors, in the 
detection of end-point, the measurement and in- 
tegration of current, and purity, are discussed in the 
following sections. 

Precision in location of end-point. The time of elec- 
trolysis in an individual titration is the difference 
between the points of inflection in plots of pH vs. 
time during which constant current is flowing, 
obtained from data at the beginning and the end of 
the titration. Fifteen or so data points enter into the 
determination of each point of inflection and it is dif- 
ficult to assess the cumulative effect of the start-  
stop errors on the time at the point finally selected 
for the point of inflection. This error was minimized 
by reducing the current in the end-point regions to 
one-tenth that in the main titration. The slope at the 
point of inflection in the titration using the hydra- 
zine-platinum anode was 0.002 pH/0.0064 coulombs. 
Judging from this slope and the rate of change of the 
slope through the point of inflection, we estimate the 
error in location of the point of inflection to be 0.013 
coulombs. This is about the same variation as 
obtained for any one set of data by using the com- 
puter program 18 in conjunction with pH as a function 
of time and also time as a function of pH. In terms 
of the current in the main part of the titration, this 
is 0.013 coulombs in a total of 2560 coulombs, or 
5 ppm. The difference between two end-points is in- 
volved, so the end-point error is taken as the RSS 
of the individual errors, or 7 ppm. 

Although the slope in the end-point regions in the 
standardization of perchloric acid was much greater, 
0.08 pH/0.0064 coulombs, the data were not amenable 
to the computer program and the Yan method was 
used to locate the point of inflection. The uncertainty 
was estimated at 0.004 coulombs, leading to an error 
of 1.6 ppm. In the back-titration of excess of per- 
chloric acid in the presence of 4-aminopyridine, the 
slope was 0.007 pH/0"0064 coulombs and the com- 
puter method could be used; the error was estimated 
to be 2.5 ppm for the point of inflection. The b~Ick- 
titration method involved one each of these end- 
points and the combined error is thus 3 ppm. 

We have identified some five variables affecting the 
detection of the end-point, control of which must be 
improved in future work if 1 ppm accuracy is to be 

achieved. This might be done by using the same end- 
point (point of inflection) at the beginning and end 
of the titration, so that the difference between end- 
point and equivalence point cancels. 

Measurement and integration of current. Although 
the error in the measurement of the potential drop 
over the standard 20-Ohm resistor with the type K-5 
potentiometer was estimated to be 3 ppm, variation 
in the current supply caused a 5-#V variation on the 
null-point detector. Slow drifts i n  the current, corre- 
sponding to as much as 400 pV variation in potential 
drop, occurred over the 8-hr runs; these were caused 
primarily by variations in the 110-V a.c. mains supply 
and were less in runs made at night. The potential 
measurements were made at intervals not exceeding 
30 min and the current was obtained by averaging 
the potential drops recorded. Stepwise integration of 
current vs. time with each reading gave almost identi- 
cal results. It is assumed that a central value was 
obtained in the readings of the null-point detector 
and that the product of current and time has a ran- 
dom error distribution which is included in the 
general estimate of random error. 

Effect of impurities. It is unfortunate that the freez- 
ing-point study 1 could give only an upper limit, 
10ppm, for the impurity possibly present in the 4- 
aminopyridine. At present, organic impurities as this 
level in organic compounds (metals having been 
shown to be absent) cannot be identified and deter- 
mined. If the impurities in the 4-aminopyridine are 
2-aminopyridine and 3-aminopyridine, they will be 
without effect; the equivalent weights are identical 
and although both isomers are weaker bases than 4- 
aminopyridine they will be at least 96~o in the pro- 
tonated form at the end-point pH-value used. Even 
the homologous methylaminopyridine, differing in 
molecular weight by 14, would be similarly titrated 
and cause negligible error; thus, 10 ppm of 3-methyl- 
4-aminopyridine, mol. wt. 108.14411, pKB =4.55, 
would affect the results only by  1.2 ppm. The volati- 
lity, as reflected in the melting temperature, of the 
pyridylamines isomeric and homologous to 4-amino- 
pyridine, makes it very unlikely that any of them 
would be present as an impurity in carefully sublimed 
4-aminopyridine. The effect of symmetry of the mole- 
cule on melting point is about as dramatic among 
the pyridylamines as in any class of organic com- 
pounds other than the tetra-aryl lead compounds: 

Aminopyridine m.p. pKa Aminopyridine m.p. pKB 

4- 159 ° 4'63 3- 64 ° 7'97 
3-Me-4- 108 ° 4"55 4-Me-3- 106 ° 
3-Et-4- 73 ° 4-51 6-Me-3- 96 ° 
3-iso-Pr-4- 52 ° 4"41 2- 56 ° 7'29 
2,6-Di(Me)-4- 192 ° 3-Me-2- 26 ° 6.76 
3,5-Di(Me)-4- 83 ° 4-47 4-Me-2- 98 ° 6'52 

41 ° 6.59 2,3,4,5-Tetra(Me)-4- 197 ° 3-43 6-Me-2- 

Except for the highly symmetrical 2,6-dimethyl and 
2,3,5,6-tetramethyl compounds, the low m.p. and the 
volatility characteristics of all of these aminopyridines 
would favour their removal early in the process of 
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subliming 4-aminopyridine. The synthesis of 4-amino- 
pyridine from acetaldehyde (acrolein may be present) 
and ammonia proceeds through the isolation of 4- 
methylpyridine from other picolines, the oxidation to 
pyridine-4-carboxylic acid, conversion into the amide 
or hydrazide, and degradation to 4-aminopyridine. 2° 
The quite different properties of the hydrocarbon, car- 
boxylic acid, and amide from those of the aminopyri- 
dine make it unlikely that these compounds would 
be carried through to the final product and thus the 
likely impurities are the isomeric and homologous 
compounds. There is no gainsaying, however, that the 
commercial 4-aminopyridine starting product used in 
this work was oily and that low melting materials 
were eliminated in the early stages of the sublimation. 
This means that great reliance is placed on the effi- 
cacy of the sublimation and on the proof of purity 
afforded by the freezing point analysis, the sensitivity 
of which is 10 ppm. However, we feel the most prob- 
able impurities (if any) are 2-aminopyridine, 3-amino- 
pyfidine and the homologous aminomethylpyridines, 
and place the error at 3 ppm (70% confidence). 

Isotopic composition of nitrogen in the 4-aminopyri- 
dine. We have been informed 2° that although two 
routes are followed in the manufacture of 4-amino- 
pyridine at the ReiUy Tar and Chemical Corporation, 
both nitrogen atoms, that of the ring and that of the 
amino group, are derived from ammonia. Thus, the 
nitrogen in the 4-aminopyridine used in this work 
was derived from the nitrogen of the atmosphere of 
recent geologic time. 

The question of the alteration, during the chemical 
processing and purification, of the ratios of the abun- 
dances of the various species of 4-aminopyridine 
which exist as a result of the existence of isotopes 
of the three elements making up the compound, is 
not so easily answered. Probably not more than 
twenty successive sublimations were made in the puri- 
fication o f  the 4-aminopyridine, but the number is 
uncertain owing to the complexity of  what happened 
in the formation of the layered, hemispherical shell 
of 4-aminopyridine above the crude mass during the 
preliminary sublimation. It seems unlikely, however, 
that the successive steps were anywhere near sufficient 
in number to disturb the abundance ratios by more 
than the 10ppm aimed for in this work. 

Atomic weight of nitrogen and the molecular weight 
of 4-aminopyridine. For calculating the molecular 
weight of 4-aminopyridine, the following values for 
the atomic weights were used: 

C = 12.01115 _+ 0.00005 

H = 1-00797 ___ 0.00001 

N = !4-00672 _+ 0.00001 

The values for carbon and hydrogen are those given 
in the t961 Table of Atomic Weights 2~ and were used 
rather than those of the 1971 Table 22 in which the 
1961 numbers have been rounded off for general 
chemical use. A value for the atomic weight of 

nitrogen was calculated by using for the abundance 
ratio r = 14N/tSN = 272 + 0.3 and the recent values 
for the absolute masses of the isotopes of nitrogen, 
given by Wapstra and Gove: 23 

14N = 14"00307440 + 0.00000013 

15N = 15"0001093 _ 0.000(0)05 

These, with the usual formula 

N = 14N + (15N - 14N)/(1 + r) 

yield 

N = 14.006726 + 0.0000005 

The value r = '4N/lSN = 272 is that of Junk and 
Svec, 24 based on the mass spectrographic analysis of 
air of different but recent geographical origin. An ear- 
lier value by Nier, 25 t4N/~SN = 273, is an un- 
weighted mean of two sets of measurements, made 
on different instruments; much better precision was 
obtained on one of the instruments and the average 
of the measurements on it give a lower value, leading 
to t4N/15N = 272, in agreement with Junk and Svec. 
A more recent work on the abundance of the isotopes 
of nitrogen by Pilot 26 is devoted to a study of 
nitrogen from rock and mine gases and appears less 
relevant to the present work than the Junk and Svec 
work. The value for the atomic weight of nitrogen 
reported by De Bievre, Gallet and Debus 27 is based 
on the unweighted abundance ratios of all three of 
the works just mentioned and was rejected here in 
favour of the value calculated above. For the present 
work, the calculated value was rounded down to 

N = 14.00672 + if0000005 

giving some weight to the results of the second set 
of  measurements by Nier. Rounding up would cause 
an error of only 0-2 ppm. 

The number following the + sign in the values 
above represents the maximum reported in various 
studies for the effect resulting from natural variation 
in isotopic composition. This is specifically stated in 
the 1961 Report of the International Commission on 
Atomic Weights. 2~ In the De Bievre, Gallet and 
Debus values the corresponding number given is the 
standard deviation "as it reflects the variation in iso- 
topic composition of the samples used by the different 
authors, as well as many differences in the prep- 
aration and measurement technique of the sample". 

In calculating the molecular weight of 4-aminopyri- 
dine these numbers were handled by taking the root 
mean square of the estimated errors thus: 

5C + 6H + 2N = 94.11702; 
sum of squares = 133 x 10-1°; root mean 

square = 3.1 x 10 -s  

The molecular weight of 4-aminopyridine is therefore 
taken as 94-11702 + 0-00003. Thus the reported 
natural variation in the abundance of the isotopes 
of carbon, hydrogen and nitrogen represents an error 
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of 0.3 ppm in the m.w. of 4-aminopyridine, which 
is over an order of magnitude smaller than the error 
(standard deviation) in the coulometric titrations. 

Recent values for the faraday 

The currently accepted value for the faraday is 
based entirely on the silver dissolution experiments 
of Craig, Hoffman, Law and Hamer 2s as recalculated 
by Hamer 29 and by Taylor, Parker and Langen- 
berg. a° Although Taylor, Parker and Langenberg 
called for further work on the evaluation of the fara- 
day (ref. 30, p. 406, column 1; p. 482, column 2), no 
account was taken in their review of the three deter- 
minations made during 1967 and 1968 by Marinenko 
and Taylor 3L32 by the coulometric method; surely 
they deserve consideration. Taylor, Parker and Lan- 
genberg made a thorough critique (ref. 30, pp. 403-- 
406) of the Craig, Hoffrnan, Law and Hamer work. 
One possible source of error they overlooked is one 
which would be immediately obvious to an old-fash- 
ioned, atomic-weight chemist of the T. W. Richards 
school, namely that a recovery and transfer of mater- 
ial was involved. During the anodic dissolution of 
the silver, 2-259/o of the silver was sloughed from the 
anode and was recovered by filtration, drying and 
weighing. Recovery to _.+ 10ppm of the 3-g samples 
involved means recovery to + 30/~g. It is difficult to 
ensure complete recovery from the wails of the vessel 
without contamination, dry the silver without oxi- 
dation, and guarantee the stability of a porous-bot- 
tom filtering crucible (of the type used) toward atmos- 
pheric moisture. It was to meet this very problem 
of eliminating the transfer of solids that T. W. 
Richards devised the titration procedures and the 
solid-to-solid conversion in gaseous atmospheres that 
characterized the atomic-weight work at Harvard 
from 1904 on. 33 The titrimetric method, applied par- 
ticularly to metal halides, was brought to perfection 
by the invention of the nephelometer and the nephe- 
lometric end-point, and the conversion of solid to 
solid by heating in a gaseous atmosphere was effected 
in the so-called "bottling apparatus". The solid-to- 
solid procedure was used in the several, all important, 
determinations of the atomic weight of silver that 
marked the highest point to which the chemical deter- 
mination of atomic weight was carried. When 
filtration could not be avoided, complete transfer was 
proven by chemical recovery of traces of materials 
left on glass walls; the effectiveness of the filter was 
checked by repeated filtration of filtrates; constant 
checks were made on  the stability of filters; and of 
course the removal of water was given paramount 
attention. 

The work described in the present paper has the 
merits that it is based on a material prepared by sub- 
limation and that no recovery and filtration of a solid 
is involved. Offsetting this is the necessity of locating 
an end-point, with its attendant problems. The unique 
feature of the present work is that it involves the 
titration of the basic substance, 4-aminopyridine, in 

two directions, that is, by electrolysis at the anode 
and then again at the cathode. 

Following the recommendations of Taylor, Parker 
and Langenberg (ref. 30, p. 485), at the conclusion 
of their long and exhaustive treatment of the funda- 
mental physical constants, we have attempted, within 
the space limitations imposed by the journal, to pro- 
vide sufficient information "so that 10yr hence, the 
results can be updated in light of any new information 
or data which may become available." Further details 
of the work described in the present paper will be 
found in the theses of William C. Hoyle 1° and Wil- 
liam F. Koch. 1~ A bound volume of photocopies of 
the pertinent pages of the laboratory notebooks of 
W. C. Hoyle and W. F. Koch has been deposited 
in the Library of the Iowa State University and is 
catalogued in the University Archives under "Harvey 
Diehl-Faraday Data". 
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After the manuscripts of this paper and the four 
supporting papers had been submitted to Talanta for 
publication, they attracted the attention of Dr. Barry 
N. Taylor, Chief, Electricity Division, Institute for 
Basic Standards, National Bureau of Standards, 
Washington, D.C., and co-author of the profound 
least-squares treatment of the physical constants of 
1969 and 1973. Dr. Taylor expressed deep interest 
in the work and arranged to have our standards of 
resistance and potential recalibrated at the Bureau 
under his personal supervision. These calibrations 
were incorporated into the present paper by recalcu- 
lations made during January 1975. We are most 
grateful for Dr. Taylor's generous response. 

At the time this manuscript was submitted, the 
authors were unaware of another least-squares treat- 
ment of the fundamental constants, by E. R. Cohen 
and B. N. Taylor, (J. Phys. Chem. Refi Data, 1973, 
2, 663) bringing the work of Taylor, Parker and Lan- 
genberg 3° up to date; the issue carrying this paper 
did not reach the Iowa State University Library until 
mid-August 1974. Taking into account more recent 
measurements (of improved accuracy) of the gyro- 
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magnetic ratio of the proton and of the magnetic 
moment of the proton, Cohen and Taylor find the 
indirect, calculated value of the faraday, 
96,484.56(27)(+ 2.8 ppm) coulombs per mole, to be a 
more trustworthy value and reject the electrochemical 
values 2 s. 29,31.32 as being subject to error (see Cohen 
and Taylor, p. 679 and Table 13.1, pp. 704--705, p. 
723, column 2 and Tables 43.1 and 34.2, and p. 725, 
column 1). The volt and ohm of the National Bureau 
of Standards and the Bureau International des Poids 
et Mesures have now been made identical and the 
designation ABI69 is now used for the ampere. The 
accuracy of the Josephson junction method of estab- 
lishing the volt has made it possible to follow the 
progressive changes of the standard saturated cells 
at the National Bureau of Standards with time, and 
Cohen and Taylor now correct experimental work to 
take this drift into consideration. The changes are 
1-2 orders of magnitude lower than the error in 
electrochemical work at the present time. 

Further changes in values of the physical constants 
are impending because of recent work at the National 
Bureau of Standards leading to a greatly improved 
value for the Avogadro constant (R. D. Deslattes, 
A. Henins, H. A. Bowman, R. M. Schoonover, C. L. 
Carroll, I. L. Barnes, L. A. Machlan, L. J. Moore 
and W. R. Shields, Phys. Rev. Lett., 1974, 33, 463). 
For an insight into the procedures and the current 
excitement of the physicists in the area of the funda- 
mental constants, see D. N. Langenberg, D. J. Scala- 
pino and B. N. Taylor, Sci. Am., 1966, 214, No. 5, 
30; B. N. Taylor, D. N. Langenberg and W. H. 
Parker, ibid., 1970, 223, No. 4, 62; B. N. Taylor, 
Metrologia, 1973, 9, 21. 
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Summary--A simple and rapid method for the determination of 1-100ppm of lead in carbonate rocks 
is described. Dissolution of the rock samples in 10~o v/v nitric acid is shown to give precise and 
accurate results even though silicates in the samples remain undissolved. A more time-consuming 
but complete dissolution of the sample with hydrofluoric acid may be used if preferred. The increase 
in sensitivity and freedom from matrix interference obtained by the use of a carbon-furnace atomizer 
eliminate the necessity for preconcentration of the lead, saving time and preventing errors from conta- 
mination or losses derived from inefficient extraction procedures. The detection limit and precision 
of the method are 0-4 ppm and 6~ (relative standard deviation at the 3-ppm lead level) respectively 
and accurate results were obtained for the analysis of standard rock samples. 

The normal background level of lead in limestones 
is usually in the range 1-10ppm and the determina- 
tion of lead at these levels is becoming increasingly 
important, especially in geochemical exploration. A 
rapid and reasonably accurate and precise method 
for the purpose would be very useful. 

Various techniques have been applied to the deter- 
mination of lead in rocks, but suffer variously from 
interference effects, lack of sensitivity and long analy- 
sis times. 1 Flame atomic absorption lacks sensitivity 
for the analysis at the required levels and it has been 
shown by Shaw 2 that calcium, the major cation pres- 
ent in limestones, exhibits a serious depressive effect 
on the lead atomic-absorption signal from an air- 
acetylene flame, under all flame and height condi- 
tions, if a nitric acid medium is used. The use of a 
purely chloride medium, with no oxy-acids present, 
is required to remove this interference. There is an 
upper limit of approximately 2~ow/v to the con- 
centration of total solids in solution for efficient nebu- 
lization in flame analysis. Detection limits are there- 
fore of the order of 10-100ppm, depending on the 
instrument, and extraction and/or preconcentration 
techniques must be used to carry out acceptably pre- 
cise analysis in the range 1-100ppm. 3 Such pro- 
cedures will, however, require considerable operator 
time and will be unsuitable for the analysis of large 
numbers of rock samples gathered during prospect- 
ing. 

Atomic-absorption spectrometry using carbon-fur- 
nace atomization offers much improved sensitivity 
over the flame method for the determination of 
lead. ¢-6 If interference from the other cations present, 
especially calcium, can be controlled or reduced to 
an acceptable level, then rapid direct analysis of the 

rocks should be possible after their dissolution. In 
other methods s'6 it has been shown that it is necess- 
ary to use an oxy-acid as the dissolution agent in 
order to control the interference effects from the bulk 
matrix, which are considerably worse in chloride 
media. It has been suggested 7 that in oxy-acid media, 
the evaporated salts are  converted thermally into 
metal oxides which are subsequently reduced by the 
carbon of the carbon-furnace atomizer to produce 
metal atoms. In chloride media, molecular volatiliza- 
tion may occur from the carbon surface, preventing 
the formation of atoms. 

The determination of lead in standard rocks by 
means of a tantalum cup system, s and in silicate rocks 
by use of a carbon-furnace system, 9 has recently been 
reported. However, the methods include a complex 
and .time-consuming dissolution procedure which 
should be capable of simplification for the analysis 
of carbonate rocks, since these dissolve readily in 
mineral acids. 

In a preliminary communication we have given a 
brief outline of the method developed) This paper 
contains a detailed description of the method and in- 
cludes an investigation of interference effects and 
results on the analysis of standard rocks not pre- 
viously available to us, which help to verify the accu- 
racy of the method. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical-reagent grade. 
Water distilled from quartz was used throughout. 

Stock lead solution (lOOppm lead). Dissolve 0.160g of 
lead nitrate in water, transfer the solution to a 1-1itre stan- 
dard flask and dilute to the mark with water and sufficient 
nitric acid to make the final solution 10-2M in nitric acid. 
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Solutions for interference studies. Solutions of sodium, 
potassium, iron(III) and magnesium (all 2000ppm) were 
prepared from the nitrates and made 0.01 M in nitric acid. 
A similar solution of aluminium was made by dissolving 
the powdered metal in nitric acid. Calcium solutions 
(20,000 ppm) were made by dissolving the carbonate in just 
sufficient nitric acid or hydrochloric acid. 

Apparatus 

A Perkin-Elmer H.G.A. 70 carbon-furnace atomizer 
mounted on a Perkin-Elmer 306 atomic-absorption 
spectrometer which was equipped with a deuterium-arc 
background-corrector and coupled to an Electronik 194 
strip-chart recorder was used. A Perkin-Elmer Intensitron 
lead hollow-cathode lamp was used as the radiation 
source. The design and operation of the carbon-furnace 
atomizer have been described in detail elsewhere. 4'1° A 
50-/A Eppendorf micropipette was used to transfer the sam- 
ples to the tube. It was found that this volume evaporated 
to dryness in about 25 sec at programme 2 (100 °) and a 
drying time of 40 see was therefore selected to ensure that 
the sample was properly dried. The lead signal was found 
to increase with applied voltage up to 8 V. Above this volt- 
age both sensitivity and reproducibility tended to decrease. 
The lead 283.3-nm line was preferred to the 217"0 nm line 
as it gave rise to a steadier baseline, with an accompanying 
improvement in detection limit. The background-corrector 
was used in all the measurements reported.' 

Procedures 

Two different sample dissolution procedures were devel- 
oped, one for rapidity, the other to ensure that all of the 
rock sample was brought into solution. 

Nitric acid dissolution. Weigh the powdered rock sample 
and place it in a 100-ml PTFE beaker. (The weight of 
sample taken depends on the expected lead content: a 
rough guide is l g  for 10ppm, 0-5g for 10-50ppm and 
0'l g for 50-100ppm.) Add 10ml of concentrated nitric 
acid and bring to the boil, on a hot-plate. Boil gently for 
15min, then add 10ml of water and boil for a further 
15 min. Transfer the solution to a 100-ml volumetric flask 
and dilute to the mark with water. Allow the small solid 
residue to settle to the bottom of the flask. 

Hydrofluoric acid dissolution. Weigh the powdered rock 
sample (weight as above) and place it in a 100-ml PTFE 
beaker. Add 10 ml of concentrated hydrofluoric acid and 
place on a steam-bath for 1 hr. Then remove from the 
steam-bath, add 10 ml of concentrated nitric acid and eva- 
porate to dryness at a low temperature on a hot-plate. 
Add a further 10ml of nitric acid and again evaporate 
slowly to dryness. Finally take up the residue, in 10ml 
of nitric acid. Transfer the solution to a 100-ml volumetric 
flask and dilute to the mark with water. 

Preparation of calibration solutions. Dilute 10ml of the 
stock lead solution (100ppm) to 1 litre with water. This 
solution should be freshly prepared every day. Transfer 
2'0, 5'0, 10'0 and 15.0ml of this solution to 100-ml volu- 
metric flasks. Add 10 ml of concentrated nitric acid to each 
flask and dilute each solution to the mark with water. The 
calibration standards will then contain 0'02, 0.05, 0.10 and 
0.15 ppm lead respectively in nitric acid. 

Determination. The instrument is operated under the fol- 
lowing conditions: 

Wavelength, nm 283'3 
Lamp current, mA 8 
Spectral bandwidth, nm 0.7 
Drying temperature, °C 100 
Drying time, sec 40 
Charring temperature, °C 
Charring time, sec 
Atomization temperature, °C 2200 
Atomization voltage, V 8 
Atomization time, sec 10 

Volume of sample solution,/d 50 
Scale expansion x 3 
Argon flow-rate, I./min (at 40 psig) 1.5 

Inject standards and then samples into the carbon-fur- 
nace atomizer and record the atomic-absorption signals 
during the atomization. At least two injections should be 
made of each standard and sample solution and an average 
absorbance taken. Read the sample concentration from a 
calibration graph. Run a blank test on the whole procedure 
at the same time, as the samples, and then subtract its 
absorbance from the sample absorbances. The apparent 
lead concentration of the blank seldom exceeds 0.005 ppm 
(equivalent to a maximum of 0.5 ppm in a rock sample). 

RESULTS AND DISCUSSION 

Interferences 

The final acid concentration used for both samples 
and standards was 10~ v/v nitric acid (i.e., tenfold 
dilution of the concentrated acid). For  this reason all 
interference studies were done on a 0.1-ppm solution 
of lead in 10% v/v nitric acid. It was found to be 
necessary to match the samples and standards care- 
fully with respect to final acid concentration, as nitric 
acid itself causes a depressive effect on the lead 
absorption signal. The magnitude of this depressive 
effect was found to vary considerably (from 20 to 
60~) from day to day, but to be relatively constant 
over a particular day's work. It would appear to be 
related to the condition and age of the carbon atomi- 
zation tube in use. The deuterium-arc background- 
corrector was used at all times in order to avoid con- 
fusion between genuine interference effects and 
smoke-absorption and/or light-scattering due to the 
high concentration of solids being injected into the 
carbon furnace. 

The major metallic constituent of limestones is, of 
course, calcium and its effect on the lead signal is 
therefore of primary importance. In Fig. 1 the effect 
of up to 10,000 ppm of calcium on the signal from 
0.1 ppm of lead in 10~o v/v nitric acid is shown. The 
maximum depression of  the lead signal caused by the 
calcium is 10~ at 100ppm of calcium and this is 
reduced to less than 5~o at above 1000 ppm of cal- 
cium, which is considered negligible for geoprosp6ct- 
ing purposes. The effect in 10~ hydrochloric acid 
medium is also shown in Fig. 1. Here the depressive 
effect is much greater and the lead signal almost dis- 
appears at above 1000ppm of calcium. This is in 
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Fig. |. Interference of calcium with the atomic-absorption 
signal of lead in nitric and hydrochloric acid media. 
x--10~o nitric acid solution; O--10~o hydrochloric acid 

solution. 
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keeping with our earlier observation that, in contrast 
to the case with flame atomic absorption, interfer- 
ences in carbon-furnace atomization in chloride 
media are in general much larger than those in oxy- 
acid media. 

When halide salts are used in the carbon-furnace 
atomizer it is likely that some molecular volatilization 
takes place and that these molecules are not subse- 
quently dissociated into atoms. In the case of lead 
the absorption signal is smaller in chloride media 
than in nitrate media and the effect of calcium is poss- 
ibly to hold more chloride in the solid matrix during 
the drying stage, thus facilitating the volatilization of 
lead as the chloride during the atomization stage, 
leading to further reduction in absorption signal. For 
this reason nitric acid dissolution of the rock samples 
is advantageous. 

The effect of the presence of hydrochloric and hyd- 
rofluoric acids on the lead signal was investigated. 
It was found that concentrations of hydrofluoric acid 
greater than 29/0 v/v caused a depression of the lead 
signal from a 0.1-ppm lead solution in 10% v/v nitric 
acid but up to 2000 ppm of chloride had no signifi- 
cant effect. If the hydrofluoric acid dissolution is used, 
care must be taken to remove all of the hydrofluoric 
acid, and therefore the double evaporation to dryness 
was incorporated. 

The effects of aluminium, magnesium, iron, sodium 
and potassium, all of which would be expected to 
be present to some degree in the rocks being analysed, 
were also investigated. It was found that up to 
500 ppm of iron and magnesium had no effect but 
the lead signal was depressed by aluminium, sodium 
and potassium. Table 1 shows the effect in the pres- 
ence and absence of 10,000ppm of calcium. Each set 
of results was obtained on a different day and the 
baseline signal from 0.1 ppm of lead therefore varied 
as explained above. The calcium appears to have a 
releasing effect and allows a much higher con- 
centration of interferent to be tolerated. From Table 
1 it would seem that 50ppm of aluminium, 100ppm 
of sodium or 100 ppm of potassium could be tolerated 
individually, and perhaps together. 

Determination of lead in limestone rocks 

A random_batch of ten powdered limestone rocks 
obtained from Dr. M. J. Russell of the Department 
of Applied Geology, Strathclyde University, was ana- 
lysed by the procedures described. Dissolution of 
these samples in nitric acid generally leaves a small 

Table 1. The effect of aluminium, sodium and potassium 
on 0.1 ppm of Pb in 10% v/v nitric acid with and without 

the presence of 10,000ppm of Ca 

Signal from 0"1 ppm Pb, chart divisions, in 
Concentration of the presence of 
interferent, ppra AI AI + Ca Na Na + Ca K K + Ca 

0 53 49 53 50 45 47.5 
10 53 48 39 49 33 49 
50 47 48 34 50 28 46 

100 30 40 30 51 23 44 
500 18 31 36 40 36 35 

Table 2. Reproducibility tests 

Instrumental reproducibility Overall method reproducibility 
Sample No. 221 Sample No. 3RI Sample No. 2 

Pb, ppm Pb, ppm 

5'20 2"90 97 
5"25 3'20 110 
5"40 3'25 110 
5'40 2'90 107 
4'75 3'05 102 
5"45 3.40 97 
5'30 3'25 96 
5'25 3.40 110 
5'25 3'05 106 
5'50 

Mean 5"28 3'15 104 
Standard 

deviation 0.21 0.19 6.0 
Relative 

std. devn. % 4.0 6.1 5.8 
95% Confidence 

limits 0.47 0.44 13'8 
Detection limit (2o) = 0.4 ppm 

insoluble residue which is presumably composed of 
quartz and clays. This rapidly settles to the bottom 
of the volumetric flasks. The results obtained when 
the residue is filtered off are similar to those obtained 
on allowing it to settle. Filtration therefore seemed 
unnecessary and was omitted. To check whether all 
of the lead was taken into solution by the nitric acid 
dissolution, the hydrofluoric acid dissolution, which 
leaves no residue of quartz and clays, was used and 
the results compared. As a further check on the accu- 
racy of the procedure we obtained results, for the 
same rock samples, from a different laboratory using 
a flame atomic-absorption procedure which involved 
a complex and time-consuming separation/precon- 
centration procedure. The results obtained by all 
three methods 1 were in satisfactory agreement, indi- 
cating that the nitric acid dissolution does extract all 
the lead from the rocks. 

Both the instrumental reproducibility and the over- 
all reproducibility of the method were investigated. 
To check for instrumental variations, one rock 
sample, Code No. 221, was dissolved by the nitric 
acid procedure and ten 50-p.1 aliquots of the solution 
were subjected to carbon-furnace atomization. To 
check the reproducibility of the complete method nine 
samples of each of two rocks, 3R1 and 2, were dis- 
solved by the nitric acid procedure and two 50-/21 
aliquots of each solution were analysed, and the aver- 
age taken. The results of these tests are shown in 
Table 2. By far the greatest contribution to the rela- 
tive standard deviation is seen to come from vari- 
ations in the instrument itself. The overall precision 
(relative standard deviation) of about 6~ is consi- 
dered adequate for the analytical requirements dis- 
cussed earlier. A number of suitable rock standards 
have been made available to us and the results from 
the analysis of these standards by the nitric acid pro- 
cedure are given in Table 3 along with the reported 
lead contents of the rocks. The results obtained are 
seen to be in good agreement with the reported values 
in all cases except for that of the East German stan- 
dard, KH, where the value obtained appears low. 
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Table 3. Determination of lead in limestone rock standards by nitric acid procedure 

Standard N.B.S. la N.B.S. Ib GFS 400 GFS 401 GFS 402 KH 

This work, ppm 17.21" 2.0 + 0.~ 2.4 4- 0.4~ I-1 + 0"4~ 1'8 4- 0'351: 5"9 4- 1.1 t~ 
Reported lead 
content,* ppm 15 4- 2 <2 3'3 4- 1.4 <2 1'9 4- 1"0 8 

All the rock standards are limestones with the exception of GFS 400 which is a dolostone. 
* Results from reference 11 except for KH which is an East German standard from Zentrales Geologisches Institut, 

Berlin, the reported value for which is the average of eight results. 
t" Average of three results. 
:~ Mean + one standard deviation on 7 results. 
§ Mean _ one standard deviation on 5 results. 

Mean + one standard deviation on 6 results. 

The results obtained indicate that the interference 
effects are small, despite the fact that aluminium, 
sodium and potassium, which interfere, should be 
present in these rocks. The bulk matrix elements, 
namely calcium and perhaps magnesium, would seem 
to be primarily responsible for this effect. This sug- 
gests a method of overcoming interferences in other 
determinations, viz. by the addition of a large con- 
centration of an "inert matrix" element. The alu- 
minium is probably present in the rocks as aluminosi- 
licates and therefore probably has very low solubility 
in nitric acid, so when the nitric acid procedure is 
used the aluminium concentration will be lower than 
that expected from the total a luminium content of 
the rock. 

The nitric acid procedure appears to offer the sim- 
ple, rapid and accurate method required for the deter- 
mination of lead in limestones. The hydrofluoric acid 
procedure offers no apparent advantage and is 
tedious. Application of this technique to determina- 
tion of other trace metals in limestones seems feasible 
but will he critically dependent on the solubility of 
the elements in nitric acid and on the interference 

effects and relative volatilities of trace elements and 
matrix elements in the c a r b o n  furnace. 
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Summary--A fully automatic procedure, based on the polarographic technique of DeFord and Hume, 
is described for deducing the formula of the highest complex formed in the reaction of a metal ]on 
with a ligand and for evaluating the successive overall formation constants. Its results are indistinguish- 
able from those of careful graphical analysis in the traditional fashion. 

In 1951 DeFord and Hume I devised a polarographic 
technique for evaluating the maximum co-ordination 
number and the successive-formation constants of the 
complexes formed by the stepwise addition of a ligand 
X to a metal ion M: It assumes that the free metal 
ion is reversibly reduced to the metallic state and that 
the complexation equilibria are all very rapidly estab- 
lished, It is based on the equation 

R T  I c In (F0 [X]) (1) E1/2,c = E1/2,s - - ~  nF 
l n ~  - R T  

where Et/a,c is the half-wave potential in a solution 
containing excess of free ligand at the concentration 
[X] and Ie is the diffusion current (or diffusion cur- 
rent constant) in  that solution; Et/2,s and Is are the 
half-wave potential and diffusion current (or diffusion 
current constant) of the aquo-complex in a non-com- 
plexing solution; and R, T, n, and F have their ordi- 
nary polarographic significance. 

The function Fo[X] is defined by 

Fo[X] = 1 + fl,[X] + fl2[X] 2 + ... + flj[X] j (2) 

in which each fl~ is a conditional overall formation 
constant related to the corresponding thermodynamic 
constant flo by an equation of the form 

/~, = ~o ~ ~ 
~)MXi 

where the ?'s denote the appropriate molar activity 
coefficients, which are assumed to remain constant 
throughout the measurements. The data have in 
general been analysed by Leden's graphical extrapola- 
tion method. 2 Values of Fo[X] are computed from 
(1) and plotted against IX], yielding a curve with a 
slope which approaches fll as [X] approaches zero. 
A new function Fm[X] is then computed from 

Fo[X] - 1 
F1 [X] - 

IX] 

= fit + flz[X] + " "  + fl~[X] ~-1 (3) 

and plotted against [X1, yielding a curve with an in- 
tercept at IX] = 0 which is equal to fl~ and a slope 
which approaches f12 as IX] approaches zero. The 
successive definitions 

F/_ ~[X] - ~_ 1 
F~[X] = 

I x ]  
= ~o~ + #~+~[x] + . - - +  # j [ x y  -~) (4) 

give rise to similar plots until one of F~_ 1 against 
[X] becomes linear; the next plot, of Fj[X] against 
I-X], is a horizontal straight line. These observations 
establish the value of the maximum co-ordination 
number j. 

This is a tedious and lengthy procedure and one 
tha t  requires much judgment and involves many 
opportunities for graphical error. The present manu- 
script describes the construction and operation of a 
least-squares program that accepts the same exper- 
imental data and yields values o f j  and the fl~ without 
requiring human intervention. 

This problem, like the one considered in the first 
paper of this series, a is one of linear classification. 
The simplest possible assumption is of course that 
j = 1 ; its failure naturally leads to the one that j = 2, 
and so on. 

There have been other attempts to computerize the 
DeFord-Hume procedure. McMasters and Sehaap 4 
attempted to dissect Fo IX] by linear regression, but 
had limited success and concluded that the activity 
coefficients do not remain sufficiently constant over 
the range of solution compositions required. Momoki, 
Sato and Ogewa 5 employed elaborately weighted 
linear regression to show that 8a for the cadmium- 
thiocyanate system is either negative (which is impos- 
sible) or zero but that f14 is positive and finite, which 
is impossible unless f13 is also positive and finite. Pil- 
jac, Grabari6 and Filipovi66 proposed a criterion for 
the rejection of the hypothesis that j has any particu- 
lar value: it is that any "best" value of a fl~ is negative. 
This criterion is the basis of the procedure described 
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here, but since the hypothesis j = 1 always yields a 
positive value of fl~ even when j actually exceeds one, 
it is supplemented by a simple test that is equivalent 
to automatic deviation-pattern 7-9 recognition. 

THEORY 

The procedure proposed here is based on non- 
linear regression, the usefulness of which in the inter- 
pretation of physicochemical data has been demon- 
strated by numerous authors in the last few years) ° 

In applying any least-squares procedure it is necess- 
ary to make certain assumptions about the random 
errors that may be involved in the experimental 
measurements. The DeFord-Hume technique is some- 
what unusual in that it involves two distinct and 
separately measured dependent variables, which may 
conveniently be taken as El/2,c and (RT/nF) ln lc .  The  
assumptions made were that (1) the values of IX] 
are free from appreciable errors and (2) the values 
of E~/2.c + ( R T / n F ) l n I ,  in any one set of data are 
drawn from normally distributed populations having 
identical standard deviations. 

Neither of these assumptions seems to require 
lengthy explanation or defence. Some further discus- 
sion of the second does, however, seem justified by 
the frequency with which authors using the technique 
have stressed the precisions of their measurements of 
half-wave potentials while ignoring random errors in 
their values of I~. The relative standard deviation of 
Ic may be estimated from the scatter of the values 
around a smooth curve. In principle this may yield 
an overestimate, for the diffusion coefficients of the 
successive complexes may not be monotonically 
dependent on i, but the effect will rarely be important. 
For one set of data, the value of j deduced by the 
original authors gave rise to a standard deviation 
from regression that was equal to +0.3 mV for the 
quantity E~/2 ,~+(RT/nF)InI~  while the estimated 
relative standard error of I~ corresponded to a stan- 
dard deviation of +0.2mV for ( R T / n F ) l n l c .  For 
another set the corresponding values were +__ 2.2 and 
+ 1.6 mV. Although it is not surprising that those 
authors who have taken the greatest care in measur- 
ing E~/2,~ should also be the ones who have attained 
the best precision in measuring I,, it is unexpected 
that these two independent measures of precision 
should be as closely related as these examples (among 
many others) suggest, and astonishing that the uncer- 
tainties in I~ should have been thought to be so much 
less significant than they really are. 

On the basis of the assumptions described, equa- 
tions (1) and (2) may be rewritten in the form 

R T  I~ 
El~2, c -- E1/2. s + -n-ff in 

R T  
- nF ln(1 + #I[X] + #2[X] 2 + .. .  + #~[X]J) 

(5) 

The symbol Y is used henceforth to denote the quan- 
tity defined by the left-hand side of this equation. The 
computation for any given value of j consists of find- 
ing the fli values that minimize the sum of the 
squares of the differences between the experimental 
and computed values of Y. This is easily done by 
means of a general non-linear regression computer 
program; the important question is how the value 
of j is to be chosen. The procedure by which this 
choice is made is generally analogous to that 

employed for a closely related problem in an earlier 
paper: 3 it entails fits to the equations that represent 
the successive hypotheses that j = 1,2 ..... and scrutiny 
of the results thereby obtained. For j = 1 and 2 this 
scrutiny amounts to a search for the characteristic 
features of a deviation pattern that reflects the syste- 
matic errors consequent upon an incorrect choice of 
j. 

Typical curves are shown in Figs. 1 and 2. In Fig. 
1 the curves labelled "1" and "2" represent the best 
one- and two-parameter fits to equation (4) for the 
data of Hume. DeFord and Cave 11 on the cadmium- 
(II)-thiocyanate system. They correspond to the 
hypotheses that j = 1 and 2, respectively, and they 
give rise to the deviation patterns shown in Fig. 2. 

A deviation plot resembling curve 1 in Fig. 2 is 
always obtained when the hypothesis that j = 1 is 
incorrect; if it were correct, as it might be with a 
multidentate ligand, a random scatter would result 
instead. On the hypothesis that j = 2 a much better 
fit can be secured, as is shown by Fig. 1, and the 
deviation pattern obtained when this hypothesis is in- 
correct has both a more complex shape and a smaller 
absolute amplitude. In Fig. 2 the curves are norma- 
lized by plotting the ratio AY/(SD)r along the 
ordinate: AYis the difference between an experimen- 
tal value of Yand the corresponding value computed 
from (4) by use of the best fli values, and (SD)r is 
the standard error from regression to that equation 
for the particular value of j under consideration. It 
is inherent in the nature of the situation that the 

Y 
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Fig. I. The open circles and the smooth curve drawn 
through them represent the data obtained by Hume, 
DeFord and Cave it for the cadmium-thiocyanate system; 
the curves labelled "1" and "2" represent the best fits 
obtainable on the hypotheses thatj = 1 and 2, respectively. 
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Fig. 2. Normalized deviation patterns derived from Fig. 1. 

amplitude of such a normalized plot will differ only 
slightly among different sets of data. 

On completion of each successive fit, the data 
(which must be arranged in order of increasing IX]) 
are divided into three groups that are as nearly equal 
in numbers as possible, and the average value of AY/ 
(SD)r is computed for each group. Two tests are then 
applied: 

(1) if the difference between the average for the 
points at the lowest values of I-Xl and that for the 
points at the highest'vahies exceeds 1.5, the deviation 
pattern resembles curve 1 in Fig. 2; 

(2) If the difference between the average for the 
points at the intermediate values of I-X] and the mean 
of the averages for the points in the other two groups 
exceeds 1, the pattern resembles curve 2 in Fig. 2. 

In either case the value of j is rejected and the 
next higher integral value is tested in turn. 

The values of (SD)r on which these criteria are 
based involve systematic errors and greatly exceed the 
standard errors of the experimental measurements. 
For the data of Figs. 1 and 2, for example, (SD)r 
was 15"1 mV for j = 1 and 5-5 mV for j = 2; the 
radii of the open circles in Fig. 1 correspond to an 
uncertainty of + 1 mV in Y. On application of these 
criteria to these data, the hypothesis that j = 1 was 
rejected because the average value of AY/(SD)r was 
+0"90 for the three points at the lowest con- 
centrations of thiocyanate and -1 .15 for the three 
at the highest: these two figures correspond to aver- 
age errors of + 13.5 and - 17 mV in these extremes 
of the range covered. Similarly, the hypothesis that 
j = 2 was rejected on the ground that the average 
value of AY/(SD)r was 0"72 for the three points at 
intermediate concentrations of thiocyanate and -0.41 
for the six others. 

For every one of the systems examined in this work 
it was the first of these criteria that was employed 
in rejecting the hypothesis that j = 1. For almost all 
it was the second that was employed in rejecting the 
hypothesis that j = 2. There were, however, a few for 
which the first criterion was again used, and in all 
such cases the original atithors and the program here 
described agreed on a final assignment o f j  > 4. 

The deviation-pattern approach would be difficult 
to pursue beyond this point, f o r  two reasons. One 
is that increasingj beyond 2 improves the fit so much 
that the random errors of measurement begin to 
become appreciable in comparison with (SD)r, so that 
a single deviant point might occasionally lead to a 
mistaken conclusion. The other is that deviation pat- 
terns tend to become more complex as the number 
of parameters increases, as is iUustrated by Fig. 2. 
There are not many sets of data available in the litera- 
ture that contain enough points to ensure that the 
features of even a moderately complex deviation pat- 
tern would be distinguishable against the random 
errors of measurement. 

Consequently the necessary additional criteria were 
formulated as follows: 

(3) all the fll must be positive; 
(4) the best value of j is the lowest for which the 

first three criteria are satisfied, (should independent 
evidence show that a higher value is correct, the best 
course is to combine that value with the data in a 
standard curve-fitting program constrained to yield 
positive values of all the fli). 
As was noted above, the third criterion was first pro- 
posed by Piljac, Grabari6 and Filipovi6, 6 while the 
fourth is merely Occam's razor in a form appropriate 
to linear classification problems. It is not, however, 
trivial. For the data of Figs. 1 and 2, Hume, DeFord 
and Cave zl concluded that j = 4 and gave fll = 11, 
f12 = 56, fla = 6, and fl,  = 60. With the fourth cri- 
terion as stated, the present program yields j = 4, 
fll = 10"7s, [32=54.1, f la=5"0,  [3,=59.7,  and 
(SD)v= +0.77inV. Momoki, Sato and Ogewa 5 
obtained similar agreement with the values of Hume, 
DeFord and Cave. However, there are two other solu- 
tions: for one, j = 5, [31 = 12.0, f12 = 38"5, f13 = 57"2, 
[3, = 2.5, fls = 18.2, and (SD)v = +0,80 mV; for the 
other, j = 6, [31 = 13.0, f12 = 29.2, fla = 76.0, fig = 
1.1, [35=3.7, [36=5.9, and ( S D ) r = + 0 " 9 2 m V .  
Values o f j  below 4 or above 6 do not yield fits com- 
plying with the first three criteria, but all three of 
these sets of formation constants meet the graphical 
requirements of equations (2)-(4), as any internally 
consistent set must do. 

A similar situation arises with the data obtained 
by Burns and Hume 12 for the lead(II)-acetate system. 
Their graphical treatment yielded j = 3, [31 = 150, 
[32 = 840, and [3a = 3000; with the fourth criterion 
the present program yielded j = 3, [31 = 137.3, [32 = 
1026, [33 = 2756, and (SD)r = + 1.09 mV; the alter- 
native solution is j = 4, [31 = 118.4, f12 = 1438, f13 = 
1495, [3, = 696, and (SD)r = +0-98 mV. 

It would be easy to understand the existence of 
a pair of alternative solutions if they involved forma- 
tion constants such that the higher value of j was 
accompanied by indications of the presence of the 
last complex in proportions too small to have serious 
effects on the solution for the lower value of j. Cer- 
tainly the value j = 4 for the cadmium-thiocyanate 
system should not be interpreted to mean that the 
pentathiocyanato complex cannot exist at all; at most 
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it would mean that the concentration of this complex 
was not large enough at a n y  experimental point to 
be detected by the measurements that were made. 
Similarly, classifying the acetate ion as monoacidic 
on the basis of data obtained in a potentiometric 
titration with dilute acid would not imply that 
CHaCOOH~- cannot exist, but merely that it was 
not formed at appreciable concentrations under the 
conditions investigated. 

Unfortunately this is not the case. The solution 
j = 5 for the eadmium--thiocyanate data, for example, 
indicates that the fraction of the total cadmium ion 
that was present as Cd(SCN)]- would exceed 48~o 
in the solution containing the highest concentration 
of thiocyanate. Whereas the values of fl~ for j = 4 indi- 
cate that Cd(SCN)~ is only a minor constituent of 
the solutions, those for j = 5 and 6 indicate that it 
is the predominating species at thiocyanate con- 
centrations in the vicinity of 1M. It is suggested that 
similar ambiguities will be found amoung the data 
obtained by other techniques for studying stepwise 
complex formation. It is for this reason that the 
fourth criterion has been introduced. 

Fortunately, most systems exhibit simpler beha- 
viour. For example, the data of Radhakrishnan and 
Sundaram ~3 on the indium(III)-thiocyanate system 
yield a deviation pattern like curve 1 in Fig. 2 for 
j = 1 and at least one negative formation constant 
for j = 2,3,4,5,7 or 8. Here the fourth criterion is un- 
necessary because the other three uniquely specify j = 
6, the value deduced by the original authors. In all 
of the ambiguous cases that were identified, the inclu- 
sion of the fourth criterion gave values of j identical 
with those chosen by the original authors. The agree- 
ment is admittedly arbitrary, for in view of the com- 
plexities of the graphical analysis it may fairly be 
doubted whether all the original authors recognized 
the existence of alternative solutions and consciously 
applied a similar criterion in choosing among them. 
Consequently it is not claimed that the present pro- 
cedure yields the "correct" value of j, whatever that 
is in an ambiguous case, but only that it yields the 
value that would have been obtained by graphical 
analyses like those in the literature. 

Applying these four criteria to the result of each 
fit in turn results either in the acceptance of some 
value of j, whereupon in interactive operation the best 
values of the formation constants are printed out and 
execution terminates, or in failure to obtain an ac- 
ceptable result even with j = 8, whereupon a notifica- 
tion of that failure is provided and execution stops. 
It was not judged worth while to provide for testing 

* A briefly annotated hard-copy listing, in BASIC, of 
the program COUNTX may be obtained by remitting 
$25.00 to the Computing Laboratory of the Department 
of Chemistry, Clarkson College of Technology, Potsdam, 
New York 13676. Hard-copy listings, in BASIC, POLY- 
BASIC, and FORTRAN-IV, of the parent curve-fitting 
program CFT3, together with a 170-page volume of docu- 
mentation, explanation, and directions for use, may be 
obtained at the same time for a total remittance of 1;45.00. 

higher values of j, both because they are wildly im- 
probable and because inordinate amounts of com- 
puter time would thus be consumed. None of the sys- 
tems tested failed to give an acceptable fit for some 
value o f j  less than or equal to 6. 

C O M P U T A T I O N S  

The computations were clone with a Digital Equip- 
ment Corp. (Maynard, Mass.) PDP8fI minicomputer 
operated in the manufacturer's EDUSystem 25 
BASIC and in a configuration that provided 4096 
words of core memory for use in this work, enough 
for it to have been possible to process many more 
than 50 data points if so many had been available. 

The program incorporates a general multipara- 
metric curve-fitting program, described elsewhere, a4 
almost in its entirety. Some of the provisions needed 
for flexibility in the general program, notably that 
for constraining the signs of the parameters, were 
deleted, and the decision-making steps and a subrou- 
tine embodying equation (5) were added. Before it 
is used the program must be  provided with the 
number of data points and their co-ordinates (I-X-I, 
Et/2,c, and It). In interactive operation it begins by 
obtaining values of T, n, El/2.s, and ] s from the user, 
and combines these to  evaluate Yat each experimen- 
tal point. For each successive value o f j  hypothesized, 
the values of E1/2, c at the highest concentration of 
ligand L'X'Jmax El~2, s, and (RT/nF) ln[X]~,x are com- 
bined to obtain a crude initial estimate of ~j on the 
assumption that only the complex MXj is formed, 
and a value equal to the j th root of this initial esti- 
mate of flj is assigned to each of ;the successive step- 
wise formation constants. Various intermediate mes- 
sages appear during execution to show the progress 
of the calculations and to permit identification of the 
criteria that lead to the rejections of different hypoth- 
eses; the briefest form of the printout is shown in 
Fig. 3.* 

RUN 

~P~.O~o.o . . . .  

( E l / 2 )  S - ?  - I I ,  3 7 4 3  
( I ) S - ?  I 
I N T E R M E D I A T E  [~IAGNOSTIC PRINTOUT VANTED? g = N 0 ,  I - Y E S ?  0 

d =  I REJEUTI [ ' ,D ( 4 5 5 ) $  $ 4 - $ 5 -  1 . 8 2 2 7 8 8  

J =  2 REJ-I-rGTED ( 4 6 1 ) ;  $ 5 - S 4 a  1 . 2 7 3 5 6 1 6  

T N ~  ARE 3 GONPLEXE$.  T H E I R  0VERAI.L  FOR,NATION 
CON$TN~TS AREs 

B (  | ) - 9 . m 4 2 6 3  
B I  2 ) -  8 . 5 4 3 2 5 9  
B (  3 ) -  2 1 . | 1 4 7 I  

( X ) , N  ~*  ~ P T L .  Z ,  CALC.  D 1 F F . ,  E - C  DI F F . / S T D .  DEV.  
. g 4  - 4 . 2 Q g o g 4 £ - 3  - 4 .  I e7g94E-3  - 9 . 2 9 1 1 1 5 4 E - 5  - . 8 4 6 4 4 3 4  
• g 6  - 5 . 8 g l O H I E - 3  - 5 . H S 8 9 6 3 E - 3  5 . 5 9 6 1 5 7 E - 5  ° 5 3 7 1 5 " 7 9  
• / - 9 . | g I D l I m s E - 3  - 8 . 9 7 3 6 5 8 E - 3  - 1 . 2 6 3 | 7 1 ~ E - 4  - 1 .  1 5 0 7 8 7  
. 1 6  - . @ 1 2 9 g g ~ l  - . 8 1 3 U 8 4 8 2  1 . 0 ~ I 4 4 E - 4  . 9 5 4 8 9  I A  
• 2 4  - . H | 7 6  - . O | T 6 6 W 9 8  6 .  B9 T S 3 2 E -  5 • 5 5 5 5 9 3 8  
• 4 - • g 2 5 6 8 g g I  - .  H 2 5 5 0 9 8 1  - I , g e g B g s £ - 6  - 9 ,  t I e 3 7 5 E - 3  
o 6  - . g 3 4 1  - . g 3 3 9 5 9 1 1 6  ' - I . 4 8 9 4 4 5 £ - 4  - I . 2 8 4 8 4 7  
• 8 - . S 4 1 O g i g !  - . g 4 1 1 B 9 7 9 7  9 • ' / 9 6 8 2 3 E -  5 . 8 9 2 4 n 7 6  
t - . 8 4 7 3  - .  B 4 7 2 9 2 2 T  - 7 .  T 3 4 6 3 4 E - 6  - .  B T 8 4 6 4 8 8  

S U M C D E V o ) ~ 2 =  T . 2 2 9 I I O E - O  . S T D ,  D E V . =  1 . 6 9 7 6 5 5 E - 4  

R E A D Y  

Fig. 3. Input and output to the program for the data of 
Kivalo 17 on the lead-chloride system. 
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RESULTS AND DISCUSSION 

Data for about 20 systems were taken from the 
literature. Inspection of these indicated, rather unex- 
pectedly, that many were defective in one way or 
another. In some cases no information was given 
about the diffusion currents or diffusion-current con- 
stants; in others there was clear evidence that the 
aquo-complex was not reduced reversibly under the 
experimental conditions; in many the graphical analy- 
sis was obviously erroneous, the most common fault 
being that F~ IX] increased systematically with IX], 
so that the value of j was inconsistent with the data; 
in one the values of IX] and Fi IX] that were plotted 
by the original authors could not be located in their 
tabular summary. All such sets of data were rejected, 
and the remaining ones analysed with the results 
shown in Table 1. 

For most of these systems the result of the auto- 
matic classification is identical with that obtained by 
the original authors and the values of the formation 
constants agree within the rather wide error range 
that the nature of the technique entails. In the two 
cases in which the classifications disagree, inspection 
of the original data suggested that those at the lowest 
concentrations of ligand gave rise to values of ,F 3 [X] 
and F4[X] so widely deviant that full confidence 
could not be reposed in these points, which are of 
special importance in the graphical procedure because 
the extrapolations rely so heavily on them. The differ- 
ences between the graphical and least-squares values 
of the formation constants for the indium(III)-thio- 
cyanate complexes reflect the propagation of exper- 
imental errors, which becomes more serious as j in- 
creases. Comparing the results for the lead(II)-chlor- 
ide and zinc(II)-ethylenediamine systems shows that 
the success of the decision-making steps does not 
depend on the magnitudes of the random errors in- 
volved. 
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Sunnnary--Long-chain alkylamines are used for the preconcentration of traces of molybdenum, 
tungsten and rhenium as thiocyanate complexes, in their determination by atomic-absorption spectro- 
scopy. General studies of factors influencing the extraction show that the thiocyanate complexes can 
be extracted into chloroform containing a low concentration of Amberlite LA1. Detection limits are 
0.02 ppm Mo, 0'75 ppm W and 0"34 ppm Re in the final MIBK solution and are improved by 
a factor of 5-10 over those obtained by using current extraction methods. Serious interelement effects 
are eliminated and a range of other cations and anions are shown to have little effect on the absorption. 

The atomic-absorption determination of elements 
that form refractory oxides suffers from low sensitivity 
and relatively poor detection limits because of the 
high dissociation energies involved. A high-tempera- 
ture flame such as nitrous oxide-acetylene 1'2 is 
required for optimum conditions and even then the 
sensitivities are only 0.4 ppm for molybdenum, 5.3 
ppm for tungsten and 12 ppm for rhenium. 2 Non- 
flame atomic absorption has been applied only to the 
determination of molybdenum, 3~ but serious inter- 
ference from tungsten was reported. 6 

An improved solvent extraction procedure is now 
reported, together with a study of extracting agents, 
detection limits and interference effects for atomic- 
absorption determination of Mo, W and Re. Solvent 
extraction is known 7 to be useful in conjunction with 
the determination of metals by atomic-absorption 
spectroscopy (AAS). Besides separation and precon- 
centration of metals, the sensitivity is often enhanced 
by aspiration with organic solvents, and many investi- 
gations have been made on the atomic-absorption 
characteristics of metals in various organic solvents. 7 

Methyl isobutyl ketone (MIBK) is particularly suit- 
able for atomic-absorption analysis and it has often 
been used in combination with various chelating 
agents for extraction and preconcentration, s-l°  
Molybdenum has recently been satisfactorily deter- 
mined 1~ by extraction of the thiocyanate complex 
into MIBK, giving a detection limit of 0"l ppm in 
a 1-g sample of geological material, and earlier ex- 
traction methods were reviewed) ~ 

Few extraction methods, however, have been 
reported for AAS determination of tungsten ~2'~3 and 

rhenium. 14 Rao 13 used Aliquat 336 in di-isobutyl 
ketone for extraction of tungsten. Biechler and 
Long ~4 separated rhenium from large amounts of 
molybdenum by extraction in basic solution with 8~ 
Aliquat 336 in chloroform. 

In general, liquid ion-exchangers possess many 
advantages for separation of metals, as discussed in 
several reports) 5-~s Ure ~9 has used solvent extrac- 
tion of molybdenum with tri-n-octylamine to obtain 
a detection limit equivalent to 0.2 ppm for 1 g of 
soil sample. In this paper, therefore, the use of long- 
chain aliphatic amines is investigated for the extrac- 
tion and preconcentration of thiocyanate complexes 
of Mo, W and Re from acid solution, and determina- 
tion by AAS. The metals are extracted from a large 
volume of aqueous solution into chloroform/amine 

solvent  and the chloroform is evaporated off. The 
residue is then redissolved in as much MIBK as 
required. It is shown that detection limits are im- 
proved by reduction of the volume of organic solvent 
to as little as 1 ml before the aspiration and that 
interference effects are minimized by the extraction 
procedure. Comparisons are made with other solvent 
extraction systems and other organic solvents used 
for final aspiration into the flame. 

EXPERIMENTAL 
Reagents 

Stock solutions of molybdenum, tungsten and rhenium 
were prepared at respective concentrations of 10, 250 and 
250 ppm from the following reagent grade salts: 
ammonium molybdate, (NH4)6Mo7024.4H20; sodium 
tungstate, Na2WO4.2H20; potassium perrhenate, 
KReO4. 

739 
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Stannous chloride solution (20~ w/v) was prepared by 
warming analytical-grade SnCI 2 . 2H20 (40 g) and a small 
piece of analytical-grade tin metal in 10M hydrochloric 
acid (40 ml) until a clear solution was obtained. After cool- 
ing, the solution was diluted to 200 ml with distilled water 
and a small piece of tin metal placed in the solution. 

Potassium thiocyanate solution (20~ w/v)~ 
Primene JM-T and Amberlite LA1 were supplied by 

Rohm and Haas Co. and Alamine 336 and Aliquat 336 
by A. C. Hatric Pty. Ltd. Solutions of Amberlite LA1 (0,1- 
1~o) in chloroform were prepared by dilution of a 2~o v/v 
stock solution of the amine in analytical-gr~/de chloroform. 

MIBK was redistilled and the fraction boiling at 116- 
118 ° was used. 

All other reagents and organic solvents used were of 
analytical grade. 

Instrument. 
A Techtron AA5 atomic-absorption spectrophotometer 

was used, equipped with a DI-30 digital indicator. Hollow- 
cathode lamps were used as light-sources. The following 
instrumental parameters were used. 
Lamp currents, mA: Mo, 5; W, 20; Re, 20 
Bandwidth, nm: Mo, 0,10; W, 0-05; Re, 0.05 
Wavelength, nm: Mo, 313"3; W, 255.1; Re, 228-7 
Burner 50 x 0"5 ram: AB50 (high-temperature) 
Light-path height above burner 5 mm 
Support gas, nitrous oxide, delivery pressure: 15 psig (ca. 

6.5 1./min) 
Fuel, acetylene, flowmeter reading 6'5-7 (ca. 7 l./min) 
Flame: 3-cm red-yellow cone, fuel-rich flame during aspi- 

ration 
Aspiration rate: 2'3 ml/min 

Procedure 

Less than 10 pg of molybdenum (added as molybdate 
solution ) or 250 #g of rhenium (added as perrhenate solu- 
tion) was taken in a 100-ml separating funnel containing 
50 mt of 2M hydrochloric acid. For reduction and thio- 
cyanate-complex formation, 2 ml of 20~o potassium thio- 
cyanate solution and 2 ml of 20~o stannous chloride solu- 
tion were then added. 

For tungsten, the process was slightly different, because 
the reduction of tungsten was not quantitative at room 
temperature and in 2M hydrochloric acid. Less than 250 
#g of tungsten (added as tungstate solution) was therefore 
taken in a 50-ml beaker containing 15 ml of 10M hydro- 
chloric acid: 2 ml of 20~ stannous chloride solution were 
then added and the beaker was covered with a watch-glass. 
The solution was boiled for 5 min and then cooled in 
ice-water. Next, 2 ml of 20~ potassium thiocyanate solu- 
tion were added, the solution was transferred into a 100-ml 
separating funnel and the beaker was rinsed with 35 ml 
of distilled water to give 50 ml of a final acid concentration 
of 3M in the funnel. 

A 10-ml aliquot of 0.1-1~ chloroform solution of 
Amberlite LAI was added to the separating funnel, which 
was then shaken vigorously for 2 min. After separation 
of the phases, the organic phase was drained into a 25-ml 
beaker. For a single extraction, the aqueous phase was 
washed with 5 ml of chloroform by shaking for 30 sec. 
For a double extraction, a second 10-ml aliquot of the 
Amberlite solution was added to the separating funnel, and 
the extraction procedure repeated without the further 
washing with chloroform. If more than two successive 
extractions were used, the washing was omitted. The beaker 
containing the extract was placed on a steam-bath to eva- 
porate off the chloroform. After completion of the evapor- 
ation, a few ml of MIBK were added to the viscous brown 
residue. The beaker was warmed until a homogeneous 
solution was obtained. The solution was cooled and trans- 
ferred into a 5- or 10-ml volumetric flask and made up 
to volume with MIBK. If a smaller volume than 5 ml 

of MIBK was required because of a smaller quantity of 
the element, the 25-ml beaker was replaced by a 25-ml 
weighing bottle and the MIBK was pipetted into the bot- 
tle, which was then stoppered. 

The absorbance of the MIBK solution was determined, 
using pure MIBK as a blank, by aspirating into the nebu- 
lizer-burner system of the AA5 under the specified condi- 
tions. There was no observable difference in the blanks 
from MIBK and dilute Amberlite LA1-MIBK solutions. 

RESULTS 

Several experimental  factors influencing the effi- 
ciency of extraction of Mo, W and  Re were investi- 
gated in detail. In particular, the use of long-chain 
alkyl amines for extraction and  for rapid precon- 
centra t ion were studied and  compared  with extraction 
with other complexing agents. 

Effect o f  concentration of  acidity and other reagents 

Figure 1 shows the absorbance  values for Mo, W 
and  Re after a single extraction of their thiocyanate 
complexes with 10 ml of a 1% chloroform solution 
of Amberl i te  LA1 from various concentra t ions  of hy- 
drochloric acid. For  this test, 1 ml each of  20% potas- 
sium thiocyanate and  20% s tannous  chloride solution 
were used. The concentra t ion  of the 50 ml of hydro- 
chloric acid used in extraction of tungsten was con- 
trolled by addi t ion of 10M hydrochloric acid and  dis- 
tilled water, after the complexat ion with thiocyanate 
in 10 ml of 10M hydrochloric acid. 

The degree of extract ion of tungsten was fairly con- 
s tant  over the entire acid concentra t ion  range, but  
decreased for molybdenum and  rhemum at  4M and  
5M acid concentra t ion respectively. The  hydrochloric 
acid concentra t ions  chosen were therefore 2M for the 
extraction of M o  and  Re and  3M for W. Extract ion 
from solutions of lower acidity is preferable because 
the extractabili ty of other  metals by Amberl i te  LAI 
generally increases with the chloride concentrat ion,  ta 
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Fig. 1. Effect of acidity on absorbanee for extractions with 
1% Amberlite LA1 in CHC13 and final dilution to 10ml 

with MIBK. O O Mo, [] [] Re, A A W. 
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Fig. 2. Comparison of various amines for extraction of Mo 
(10 #g), with 1% amine in CHC13 and final dilution to 
10ml with MIBK: A, Primene JM-T; B, Amberlite LA1; 

C, Alamine 336; D, Aliquat 336. 

This could cause possible interference in the deter- 
mination of Mo, W or Re by the proposed method. 

Effects of varying the amount of tin(II) and thio- 
cyanate were studied by adding volumes from 1 to 
5 ml of the 20~ solution of these reagents to the 
extraction mixture. There was no marked effect on 
the extraction of the three elements and for further 
experiments 2 ml of each reagent were used. 

Extraction with various amines 

Figures 2, 3 and 4 compare the absorbances, as 
a function of acid concentration after extraction, 
obtained when four different types of amine are used. 
Single extractions were carried out with I0 ml of 1% 
amine solution in chloroform, with the following 
amines: Primene JM-T, Amberlite LA1, Alamine 336 
and Aliquat 336. These are respectively primary, 
secondary, tertiary and quaternary long-chain alipha- 
tic amines. 

The results show that the effect of the amines on 
the degree of extraction at high acid concentrations 
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Fig. 3. Extraction of Re (250 #g) with various amines (with 

conditions as in Fig. 2). 
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Fig. 4. Extraction of W (250 #g) with various amines (with 

conditions as in Fig. 2). 

decreased in the order quaternary > tertiary > 
secondary > primary except for extraction of Re. 
Amberlite LA1 was chosen for subsequent work with 
2M hydrochloric acid, but it was concluded that Ali- 
quat 336 or Atamine 336 could be used to replace 
Amberlite LA1 in the proposed extraction method if 
required, and would be particularly useful at high 
acid concentrations. 

Effect of concentration of Amberlite LAI in chloroform 
The extractive capacity of liquid ion-exchangers for 

anions increases directly with increasing concentration 
of the exchanger in the organic phase. The degree 
of the extraction at constant concentration also de- 
pends to some extent on the diluent used. It is essential 
in the present method to keep the concentration of 
Amberlite LA1 as low as possible, because the 
amount used finally goes into the MIBK solution. 
Chloroform and carbon tetrachloride are very suit- 
able as solvents because, being heavier than water, 
they facilitate successive extractions from aqueous 
solution, and the low boiling points allow rapid eva- 
poration. 

Figure 5 shows the effect of varying the con- 
centration of Amberlite LA1 in chloroform, on single 
extractions. Maximum recoveries were obtained with 
concentrations above 1.5~ and a similar result was 
obtained with carbon tetrachloride as the solvent. For 
the quantitative extraction of 10 #g of Mo, 250 /ag 
of W or 250/zg of Re, 1~o solution of Amberlite LA1 
in chloroform (10 ml) was employed and two succes- 
sive extractions were carried out in order to use small 
quantities of Amberlite LAI. Chloroform was pre- 
ferred as the diluent because it evaporates faster than 
carbon tatrachloride does. 

Table 1 shows the effects of various concentrations 
of Amberlite LA1 dissolved in MIBK on the absor- 
bance of the Mo-thiocyanate-MiBK solution. Signifi- 
cant negative deviations were observed with increas- 
ing concentration of Amberlite LA1, probably due to 
a reduction in nebulization efficiency caused by the 
highly viscous Amberlite LA1. The concentration of 
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Fig. 5. Effect of concentration of Amberlite LAI in CHC13 
on the extraction of Mo, W and Re (with conditions as 

given in Fig. 1). 

Table 1. Effect of concentration of Amberlite LA1 on ato- 
mic absorption of 1 ppm Mo-SCN-MIBK solution 

% Amberlite in MIBK 0 1 2 4 6 8 10 
Absorbance 0.50 0.50 0.50 0.50 0.50 0.49 0.47 
Rel. error, % 0 0 0 0 0 -2 .0 -6 .0  

big of Re or W in a final volume of I0 ml of M I B K  
(0.1-1 ppm Mo and 2"5-250 ppm Re or W). A detec- 
tion limit of 0.02 ppm for Mo, 0.75 ppm for W and 
0.34 ppm for Re was obtained, representing an im- 
provement of between 5- and 10-fold over previous 
methods. 2't1'19 By use of a 1-ml final volume, the 
concentration factor from the original sample to the 
final test solution can be improved 10-fold. 

Calibration curves can also be constructed by dilut- 
ing a concentrated solution of Mo(W or Re) -SCN-  
Amberlite LA1-MIBK.  It is also useful to note that 
the extracts of standard solutions (1 ppm Mo, 25 ppm 
W or Re), stored in glass bottles, remained stable for 
over one month. 

the amine should therefore be kept as low as possible, 
consistent with retaining efficient extraction. 

Recovery tests 

Extractions with variation in quantity of Mo, W 
or Re over a 10-fold range were used to test for quan- 
titative recovery of each element, as shown in Table 
2. Three successive extractions with 7 ml of 0.1-0.2% 
solution of Amberlite in chloroform were used for 
the lowest concentrations. Double extractions with 10 
ml of solvent were used for the other concentrations 
chosen, and from 1 to 10 ml of M I B K  was used to 
redissolve the residues, as shown in Table 2. The 
absorbance values obtained indicate quantitative 
extraction of the elements over the range reported. 

Calibration curves and standards 

The calibration curves obtained after double 
extraction with 2% Amberlite LA1 in chloroform 
were linear for a range of 1-10 #g of Mo  and 25-250 

Interference studies 

Cations known to have comparatively high extrac- 
tion coefficients with Amberlite LAl17 and a number 
of anions were tested for interference. The results are 
given in Table 3. Large amounts of tungsten did not 
interfere with molybdenum because the tungsten 
was not reduced in 2M hydrochloric acid at room 
temperature. Also, large amounts of molybdenum had 
little effect on tungsten, presumably because molyb- 
denum was reduced in hot  concentrated hydrochloric 
acid to too low an oxidation state to complex with 
thiocyanate. However, large amounts of molybdenum 
severely depressed the rhenium absorbance. 

In general, only the molybdenum extraction was 
almost free from interferences. Copper(II), when pres- 
ent, was reduced and precipitated as CuSCN, which 
caused difficulties in separation of the organic phase. 
Zinc, lead, bismuth and nitrate interfered with the 
tungsten extraction, and bismuth also interfered with 
rhenium. 

Table 2. Recovery tests after extraction and final dilution with MIBK 

Taken, MIBK, No. of Mean Relative 
Element p.g ml detns, absorbance Range std. devn., % 

Mo 1 1 5 0.51 0.05 4.2 
1 2 5 0.27 0.01 1.6 
5 10 2 0.27 - -  - -  

10 10 2 0-54 - -  - -  

Re 25 1 5 0.55 0-11 8.6 
25 2 5 0.28 0-04 6.2 

125 10 2 0.30 - -  - -  
250 10 2 0.62 - -  

W 25 1 5 0"58 0.08 5.9 
25 2 5 0.29 0.04 5.8 

125 10 2 0.31 - -  - -  
250 10 2 0-61 - -  - -  
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Table 3. Effect of foreign elements 

Amount added, Absorbance 
Elemen t (salt used) /tg Mo W Re 

No addition 0.26 (~) 0.38 (,) 0"37~) 
W (Na2WO,~) 50 0.26 - -  - -  

250 0.24 - -  - -  
500 0'23 -- -- 

1500 -- -- 0'39 

7500 - -  - -  0"39 
15000 - -  - -  0.37 

Re (KReO4) 5 0.26 - -  - -  
10 0.24 - -  - -  

150 - -  0"33 - -  
Mo [(NH~)6MoTO2,] 1500 - -  0.38 0.36 

7500 - -  0.37 0.07 
15000 - -  0.33 0"02 

No addition - -  ff52 (h) 0"62 Ib) 0"62 (b) 
Fe [FeNH4(SO,)2] 5000 0"52 0.62 0.61 

10000 0'52 0.62 0'62 
Mn (MnCI2) 5000 0.52 0.62 0.62 

10000 0.52 0.62 0.6~ 
Cu (CuC12) 5000 0"52 0'58 0.62 

10000 0.52 0'46 0-70 
Zn (ZnCI2) 5000 0.52 0.60 0.62 

10000 0'53 0.41 0.64 
Pb [Pb(NOa)2] 5000 0.52 0.55 0.64 

15000 0.53 0.60 0.63 
Bi (BiC13) 5000 0'52 0.40 0.65 

15000 0'52 0.39 0.67 
NO~ (NaNO3) 0.5* 0.52 0.43 0"63 

1.0" 0.53 0.38 0.62 
SO~.- (Na2SO,,) 0"5* 0.52 0.62 0.62 

1.0" 0.52 0.62 0"62 
CIO~ (NaC104) 0.5* 0.52 0.62 0.61 

1.0" 0.52 0.62 0.61 

(a) Mo: 5#g, W: 150#g, Re: 150#g. 
(hi MO: 10#g, W: 250/~g, Re: 250/~g. 
* mmole. 
Double extractions with 10 ml of 1% Amberlite LA1 in 

chloroform. 

Absorbances in various organic solvents 

Various organic solvents miscible and immiscible 
with water were tested and the relative absorbances 
compared, as shown in Table 4. After the extraction 
and evaporation of the extracts, the residue was dis- 
solved in the organic solvents given in Table 4 instead 
of in MIBK, and the absorbance value was measured, 
against a blank of the solvent concerned. Because 
each organic solvent had different background absor- 
bance, it was necessary to adjust the flow-rate of 
the acetylene at a constant pressure of nitrous oxide 
to obtain a consistent flame with a 3-cm red cone 
when aspirating each solvent. 

Acetone and ethyl acetate showed a similar en- 
hancement of absorbance relative to MIBK. The 

Table 4. Comparisons of absorbance in various solvents 

Absorbance* 
Organic solvent Mo Re W 

Methyl alcohol 0.32 0.30 0.32 
Ethyl alcohol 0.23 0'28 0.28 
Acetone 0"55 0'60 0'57 
Methyl isobutyl ketone 0'52 0'61 0.60 
Ethyl acetate 0.54 0.40 0.43 
Butyl acetate 0.38 0.34 0'51 
Di-isobutyl ketone 0.19 0'33 0'28 
Methyl n-amyl ketone 0"29 0.44 0.41 

* 10/~g of Mo, 250 #g of Re, 250 #g of W in final volume 
of 10 ml of each organic solvent. 

Table 5. Results of recovery of Mo with some chelating 
agents 

Mo taken, 
No. ;t# Absorbanee Reagent 

1 5 0'24 
2 5 0"24 Ammonium 
3 10 0.48 pyrrolidinecarbodit hioate 
4 . 10 0'48 

1 5 0"24 
2 5 0"25 
3 10 0"48 8-Hydroxyquinolioe 

4 10 0"48 

background absorption of MIBK was lower than for 
any other solvent and MIBK was therefore superior 
for absorbance measurement. However, these data in- 
dicate that a wide variety of organic solvents can be 
used if necessary in the final dissolution step before 
aspiration. 

Extraction with other chelating agents 

Aqueous solutions containing 5 or t0 #g of molyb- 
denum in 50 ml at pH 2 were extracted with 10 ml 
of 0.5% ammonium pyrrolidinecarbodithioate or 8- 
hydroxyquinoline solution. The extract was evapor- 
ated to dryness, dissolved in 10 ml of MIBK and 
the absorbance measured. 

Table 5 shows the results obtained for extraction 
of molybdenum. They were comparable in sensitivity 
to those from the Amberlite LA1 extraction. How- 
ever, these extraction systems suffer from the need 
for critical pH-control and from the possibility of co- 
extraction of potentially interfering metals. 

D I S C U S S I O N  

The method developed here gives a single extrac- 
tion system applicable to the determination of all 
three elements, Mo, W and Re, giving detection limits 
of 0.02, 0.75 and 0.34 ppm respectively (which are 
lower than any previously reported~ and eliminates 
potential interferences from diverse ions by use of sol- 
vent extraction. The earlier work by Rao t3 on extrac- 
tion of tungsten with AIiquat 336 and by Biechler 
and Long 14 on rhenium extraction cannot be used 
for concentrations less than 500 ppm. For molyb- 
denum, the method of Kim et alJ ~ is not useful below 
1 ppm. 

In addition, by extraction of W, Re and Mo it has 
been possible to overcome mutual interferences 
between these elements in AAS with the nitrous 
oxide-acetylene flame, in contrast to the interference 
of tungsten in flameless methods:  The only serious 
interference was by molybdenum with rhenium, as 
shown in Table 3, where a 50-fold excess of Mo 
caused a marked depression in the Re absorbance. 

The proposed method has been shown to be versa- 
tile in several other respects: (a) the volume of extract- 
ing solvent used is unimportant, (b) there is a wide 
choice of organic solvents for aspiration, and (c) a 
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small final volume of organic solvent for aspiration 
into the flame can be used and precision retained, 
allowing low detection limits to be achieved for Mo, 
W and Re. In addition, there is a wide choice of 
extracting agents, Amberlite LA1 can be replaced by 
other amines such as Alamine 336 or Aliquat 336, 
and other chelate extraction systems can also be 
employed, though with some disadvantages. 

Because of the high sensitivity and lack of interfer- 
ences, the method is expected to be useful in the 
determination of Mo, W and Re in ores, soils, waters 
and biological materials. Future reports will deal with 
applications to determination of sub-ppm levels of 
Mo in soils and sediments by solvent extraction of 
molybdenum thiocyanate and atomic absorption, and 
to the determination of trace tungsten in soils and 
geological materials by solvent extraction of the 
tungsten thiocyanate complex with Alamine 336. 
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Summary--The extraction of Pt, Pd, Ir, Rh, Ru, A~, Au, Co, Cu, Ni and Fe with n-octylaniline 
has been investigated. Noble metals are extracted 10":104 times better than Cu, Ni, Co and Fe. A 
method of determination of Pt, Pd, Ir, Rh and Ru is proposed, They are first separated from Cu, 
Ni, Co and Fe by means of extraction (and then determined, in either the aqueous or organic phase, 
by atomic-absorption spectrophotometry. The atomic absorption of platinum metals (with the exception 
of Pd) is affected by other elements of the platinum group and by non-noble metals. La(NO3)3 and 
Nd(NO3)3 lower the limit of detection for Pt, Rh, Ir and Ru and inhibit the effect of Co, Cu, Ni, 
Fe, Bi, Zn, Na, etc. on their determination. Lanthanum and neodymium chlorides and sulphates produce 
a similar effect but only on the determination of Pt and Rh. The coefficient of variation of the determina- 
tion, in both phases, is within 2-6.8%. 

The advantages of extraction over other techniques 
for the concentration of platinum metals are well 
known. 1-a Many reagents have been proposed as the 
extractants, 4'5 but a considerable number of these will 
only extract one or two metals of the group,' mostly 
palladium and platinum. Pt, Pd, Ir, Rh and Ru 
usually occur together, and thus it is of practical im- 
portance to have methods for the selective extraction 
of the whole group. 

For this purpose, we have employed n-octylaniline 
CsH17.C6H4.NH2. Extraction of platinum metals 
with aromatic amines has been studied by Gindin et 
al. 6 Aniline and toluidine extract these elements well 
from hydrochloric acid media. However, these sub- 
stances are readily soluble in water, whereas their 
hydrochlorides are not readily soluble in organic 
diluents; these properties limit the application of ani- 
line and toluidine as extractants. These limitations do 
not apply to n-octylaniline. We have also studied the 
extent to which the platinum group metals interfere 
with each other when they are determined by atomic- 
absorption spectrophotometry. 

EXPERIMENTAL 

Reagents 

Solutions of metal ions. HzPtC16 . 6H20, PdC12, 
RhCI3.4H20, K2IrC16, K3IrC16, K2Ru(H20)C15, and 
cupric, nickel, cobalt and sodium chlorides were used as 
standard compounds; they were dissolved in hydrochloric 
acid of appropriate concentration. Rhodium chloride was 
first treated with l 1M hydrochloric acid. 

Extractant solution. A 2M solution of octylaniline in 
toluene was shaken three times with equal volumes of 3M 
hydrochloric acid for 3 min each time. 

Metal complexes. Concentrated solutions of Cu, Ni and 
Fe in octylaniline were prepared by shaking extractant 

solution with 1M solutions of Cu(II), Ni(II) and Fe(III) 
in 3M hydrochloric acid. Lanthanum(III) was extracted 
with tributylphosphate from 20% solutions of La(NOa)3 
in 1M nitric acid. The extraction was performed three 
times, each time with a fresh solution of the element. Con- 
centrations of Cu, Ni, Fe and La in the organic phases 
were calculated from the difference of the concentrations 
of the elements in the jaqueous phase before and after 
extraction. 

Apparatus 

Atomic-absorption spectrometer. A Perkin-Elmer model 
4A was used. The flames were air-acetylene and nitrous 
oxide-acetylene. The analytical lines were: Pt--2659A, 
Pd--3404 A, Rh--3435 A, Ir--2640 A, and Ru--3499 A. 

The solutions were introduced into the flame under the 
following conditions. For aqueous solution and the air- 
acetylene flame, the flow-rates (1./rain) were: air--8; ad- 
ditional air--10.3; acetylene--2"2 (for Pt, Pd and Rh) and 
3'3 (for Ir and Ru); for organic solutions the flow-rates 
were: air--12'7; additional air--11.9; acetylene--2.2. For 
the nitrous oxide-acetylene flame, the flow-rates (1./rain) 
were: nitrous oxide--13"5; air--7'5 (for aqueous solutions) 
and 5"2 (for organic solutions). 

RESULTS AND DISCUSSION 

Extraction o f  platinum and other metals with octylani- 
line hydrochloride 

The effect of a number of factors on the extraction 
of Pt, Pd, Ir, Rh, Ru, Cu, Ni, Co, Zn, Fe, Ag(I) and 
Au(III) with 2M octylaniline is shown in Tables 1-3. 

The distribution coefficients of platinum metals, 
and also of Ag and Au, are much greater than those 
of Cu, Co, Ni and Fe. Because of this it is possible, 
first to separate the group Pt, Pd, Ir, RtL Ru, Ag 
and Au, and secondly to extract these metals irrespec- 
tive of their oxidation state, which is a considerable 
advantage over other extractants. The extractability 
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Table 1. The distribution coefficients of some metal ions 
(15 min equilibration) 

Distribution coefficients 

Cme, M Ni(n) Co(II) Cu(II) Fe(III) Zn(n) Ag( I )  Au(lII) 

Concentration of H CI--I M 
0.01 0.0097 0 .017  0 .017  0.025 421" 869 
1.0 0.021 0.020 0.13 1.4 

Concentration of HCI--3M 
0.01 93 r98 
0.1 6.4 269* 
1.0 0"026 0.034 0.18 0.24 2.4 

* Extraction of AgNO3 from nitric acid solution. 

of Rh and Ru increases with increasing concentration 
of hydrochloric acid, and consequently all the extrac- 
tions reported below were performed with the 3M 
acid. The extractability of platinum metals remains 
high in the presence of high concentrations of Cu 
and Ni, and also when the ratio, 2, of the aqueous 
and organic phase volumes is increased up to 5 (Table 
3). 

Although the distribution coefficients of Cu, Co, 
Ni and Fe are very small, an appreciable con- 
centration in the aqueous phase leads to extraction 
of a considerable amount into the octylaniline phase. 
For this reason, we studied the conditions for 
scrubbing of Cu, Ni and other metals. Cu, Co, Ni 
and Fe are re-extracted quantitatively with 1-3M hy- 
drochloric acid. The platinum metals remain in the 
octylaniline phase. 

From this evidence it was concluded that n-octyl- 
aniline may be employed to separate the platinum 
metals group from Cu, Co, Ni, Fe and other metals. 
We investigated the following extractive con- 
centration procedure. The platinum metals are 
extracted from 3M hydrochloric acid with three por- 
tions of octylaniline solution (2 = 2, extraction time 
15 min). The combined organic phases are scrubbed 
twice with equal volumes of 3M hydrochloric acid 
(5 min shaking) to remove Cu, Co, Ni and Fe. In 
order to avoid loss of Pd and Rh to the wash-solu- 
tion, the latter is extracted once with octylaniline 
solution (2 = 2), and all the organic phases are com- 
bined. 

To check this procedure, Rh was extracted from 
solutions containing Cu and Ni. It is seen from Table 
4 that Rh is extracted quantitatively, and concen- 
trated to a considerable extent. Similar results were 
obtained when Pt, Pd, Ir, Rh and Ru were extracted 
from a solution which contained 15 g of Cu. The ratio 
of copper to platinum metals was 4000:1 in the star- 
ting solution, and 20:1 in the extract. 

Table 3. Effect of the ratio (2) of aqueous and organic 
phase volumes on the extractability of platinum metals in 

the presence of Cu and Ni* 

Extracted in one stage, % 
Concentration 

2 Pt Pd Rh Ir Ru of metal, M 

1 99.8 98.2 98.9 99.7 93.4 Pt, Pd, Ir 3 x 10 -3 
5 99.9 91-7 99.0 99.7 94.4 Rh 7 × 10 -3 

Ru 3 x 10-* 
10 99.9 91.4 93.5 98.7 73.3 Cu, Ni 5.5 x 10 -2 
1 99"9 85"4 100 96'2 - -  Pt, Pd, Ir 3 × 10-* 
5 98"0 88"0 - -  100 Rh 7 x 10-* 

Ru 3 x 10-s 
10 93"1 - -  95 98"4 79"9 Cu, Ni 5 x 10-1 

* Platinum metals in the organic phase were determined 
by the spectral method. 6 

Table 4. Concentration of Rh from Cu and Ni solutions 

Rhodium Me/Rh ratio 

In the starting solution In the extract 
Taken, Pa Found, ,tO Nickel Copper Nickel Copper 

Iff5 11'5 45 x 10a:l 5:1 
155 148 1'2 x 10a:l 0'4:1 
25 23 40 x 10a:l 4"5:1 

248 226 640:1 0'3:1 

This procedure may be applied to the analysis of 
various materials. The platinum metals in the concen- 
trate may be determined by any suitable method. We 
employed atomic-absorption spectrophotometry to 
determine the metals both in the aqueous and in the 
octylaniline phase. 

Atomic-absorption spectrophotometry of platinum 
metals 

We first compared the detection limits of Pt, Pd, 
Rh, Ir and Ru in aqueous (2M hydrochloric acid) 
and organic (octylaniline) solutions, because use of 
an organic extract often results in increased sensi- 
tivity. For example, we found 7 that using the extract 
of Pt, Pd, Ir(IV) and Ru(IV) in tetraoctylammonium 
bromide lowers the detection limit by a factor of 2-10. 
Similar results have been obtained by other 
workers, s,9 

Platinum metal solutions were prepared in 2M hy- 
drochloric acid, and in octylaniline by extraction of 
their chloro-complexes from 3M hydrochloric acid 
(2 = 1, single extraction with 2M octylaniline). The 
distribution coefficients were high enough for the con- 
centrations of the metals in the organic phase to be 
assumed to be the same as those in the aqueous solu- 
tion subjected to extraction. 

Table 2. The distribution coefficients of platinum metals (Cme = 0"0IM; 15 min equilibration) 

Distribution coefficients 

CHC b M Pt(W) Pt(II) Ir(III) Ir(IV) Rh(III) Pd(II) Ru(III) Ru(IV) RuNOCI~- 

1 300 300 > 100 70 6" 1 300 1"0 - -  - -  
3 337 41 106 70 20 37 > 160 > 160 > I60 
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Table 5. Comparison of the detection limits of platinum 
metals, gg/ml 

Flame 

Air-acetylene* N20-acetylenef 

Element 2M HCI Octylanitine 2M HCI Octylaniline 

Pt 1,25 0.51 3.75 1.28 
Pd 0-16 0-04 1.12 0.15 
R h 0.07 0-02 0"24 0.05 
Ir 5.00 31.50 10-65 10.55 
Ru 1'65 3.00 1'80 0"62 

I (a) 

I'Sl- 0 1'4 -["~r~.~.- ~ : ~ Au a Pcl 

r 1.2 
I.C 
0 ' 8 ' ~  pf 
O.E' . _ _ _ . . _ _ . . o . . . . - - - - -  - - - ~  iz 

0'4 ~ R u  
0.~. ~ j ~  

0 I00 200 300 400 5(~ 600 700 eO0 900 I000 
CMa, #g/mr 

I 
*Length of the absorbing layer 10cm; height of 2'4 E 

measurement in the flame, Pt 5 mm (both tYpes of solu- 2.2 
2'0 tion); Pd, Ir, Rh, Ru 10ram (aqueous solution; 7ram for I.a 

the extracts). A I. 6 
~" Length of the absorbing layer 5 era; height of measure- I. 4 

ment in the flame, Pt8mm; Pd, It, Rh and Ru24mm 1.2 
(with both types of solution). I.c 

O.fl 

Evaluation of the detection limits by the 4¢r cri- 
terion (Table 5) shows that with the extracts the sensi- 
tivity is improved by a factor of 2--4 for Pt, Pd and 
Rh (in both flames) and for Ru (in the nitrous oxide- 
acetylene flame). However, for the air-acetylene flame 
the sensitivity for Ir and Ru is improved when the 
aqueous solution is used. This behaviour determined 
the choice of the solvent for the atomic-absorption 
measurements. The differing effect of octylanitine may 
be due to the formation of compounds of different 
stability, owing to the creation of reducing conditions 
within the flame, etc. To find the reasons for the effect 
of organic solutions on the atomic absorption of 
platinum metals we studied earlier 1° the absorption 
and temperature profiles for aqueous and organic 
solutions, and also their physical properties. It was 
found that use of Organic solutions results in (i) in- 
crease in the efficiency of introduction of the sub- 
stance into the flame, and a considerable decrease in 
the size of the aerosol droplets; (i0 an upward shift 
and increase of the volume of the zone of maximum 
absorption; (iiO increase in the temperature of the 
flame (by about 100°). All this results in more efficient 
feed to the flame and evaporation. 

Studies of the effect of other elements on the atomic 
absorption of Pt, Pd, Ir, Rh and Ru 

A series of solutions was made, with constant con- 
tent of a given element, and with increasing content 
of another. The absorbance was measured by the pro- 
cedure above. The following results were obtained: 
the absorption for Pd in either solvent does not 
change in the presence of platinum metals or of the 
non-platinum metals studied (in both flames), but that 
for Pt, Rh, Ir and Ru in either solvent changes in 
the presence of all the elements studied. The changes 
are similar for all four metals; Fig. 1 shows the effect 
for Rh. 

To suppress this effect in the aqueous solution, pre- 
viously used additives 11 such as CuSO4, CuC12, 
NaHSO4, CuSO4 + Na2SO4, CuSO4 + CdSO4, 
LaCla, La(NO3)a, La2(SO4)a, were investigated. Also, 
we employed for the first time neodymium com- 
pounds: NdC13, Nd(NOa)a, Nd2(SO4)a. To choose 

(b) 

0 I00 200 3,00 400 500 600 700 800 900 I000 
CMg ,u.g/mt 

, (c) 
2.0-- 

~-~ Cu 1 . 8 - - ~  
I ' g  

1'4 
A 1'2 

O'S 

O'= = ~  ,,,,,,~...~ __ 
0'2 - _ ~  [z P? 

I I I I I . _  

0 I00 200 300 400 500 
CMe, ,u,g / mk 

Fig. 1. Effect of various elements on the atomic absorption 
of rhodium in ~ ItC1 (a,b) and in octylaniline (c). 

the proper radiation buffer we looked for an increase 
in the absorbance and for simultaneous suppression 
of the effect of other elements. Of the compounds 
studied, only lanthanum and neodymium nitrates 
appeared to be suitable. Increase in the con- 
centrations of La and Nd does not affect the deter- 
ruination of Rh, Ir and Ru very much, but produces 
a considerable effect on the Pt determination. For 
this reason we used 1% lanthanum and neodymium 
solutions in all the following experiments. The effect 
of La(NOa)a on the position of the calibration curves 
for Rh in the presence and absence of other elements 
is shown in Fig. 2: it is seen that the absorbance 
of Rh increases in the presence of lanthanum nitrate, 
and it becomes possible to determine it in the pres- 
ence of elements which produce considerable effects 
in the absence of lanthanum nitrate (Fig. 1). The 
calibration curves for Pt, Ru and Ir change in a simi- 
lar manner. 

All the other compounds studied produce effects 
which are different for different platinum metals. For 
example, whereas lanthanum and neodymium chlor- 
ides are proper additives for Pt and Rh, cupric, lan- 
thanum and neodymium sulphates and nitrates are 
better for Ru and It. 

Finally, it was found that: (i) under identical condi- 
tions, the absorbance of It(IV) is greater than that 

IAL 22 9 D 
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(a) 
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Fig. 2. Effect of La(NO3)3 on the position of the 
calibration curves for rhodium in 2M HC1 (a) and in octyl- 
aniline(b), l--Rh; 2--Rh + PLPd, Ir, Ru, Cu, Ni, Fe, JEetc. 
(ZMe); 3--Rh + La(NO3)3; 4--Rh + XMe 

+ La(NO3)v 

of Ir(III), and that of [RuCI6]  2-  and [ R u f l 6 ]  3- is 
3-5 times greater than that of ['RuNOCIs] 2-, (ii) the 
absorbance of rhodium and iridium solutions de- 
creases with time, this effect being most pronounced 
at concentrations of 1 ppm of Rh and 20 ppm of Ir. 

By using the two-nebulizer method and isomolar 
series, we confirmed the conclusions of Pitts et al. 12 
concerning the effect of other elements on platinum- 
metal determination. To suppress the effect of other 
elements on the determination of Pt, Rh, Ir and Ru 
in the octylaniline phase, we attempted to use lan- 
thanum nitrate both as a solution in ethanol and as 
a TBP extract. Addition of the ethanolic solution 
resulted in precipitation of the lanthanum salt. The 
TBP extract produced a homogeneous solution when 
added to octylaniline solution, and for this reason 
it was chosen for further experiments. Addition of lan- 
thanum nitrate to rhodiunv-octylaniline solution 
sprayed into the air-acetylene flame results in an 
effect similar to that observed with the aqueous solu- 
tion (Fig. 2). Similar results were obtained with Pt 
and Ru. Determination of iridium in the presence of 
Pt, P& Ru, Rh, Cu, Ni and Fe is only possible by 
using the nitrous oxide-acetylene flame, because lan- 
thanum does not suppress the effect of other elements 
in the air-acetylene flame. 

Hence, the studies described resulted in choice of 
the conditions for the atomic-absorption determina- 
tion of platinum metals in aqueous solution and in 
octylaniline-toluene mixture. These conditions are the 
basis of the following analytical procedures. 

Procedures 

Determination of  platinum metals in aqueous solution. The 
extract, obtained by the procedure described above, is eva- 

Table 6. Results of the analysis of some products 

Product 
E l e m e n t  

determined 

Method of analysis 

Atomic absorption 

From aqueous 
solution 

From organic 
solution Spectral 6 Photometric 

Nickel 
powder 

Copper- 
nickel 
solution 

Copper 
slime 

Anode 
nickel 

Nickel 
slime 

Pt,% 
Pd, % 
R h , %  
Ru, % 
Pt, g/I. 
Pd, g/l. 
Rh, g/l. 
Ru, g/l. 
Ir, g /l. 

Pt,% 
Pd,% 
Rh,% 
Ir,% 
Pt, % 
Pal,% 
Rh,% 

Pt, 9/0 
Pal,% 
Rh,% 

0"026 
0"070 

2"00 x 10 -3 
3"1 x 10 -4 

1"07 
3"17 
0"11 
0-021 
0'012 
1'65 
4"48 
0"12 

0"031 
0"081 
0"0019 

0"028 
0"067 

2"4 x 10 -3 

1'1 
3"35 
(>12 

1"75 
4'50 
(>12 

0.48 
1'8 
0'06 

0-021 
0-066 

2-03 x I0 -3 
2'8 x 10 -4 

0"95 
3'09 
0'11 
0'024 
0"014 
1-63 
4"85 
0-13 
0-021 

0"47 
1"29 
0'085 

0"028 
0"071 

1-95 × 10 -3 
5× 10 -4 

0'81 
3.36 
0.08 
0'025 
0.008 
1'82 
4.51 
0-12 
0-021 
0-032 
0.085 
0-0015 
0'46 
1"4 
0"084 
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porated in a corundum crucible to remove the solvent and 
some of the extractant, and the residue is ignited at 650 °. 
The residue is fused with sodium peroxide, and the result- 
ing glass is dissolved in 6M hydrochloric acid. The solution 
is filtered, the filtrate evaporated and the residue dissolved 
in 2M hydrochloric acid. To determine Pt, Rh, Ir and Ru, 
enough lanthanum or neodymium nitrate is added to give 
a 1~ concentration of the metal. The same concentrations 
of La or Nd are used in the standard solutions of the 
platinum metals. The atomic absorption is measured in 
the air-acetylene flame. To determine only Pt and Rh, lan- 
thanum chloride is used as the radiation buffer. The con- 
tent of Pd is found with standard solutions containing no 
additive. The coefficient of variation is 4-6'8~o. 

Atomic-absorption determination of platinum metals in the 
octylaniline phase. To determine Pt, Pd, Ir, Rh and Ru 
directly in the octylaniline phase, enough La-TBP solution 
is added to give a 1~ La concentration, and the atomic 
absorption is measured: that of Pd, Pt, Rh and Ru in 
the air-acetylene flame, that of Ir in the nitrous oxide- 
acetylene flame. The radiation buffer is also added to the 
standard solutions. For Pd, standard solutions containing 
no buffer may also be used. The coefficient of variation 
is 2-6"8~o. 

Because of  the variation in sensitivity with condi- 
tions (Table 5) it is convenient to determine some 
elements in the extract, and others in the aqueous 
phase. 

The method proposed has been tested on a number 
of  materials. The results shown in Table 6 demon- 

strate that the extractive concentration techniques 
combined with the atomic-absorption method may be 
successfully applied to analysis of  materials widely 
different in their content of  Pt, Pd, Ir, Rh and Ru. 
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Summary--A simple and rapid semi-micro gravimetric procedure for the determination of carbon 
dioxide (0.005-60%) in coal rocks and minerals is described. Particular advantages include small sample 
weights (0.25--1.0 g), high precision (relative standard deviation 0"01%) and improved speed of analyses 
(20 re_in). The apparatus is designed as a simple vertical layout to minimize bench space requirements 
and utilizes commercially available components to reduce the number of joints and rubber tubing 
connections. The low swept volume (165 ml) gives good sensitivity and reduced analysis time, and 
the scavenging train ensures removal of water, halogens and gaseous sulphur compounds. 

Carbon dioxide determinations are required for cor- 
rections of volatile matter, carbon and oxygen 
determinations on organic coal matter; 1 evaluation 
of carbonate minerals such as limestone and magne- 
site; assessment of the carbonation of iron ore sinters 
and burnt lime; summations of total analyses. 

The determination of carbon dioxide has been 
established for many decades but recent literature is 
sparse despite the importance of the analysis. Meyr- 
owitz 2 described a gravimetric micro-procedure for 
minerals when limited sample weights are available; 
a special feature was the use of nitrogen carrier  gas. 
However, most recent papers have been concerned 
with the analysis of coal, using gravimetric, ~'a'4 
manometric 5 and titrimetric 1'6 methods, together 
with a comparison of the three techniques. 7 Criticisms 
of the validity of the manometric procedure for cer- 
tain Australian bituminous coals have been made, s,9 
because low results were obtained, owing to adsorp- 
tion of released carbon dioxide on the sample, and 
on silica gel in the guard tube; this standard method 1 
has since been withdrawn. 

The micro-procedure described by Meyrowitz 2 is 
not suitable for routine analyses, and particularly for 
high carbonate materials, because a very small sample 
weight (20 mg) would be necessary. The titrimetric 
procedures are elegant and sensitive, but the prep- 
aration, storage and standardization of the potassium 
methoxide titrant present difficulties in routine analy- 
sis, and safety aspects of the absorbent and titrant 
cannot be overlooked, t° All of the recommended 
gravimetric procedures ~'3'4 stipulate a large sample 
weight (5 g) and an unduly long analysis time of 70- 
95 min. 

The work described in this paper covers the devel- 
opment of a simple and rapid semi-micro gravimetric 
procedure applicable to coal, coal mineral-matter, t ~'~ 2 
rocks and minerals. The particular objectives sought 
were the use of an inert carrier-gas, a non-liquid puri- 
fication train, relatively small sample weights (1 g of 
coals, 0.25 g of limestone), wide applicability (0-005- 

60%), high precision (relative standard deviation 
0.01~) and accuracy, and much improved speed of 
analysis (20 min). 

EXPERIMENTAL 
Reagents 

Magnesium perchlorate, anhydrous, G. F. Smith, Cat. 
55, 0.8-2 ram. 

Soda asbestos, Merck Cat. 1564, 1.5-3.0rmn, and Cat. 
1567, 0.75-1.5mm (absorption capacity for CO2, 50% 
minimum). 

Schiitze catalyst, t3 0.2543.5 ram. 
Activated manganese dioxide, 0.7-1'4 ram. 
Tetrabase (4,4'-tetramethyldiaminodiphenylmethane) 

granulated on pumice, 0.5-2.0 mm. 

Apparatus 

Analytical balance, 0.01 mg sensitivity. 
U-tubes, fully sealable, borosilicate glass, clear joints, 

flame-polished tubulures, internal diameter 13'5ram, 
packed weight 65-75 g. 

Purification tube, nominally 25 mm o.d., length 400 mm, 
packed as shown in Fig. 1. 

It U Iit / F'°'me'er 
[4 I "  U M°"°me''j 

I 
1~ ~ I mGlass wool 

~ I [ ]  Magnesium perchlorate 
M ~ ~1 Te?ramethyl base 

,9/26 il I [ ] ~ h = z e  coto,ys* 

Sintered gloss disc ~ 19/26 [~ I ~ 15-3-OOmm 

Fig. 1. Semi-micro apparatus for carbon dioxide 
determination. 
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Apparatus components (Fig. 1) are commercially avail- 
able ground-joint glassware. 

Procedure 

Standardization. Pass nitrogen at 200 ml/min for 10 min 
through the U-tube to bring it to equilibrium, and weigh 
immediately. Weigh into a dry reaction flask, 60"0 or 
300.0 nag of anhydrous sodium carbonate (dried at 105 ° ) 
as appropriate for the expected range of carbon dioxide 
in the samples. Add 40 ml of distilled water free from car- 
bon dioxide, connect to the apparatus and pass nitrogen 
at 200 ml/min for 5 rain to remove atmospheric carbon 
dioxide from the train. Reduce the nitrogen flow to 50 ml/ 
min, connect the weighed U-tube, slowly add 20 ml of hyd- 
rochloric acid (1 + 1), adjust the nitrogen flow to 200 ml/ 
min and raise the reaction flask to boiling point in 5 min, 
using a micro bunsen burner. Boil gently for 10min, 
remove the U-robe, and weigh it immediately. The carbon 
dioxide recovery should be within the ranges 24.8-25-0 and 
124.3-124.9 mg respectively for sodium carbonate weights 
of 60-0 and 300.0 mg. 

Assays. Samples are ground to pass a 62-#m screen and 
air-equilibrated. A maximum sample weight o f l  g is used 
and smaller weights are used as required to limit the yield 
of weighed carbon dioxide to ~ 125 rag. Concurrent mois- 
ture determinations 14 are carried out as required. Various 
materials are analysed by the standardization procedure 
with the following modifications. Coa/---add 3 drops of 
50~ v/v detergent solution, 30 ml of carbon dioxide-free 
water, close the flask with a stopper and shake it vigor- 
ously for 5 rain before connecting it to the apparatus. Car- 
bonate minerals---use 250 mg of sample. Sulphide minerals 
--add only 20 ml of water initially, heat to 'boiling in 
5 min, slowly add 20 ml of 60% w/v ferric chloride solution, 
return to the boil and slowly add 20 ml of hydrochloric 
acid (1 + 1). Manganese dioxide---use phosphoric acid (1 + 
1) instead of hydrochloric acid. 

Calculation 

CO2 (dry basis) CO2 absorbed (rag) x 100 
Sample weight (mg) 

100 
x 

100 - -  H 2 0  

where H 2 0  is the water lost (~o) at 105 °. 

RESULTS AND DISCUSSION 

The apparatus was designed as a vertical layout 
to minimize bench space requirements and to enable 
three trains to be fixed to one portable board. The 
apparatus components were chosen from commer- 
cially available or simply modified items, to minimize 
the number of ground-glass joints and restrict rubber 
tubing connections in the analysis train. The low 
swept volume (165 ml) of the apparatus gives lower 
flow-rates and blanks, together with reduced analysis 
time. A feature of the apparatus is the use of swivel 
damps which enable rapid changing of the flasks 
without altering the alignment of the main apparatus. 
Borosilicate glass U-tubes are stronger than soda- 
glass and can be used in humidity-controlled (50--60% 
RH), air-conditioned laboratories without difficulties 
from static electricity effects, even when a semi-micro 
balance is used. Immediate weighing is possible when 
a controlled environment is used, because the U-tubes 
are far removed from the micro bunsen burner and 
the relationship between the masses of the U-tube 

and the absorbed carbon dioxide is such that the tem- 
perature rise from the exothermic reaction is not sig- 
nificant. The use of fully sealable U-tubes in conjunc- 
tion with a 0-01-mg sensitivity balance enables consis- 
tently low blanks and good reproducibility to be 
obtained; a 0.1 mg sensitivity balance is adequate 
for many applications. 

The scavenging train contains magnesium perchlor- 
ate for removal of residual water vapour passing 
through the condenser; tetrahase for the self-indicat- 
ing removal of halogens 15'16 released from samples, 
particularly those containing quantities of manganese 
dioxide, and for preventing the back-bleed of iodine; 
Schiitze catalyst for the oxidation of residual hydro- 
gen sulphide; ~ manganese dioxide for adsorption of 
sulphur oxides and to remove any iodine. The bottom 
drying section of the scavenging train is changed 
readily, and is used to extend the life of the main 
upper scavenging train by removing water vapour 
passing through the condenser. Meyrowitz 2 used sul- 
phuric acid-potassium dichromate solution for remo- 
val of H2S and traces of hydrocarbons, and copper 
sulphate on pumice to remove chlorine, residual hy- 
drochloric acid and H2S not absorbed by the H2SO~- 
K2Cr2OT. Liquid purification trains are regarded as 
less preferable by the present authors because the car- 
rier gas sweeps vapour from the liquid to the adjacent 
purification units, the swept volume of the purifica- 
tion train is unnecessarily increased and the number 
of apparatus joints is increased. Further, Meyrowitz 
acknowledges that the use of sulphuric acid in the 
train adjacent to magnesium perchlorates constitutes 
an explosion hazard. The addition of ferric chloride 
to sulphide-containing samples significantly reduces 
the evolution of H2S, by the reduction of Fe a+ to 
Fe2+, 18 although more frequent replacement of the 
Schtitze catalyst and manganese dioxide may be 
required. Stronger oxidants are not recommended 
because of the danger of conversion of organic com- 
pounds such as humic acid into spurious carbon diox- 
ide. 19 

The initial surge of carbon dioxide evolved can 
cause a problem in the gravimetric determination of 
carbon dioxide when using soda-asbestos as absor- 
bent. Total exhaustion of the immediate front section 
of the absorbent vessel can cause cohesion of the par- 
tides and result in blockage. The use of soda-asbestos 
(1.5--3~)mm) in the front section of the absorbent 
vessel, followed by fine soda-asbestos (~75-1'5mm) 
was found to eliminate blocking and ensure full utili- 
zation of the absorbent and total recovery of carbon 
dioxide. 

The preferred acid [hydrochloric acid (1 + 1)] was 
found to give erroneously high results when applied 
to manganese dioxide materials; the evolved chlorine 
quickly saturates the purification train and is 
absorbed subsequently on the soda-asbestos and is 
reported as carbon dioxide. The incorporation of 
tetrabase in the purification train permits the analysis 
of a range of materials which may contain moderate 
amounts of manganese dioxide, but phosphoric acid 



Table 

Carbon dioxide in coal and minerals 

1. Carbon dioxide recovery from 301.00 and 
60.20mg of Na2CO3, with HC1 and HaPO4 

Acid HCI(I + 1) HaPO4(I + 1) 

CO2 taken mg 124"98 25.00 124.98 25~0 
Mean CO 2 found, mg 125.02 25.03 124.95 25"09 
Relative standard 
deviation, n = 6, 0.0014 0 - 0 0 1 6  0.0005 0-009 

dissolution is better suited to samples rich in manga- 
nese dioxide. 2° The British standard method for coal 1 
states that phosphoric acid is not effective for mater- 
ials containing siderite (FeCO3) and investigation 
showed that complete recovery of carbon dioxide 
from siderite requires prolonged dissolution time in 
phosphoric acid (60 min) or use of an additional hyd- 
rochloric acid attack. For a natural siderite sample 
(34.5% CO2), the recovery when using phosphoric 
acid was only 26.4% CO2; the residual carbon dioxide 
was released by decanting the phosphoric acid and 
continuing the analysis with hydrochloric acid. 

The optimum carrier-gas flow-rate consistent with 
complete recovery of the carbon dioxide evolved was 
investigated. A flow-rate of 200 ml/min was found to 
give good recoveries in the preferred analysis time 
cycle and a 50% variation in this flow could be toler- 
ated without an adverse effect on the analyses. 

There is a lack of suitably standardized commer- 
cially available materials for validation of carbon 
dioxide analyses, particularly in regard to solid fuels, 
and iron and manganese dioxide ores. Consequently 
it was necessary to establish recovery and reproduci- 
bility values by using sodium carbonate, a limestone 
standard and a standardized coal sample. Results 

Table 2. Carbon dioxide content of standard samples 

Acid HC1 H3PO,~ HCI 
Material Coal Coal Limestone 
Sample BHP SC114 BHP SC114 NBSIa 

Certified COs value, % 0.555 0"555 33"53 
Mean CO2 found, % 0"554 0"556 33-42 
Relative standard 
deviation, (n = 6), 0.0119 0"0081 0.0007 

753. 

obtained (Tables 1 and 2) show that excellent reco- 
veries and reproducibility can be achieved: 

The apparatus and method developed have been 
shown to be simple, sensitive and rapid, and with 
minor modifications are applicable to a wide range 
of materials. 
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There have been a number of references to the reaction 
of chloramine-T (CAT) with ammonia. Engfelt t claimed 
that there was little reaction in aqueous medium at room 
temperature. Later, however, it was reported that when 
excess of CAT was mixed with ammonia at a solution 
pH of less than 4, there was a brisk evolution of nitrogen 
and a stinging smell of chloramine was observed, while 
the proposed reaction was thought to be similar to that 
of hypochlorite: 2,a 

3NaOC1 + 2NH3 = N2 + 3NaCI + 3H20 (1) 

It was found that more CAT was being consumed by the 
reaction than required by the equation above, assuming 
that 1 mole of CAT is equivalent to 1 mole of hypochlorite. 
The precise excess consumed depended on the time of 
standing, up to a period of 24 hr. Dietzel et al. 4 suggested 
that this was due to further oxidation of the normal final 
reduction product of CAT, p-toluenesulphonamide to p- 
benzoic acid sulphonamide. 

More recently it has been reported ~ that the oxidation 
of ammonia with CAT occurs rapidly in neutral medium 
and sluggishly in acid medium (0.1M hydrochloric acid). 
At pH 10 and above there was no oxidation. Agterdenbos 6 
has reported that ammonia seriously interferes in the deter- 
mination of nitrite by oxidation with CAT in 0"5M acetic 
acid medium. Though the claim that CAT behaves as a 
hypochlorite solution is well disproven, 7,s there are many 
reports of oxidations with CAT in alkaline media and we 
have chosen to examine the reaction of excess of CAT 
with ammonia in the presence and absence of bromide. 

A priori, it was assumed that for titrations of CAT and 
ammonia at room temperature there were three possible 
and significant variables: (1) the excess of CAT used, mea- 
sured as a molar concentration ratio of CAT to ammonia; 
(2) the time for which the excess of CAT was allowed to 
react with the ammonia, and (3) the pH of the medium 
for the reaction. 

EXPERIMENTAL 

Reaoents 

Chemicals used were of analytical-reagent grade. The 
solutions prepared were 0-1M sodium thiosulphate, 0"05M 
CAT and 0.015M ammonium sulphate. The sodium thio- 
sulphate solution was standardized against 0"IM iodine 
prepared from a commercially available concentrate and 
the CAT solution was standardized against the thiosul- 
phate solution. 7 One sample of "AnalaR" ammonium sul- 
phate used was standardized acidimetrically 9 and found 
to be above the 99-6% minimum assay guaranteed and 
solutions of this reagent were therefore usually prepared 
by weight standardization. 

Procedure 

A 50-ml portion of 0.05M CAT (2-5 mmole) was added 
from a grade-A burette to a 250-ml glass-stoppered bottle. 
To this solution was added the required quantity of buffer 
and, if appropriate, 1 g of potassium bromide (8'4 mmole). 

The required volume of ammonium sulphate solution from 
10 to 50ml (0"154)'75 mmole) was added from a burette. 
The bottle was stoppered, well shaken and kept in the 
dark for the required reaction time from 1 to 60 rain. Then 
10 rrd of 2M sulphuric acid (20 mmole) were added, fol- 
lowed by 1 g of potassium iodide (6.0 mmole). The iodine 
liberated was titrated with f i lM sodium thiosulphate, with 
starch as indicator. The following buffers were used; the 
measured pH values for the buffers are given in brackets: 

(a) 10 ml of 2M sulphuric acid, 20 mmole (0.8) 
(b) 1.02 g of potassium hydrogen phthalate, 5 mmole (4.9) 
(c) 0.36 g of disodium hydrogen phosphate, 2.5 mmole, 
plus 0.34g of potassium dihydrogen phosphate, 
2'5 mmole (6.6) 
(d) 1.0 g of sodium bicarbonate, 1.2 mmole (7.7) 
(e) 0.4 g of disodium tetraborate, I mmole (9.04) 
( f )  0.2 g of sodium hydroxide, 5 mmole (12.1). 

The equation for quantitative oxidation of ammonia to 
nitrogen is: 

3CH3C6H4SO2NC1- + (Br-) + 2NH3---* 

3CH3C~H4SO2NH2 + N2 + 3C1- + (Br-) 

The molar ratio is calculated from number of moles of 
CAT added, divided by twice the number of moles of 
ammonium sulphate added. The number of moles of CAT 
is calculated from the volume of CAT added to the stop- 
pered flask. For a mole ratio of 1.5 exactly enough CAT 
is present as is required to oxidize all the ammonia present 
to nitrogen. Some of the results obtained are given in 
Tables 1-4. 

RESULTS 

Table 1 shows that in the presence of bromide the oxi- 
dation to nitrogen in bicarbonate medium is complete but 
non-quantitative. More CAT is consumed than the reac- 
tion above requires. There was little further change in the 
degree of reaction, when reaction times of up to 60 min 
were used. Table 3 shows the 0.5% relative standard devia- 
tion attained for a set of nine titrations. It was often noted 

Table 1. Effect of time of reaction on degree of reaction 
of CAT with ammonium chloride 

(a) In presence of 1 g of potassium bromide, and I g of 
sodium bicarbonate, mole reaction ratio CAT:NH3 = 
3"24:1 

Time, min 1 2 3 5 10 20 
Reaction, ~ 87"1 95.0 98"4  100.3 101.9 104.3 

(b) In presence of 1 g of sodium bicarbonate, mole reaction 
ratio CAT:NH3 = 3.24:1 

Time, min 10 20 30 40 50 
Reaction, ~o (6"3) (8'8) 1 2 . 3  15'5 14.0 

755 
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Table 2. Effect of mole ratio on degree of reaction 

(a) In presence of 1 g of potassium bromide and 1 g of sodium bicarbonate, time of reaction 20 min 

Mole ratio (CAT:NH3) 1'65 1.88 2.37 3'29 4.11 5.48 8.22 
Reaction, ~o (80.3) (85'8) 97.2 103.2 106.0 109.2 (115.0) 

(b) In presence of 1 g of sodium bicarbonate, time of reaction 30 min 

Mole ratio 2-03 2"70 3.24 4.05 5'39 8.09 
Reaction, ~o (10'1) (7.0) (9"0) (14-4) 19.1 20.9 

Table 3. Precision of titration in presence of 1 g of potas- 
sium bromide and 1 g of sodium bicarbonate, time of reac- 

tion 20 min, mole ratio 3"54 

Reaction. ~ 103"1 103.7 103-5 104.0 103.7 102.5 104.0 103.6 103-6 
Mean 103.6~ relative standard deviation 0-5~ 

that while pairs of titration results could show close agree- 
ment, attempts to repeat such results with different solu- 
tions showed deviations of up to 1~, the deviations being 
the larger, the further the degree of reaction was from 
i00~o; such results are bracketed in the tables. 

Table I also shows that in the absence of bromide there 
is only a slight oxidation of ammonia by CAT. Table 2 
shows that increase in mole ratio increases the degree of 
reaction both in the presence and absence of bromide. 

Table 4 shows the effect of pH on the reaction. In the 
presence of bromide there is very incomplete reaction at 
pH 9'2 and practically no reaction in dilute sodium hyd- 
roxide solution. There appears to be an increased over- 
consumption of titrant at pH 4 and again a very incom- 
plete (and poorly reproducible) reaction in dilute sulphuric 
acid medium. In the absence of bromide at pH 4.8 there 
was a very marked over-consumption of CAT, a fairly 
complete reaction at pH 6.8 and otherwise little or no reac- 
tion. 

Some additional experiments were conducted with addi- 
tion of 0" 17 g (1 mmole) of solid recrystallized p-toluenesul- 
phonamide in titrations carried out in bicarbonate buffer 
and in the presence of bromide. There was no marked 
change in the degree of reaction, but the p-toluenesul- 
phonamide did not dissolve completely. The result suggests 
that the reduction product of CAT (p-toluenesulphona- 
mide) was not being further oxidized under these condi- 
tions. 

DISCUSSION 

In an attempt to understand both the causes of over- 
consumption of CAT and lack of reproducibility, some 
gas-liquid chromatography experiments were carried out, 
with a Pye series 104 chromatograph. It was thought that 
one cause of the over-consumption could be the formation 
of oxidation products other than nitrogen gas. Nitrogen 
forms compounds having all oxidation states from - 3  
(NH3) to +5 (HNO3). There are two intermediates 

Table 4. Effect of pH on degree of reaction of CAT with 
ammonium chloride 

(a) In presence of 1 g of potassium bromide, mole ratio 
3.11 : 1, time of reaction 30 min 

pH 0.8 4.8 6'6 9"0 12q 
Reaction, % (47.4) 106-4 101-8 (42'4) (1.4) 

(b) Mole ratio 3.11 : 1, time of reaction 30 min. 

pH 0.8 4.8 6-8 9-2 12.1 
Reaction, % (5.1) (133.0) (95.9) (0.5) (0-3) 

between ammonia and nitrogen ( - 3 and 0), namely hydra- 
zine ( - 2 )  and hydroxylamine (-1) .  It is claimed 1° that 
any oxidizing agent which will oxidize ammonium ion to 
hydroxylamine will be powerful enough to oxidize it to 
nitric acid. However, hydroxylamine is unstable and the 
following reaction is possible: 

4NH3OH + = N20 + 2NH~ + 3H20 + 2H + 

The latter reaction is favoured by alkali and it has been 
suggested that the reaction between hypochlorite and 
ammonia will give oxides of nitrogen, tt The bead-space 
analysis method 12A3 was used. Gas samples (20 ml) were 
taken by syringe from a 250-ml flask that contained the 
reaction mixture (CAT/ammonium sulphate in bicarbonate 
media) and was sealed with a "Subaseal" rubber seal (R. 
W. Jennings Ltd.). The gas samples were then injected into 
the gas-liquid chromatograph. 

It proved difficult to achieve a reproducible reaction. 
Gaseous products other than nitrogen were formed, but 
not consistently. One unidentified component, which also 
occurred in the reaction of ammonium sulphate and 
sodium hypochlorite, increased in concentration with time 
of standing. 

The possibilities ammonia, nitrogen, nitrous oxide, 
nitrogen dioxide, carbon dioxide, carbon monoxide and 
chlorine were excluded, since none of these gave the same 
retention time as the unknown component. It is likely that 
the unknown component is a chloramine. 

In the absence of bromide, possible volatile products 
of the reaction are chloramine and dichloramine. Cha- 
pin t4,t5 claimed that in the reaction of chlorine with 
ammonia, the nature of the product depended on the pH 
of the medium. Below pH 3, nitrogen trichloride was 
formed, at pH 3-5 dichloramine, and above pH 8 mono- 
chloramine. 

Polarographic analysis showed that an electroactive 
component was formed slowly in a solution that was 
10-3M in CAT, 0"05M in ammonia, ~05M in ammonium 
chloride and 0.5M in potassium sulphate. The reduction 
wave had an E~ of -0 .34V vs. SCE, while the E~ for 
CAT in this medium was about 0 V vs. SCE. (The latter 
value is not in agreement with some early work, t6 where 
the E½ for CAT was given as -0 .13V vs. SCE; however, 
there are more recent references to the polarographic beha- 
viour of CAT. tT'ia) The wave with an E~ of -0 '34V was 
found only in the presence of ammonia and after allowing 
at least 10 min for reaction to occur. The wave-height in- 
creased with time up to about 2 hr and then slowly de- 
creased. This showed that even when the ammonia is in 
excess, relative to CAT, a reaction product that is not 
nitrogen is found. 

While the formation and loss of a volatile reaction prod- 
uct explains the apparent lack of repeatability in the reac- 
tion of CAT with ammonia, it does not explain the over- 
consumption of CAT. If chloramine is formed and escapes 
into the gas phase, then one expects an underconsumption 
of CAT, i.e., less than 100~o reaction. This is because one 
mole of CAT oxidizes 1 mole of ammonia to chloramine, 
whereas 1.5 moles of CAT are required to oxidize one mole 
of ammonia to nitrogen. On the other hand, if the chlora- 
mine remains in the solution, then it will be oxidized to 
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nitrogen by the iodine formed on adding iodide ions to 
the excess of CAT before the titration with thiosulphate. 
It is therefore necessary to postulate that overconsumption 
of CAT is due to the formation of dichloramine, some 
of which volatilizes. 

2CH3C6H4SO2NCI - + 2H + + NH3 

= 2CH3C6H4SO2NH 2 + NHC12 

Such a postulate would account for the large overcon- 
sumption of CAT at pH 4. In this pH region the chlora- 
mine-T anion disproportionates into dichloramine-T and 
p-toluenesulphonamide. 7's However, the formation of di- 
chloramine from the CAT-ammonia reaction is probably not 
the complete story. It has been observed t9 that solutions 
of CAT alone, buffered with acetate in this pH region, 
show a loss in titre of 2~o after a period of 1 hr. Rao et 
al. 2° have suggested that in the formation of dichloramine- 
T in the disproportionation reaction 

2CHaC6H4SO2NCI ~ + 2H + 

= CHaC6H4SO2NH 2 + CHaC6H4SO2NC12 

free-radical side-reactions can produce a dimer with the 
structure (CHaC6H4SO2NC1-)2 . The reaction of CAT 
with ammonia in the presence of bromide shows that bro- 
mide promotes the reaction and one may suppose that 
the CAT initially reacts with bromide to form the analo- 
gous bromo-anion, which would react in a similar manner, 
forming bromamine and dibromamine. 

CONCLUSIONS 

The reaction between CAT and ammonia does not take 
place unless the pH is less than about 8. The presence 
of bromide increases the rate of reaction and extends the 
pH range up to about 9. There are no conditions under 
which the reaction results in a quantitative formation of 
nitrogen. There are some species formed during the reac- 
tion which are believed to be chloramines (or bromamines 
when bromide ions are present). 
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Hydrazine salts arefamiliar in many industrial fietds, e.g., 
they are used as antioxidants, photographic developers, 
preservatives, welding fluxes, oxygen scavengers and pro- 
pellents. The mode of utilization of the hydrazines is gov- 
erned by the oxidation route they take. 

Many methods have been proposed for the determina- 
tion of hydmzine compounds. Most are oxidimetric, apply- 
ing various finishing methods, e.g., titrimetry, 1-5 potentio- 
merry, 6-a colorimetry, 9 coulometry, t° amperometry, it 
conductometry) 2 and gasometry) 3-~8 Whereas some of 
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nitrogen by the iodine formed on adding iodide ions to 
the excess of CAT before the titration with thiosulphate. 
It is therefore necessary to postulate that overconsumption 
of CAT is due to the formation of dichloramine, some 
of which volatilizes. 

2CH3C6H4SO2NCI - + 2H + + NH3 

= 2CH3C6H4SO2NH 2 + NHC12 

Such a postulate would account for the large overcon- 
sumption of CAT at pH 4. In this pH region the chlora- 
mine-T anion disproportionates into dichloramine-T and 
p-toluenesulphonamide. 7's However, the formation of di- 
chloramine from the CAT-ammonia reaction is probably not 
the complete story. It has been observed t9 that solutions 
of CAT alone, buffered with acetate in this pH region, 
show a loss in titre of 2~o after a period of 1 hr. Rao et 
al. 2° have suggested that in the formation of dichloramine- 
T in the disproportionation reaction 

2CHaC6H4SO2NCI ~ + 2H + 

= CHaC6H4SO2NH 2 + CHaC6H4SO2NC12 

free-radical side-reactions can produce a dimer with the 
structure (CHaC6H4SO2NC1-)2 . The reaction of CAT 
with ammonia in the presence of bromide shows that bro- 
mide promotes the reaction and one may suppose that 
the CAT initially reacts with bromide to form the analo- 
gous bromo-anion, which would react in a similar manner, 
forming bromamine and dibromamine. 

CONCLUSIONS 

The reaction between CAT and ammonia does not take 
place unless the pH is less than about 8. The presence 
of bromide increases the rate of reaction and extends the 
pH range up to about 9. There are no conditions under 
which the reaction results in a quantitative formation of 
nitrogen. There are some species formed during the reac- 
tion which are believed to be chloramines (or bromamines 
when bromide ions are present). 
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pellents. The mode of utilization of the hydrazines is gov- 
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these methods require special equipment, others demand 
carefully controlled conditions, particularly with the gaso- 
metric methods where the oxidation reactions involved do 
not always lead to quantitative formation of elemental 
nitrogen. Side-reactions can occur during oxidation with 
some inorganic oxidants and may give rise to gaseous pro- 
ducts other than nitrogen, e.g., ammonia and/or hydrazoic 
acid. 19 

In the present investigation two new iodometric methods 
are described for the determination of micro amounts of 
hydrazine salts. Both are simple, rapid, and highly sensi- 
tive, since 6- and 3-fold amplification reactions are in- 
volved. 

EXPERIMENTAL 

Reaoents 

All reagents used were of analytical grade and doubly 
distilled water was always used. 

Hydrazine compounds. Aqueous solutions of con- 
centrations 0"05, 0.1, and 1.0g/l. were used. 

Iodine solution. Prepared weekly by dissolving ca. 0"3 g 
of pure iodine in 250 ml of pure dry chloroform, and stored 
in an amber bottle. 

Sodium thiosulphate solution, 0"01 and 0.005N. Standar-. 
dized against potassium iodate solutions of similar nor- 
mality. 

Potassium periodate solution. Prepared by dissolving I g 
of reagent (previously crystallized from hot water) in ca. 
600 ml of water. 

Buffer solution, pH 3. Made from 40 ml of 0.2M sodium 
acetate and ca. 110 ml of glacial acetic acid. 

Solutions of sodium acetate (2M), potassium bicar- 

bonate (5 and 0.5%) ammonium molybdate (25%), potas- 
sium iodide (10%, prepared daily), formic acid (1:1)' and 
bromine (saturated) were also prepared. 

Iodine procedure 

Transfer a portion of sample solution, containing 0.1- 
1.0 nag of the hydrazine salt, to a 100-ml separating funnel 
and dilute to ca. i0 ml with water. Add the bicarbonate 
and iodine solutions (0'5 and I'0 ml respectively for each 
0.1 mg of hydrazine salt). Dilute the non-aqueous layer to 
ca. 10 ml with chloroform, shake the mixture for 2 min, 
leave it for I min, and separate the organic layer. Remove 
the last traces of iodine from the aqueous layer by extrac- 
tion with three 10-ml portions of chloroform. Transfer the 
aqueous phase quantitatively to a 250-ml conical flask, add 
3 ml of 2M sodium acetate and 10 rnl of bromine water, 
and stir for 3 min with a magnetic stirrer. Destroy the 
excess of bromine by dropwise addition of formic acid, 
add 5 ml of buffer and 5 ml of 10~ iodide solution, and 
titrate the liberated iodine with 0.01N thiosulphate, using 
starch as indicator. 
1 ml of 0"01N thiosulphate--54'2:  #g of hydrazine 
sulphate or 43'74 #g of hydrazine dihydrochloride. 

Periodate procedure 

Dilute an aliquot of sample solution, containing 0.05- 
1.0mg of the hydrazine salt, in a 100-ml conical flask to 
ca. 5 ml with water and adjust the pH of the solution to 
ca. 8 by addition of 2.5 ml of 0'5~o bicarbonate solution. 
Add 2 ml of the periodate solution for the oxidation of 
0.05-0.2 rag of hydrazine, for 0.5-1.0 nag use 10 ml. Stir the 
reaction mixture with a magnetic stirrer for 15min, at 
room temperature, to allow for complete oxidation. Add 

Table 1. The iodometric determination of hydrazines 

Compound 

Iodine method 

Weight , /~  
Taken Found 

Periodate method 

Weight, /~3 
Recovery, % Taken Found Recovery, % 

Hydrazine 
sulphate 

Hydrazine 
dihydrochloride 

99"0 99'0 49'7 99'4 
100 98.1 98'1 50 49.6 99.2 

98'5 98'5 50'1 100'2 
196.4 98'2 99"1 99'1 

200 197.0 98'5 100 99.2 99.2 
196.7 98.4 100'1 100'1 
492.6 98'5 198.6 99.3 

500 493" 1 98'6 200 199'0 99'5 
495.8 99.2 198.7 99.4 
691.3 98'8 497"3 99"5 

700 690.6 98.6 500 498.1 99.6 
693.7 99'1 500.2 100.0 
982'9 98.3 998'4 99'8 

1000 989.5 98'9 1000 995.4 99'5 
981.0 98.1 994.3 99.4 

98"6 98.6 49.5 99.0 
100 98.7 98'7 50 49.8 99.6 

98.3 98'3 49.6 99.2 
198.0 99-0 99.3 99.3 

200 197.6 98.8 100 99.0 99-0 
197.3 98.7 99.7 99-7 
493-7 98-7 198.1 99-1 

500 496.2 99.2 200 199.0 99-5 
490-4 98-1 197.9 99-0 
690.2 98.6 496-4 99.3 

700 692.3 98.9 500 495.3 99.1 
690-0 98.6 498-0 99.6 
987-6 98.8 996.1 99.6 

1000 990-1 99.0 1000 993.2 99'3 
983.3 98.3 990-0 99.0 
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5 ml of acetate buffer, 5 ml of molybdate solution, and 5 ml 
of iodide solution and then titrate and liberated iodine 
with 0.005N thiosulphate in the usual manner. 
1 ml of 0.005N thiosulphate- 54"22 #g of hydrazine 
sulphate or 43.74/~g of hydrazine dihydroehloride. 

RESULTS AND DISCUSSION 

The iodine method 
The conventional method for assay of hydrazine com- 

pounds is the iodometric x method which involves oxi- 
dation with excess of aqueous iodine solution and back- 
titration with thiosulphate. 

NH2NHz + 212 ----, Nz + 4H ÷ + 41- (1) 

This method has hitherto been applied for macro scale 
assay only, yet is still the most popular procedure despite 
the many other methods 6-~2 available. This motivated us 
to search for new methods for the determination of micro 
amounts of hydrazine compounds with use, whenever 
possible, of the iodine-starch end-point. An obvious 
approach was the application of amplification reactions. 

As clear from equation (1) for four iodine atoms, con- 
sumed in oxidation of one molecule of hydrazine, are 
quantitatively reduced to four iodide ions which can then 
be dealt with by the Leipert amplification procedure, ' °  
after extraction of the iodine with chloroform. 

In this way, one mole of hydrazine is equivalent to 24 
iodine atoms, instead of the 4 in the normal reaction, so 
the amplification is 6-fold. 

Preliminary studies confirmed that the amount of 
bicarbonate added must be carefully controlled 1 to avoid 
the decomposition of hydrazine. For 1 nag of sample, 5 ml 
of 5~0 bicarbonate gave the optimum concentration. For 
lower amounts of hydrazine, proportionately smaller 
amounts of bicarbonate were used. The second factor is 
the amount of iodine, of which a 2.5--3-fold excess was 
found essential for rapid and quantitative oxidation. 
Higher excesses of iodine should be avoided in order to 
decrease the number of extractions necessary, since these 
increase the risk of mechanical loss of aqueous phase which 
causes low results. Any iodine left in suspension in the 
aqueous phase would cause high results, and so must be 
removed by washing the aqueous phase with chloroform. 

The working procedure finally developed was applied 
successfully to the analysis of 0.I-1.0 nag amounts of hydra- 
zinc compounds. Sample weights outside this range gave 
rise, unfortunately, to insufficiently accurate results. For 
sample weights lower than I00 #g, the inconsistent errors 
(ca. + 5~o) obtained may be attributed to mechanical losses 
in the extraction, separation and transfer processes, and/or 
the partial decomposition of hydrazine in these more dilute 
solutions. On the other hand, for sample weights higher 
than 1 nag, low (by ca. 4~o) recoveries were generally found 
and these are most probably due to volatilization of some 
of the iodine produced in the amplification reaction. 

Table 1 shows the recoveries obtained for hydrazine sul- 
phate and dihydrochloride. They range between 98.1 and 
99.2~. The overall average recovery is 98'6~o. 

The periodate method 
The periodate method recently used for the determina- 

tion of ~-amino-alcohols, 21 was adapted to determination 
of hydrazine. 

Hydrazine undergoes periodate 22 oxidation according to 

2IO~ + N2H4----, 2IO3 + N2 + 2HzO (2) 

This reaction has, so far, been applied to the potentio- 
metric 22 titration of periodate with hydrazine as reductant. 

An excess of periodate could be used to oxidize hydrazine 
at pH 7.5--9.0, followed by iodometrie titration of the un- 
reacted periodate. However, a more sensitive approach is 
to determine the iodate produced, the excess of periodate 
being masked with molybdate, 23 and this affords the basis 
of the second method developed, which involves reaction 
with periodate, in bicarbonate medium at pH 8, masking 
of the excess of reagent with molybdate at pH 3, followed 
by determination of the liberated iodate by the iodate- 
iodide reaction, giving a 3-fold amplification relative to 
reaction (1). 

The reaction proceeds smoothly and quantitatively 
within 15 rain at room temperature, and gives an average 
recovery of 99"4~o for hydrazine sulphate and dihydro- 
chloride (Table 1). 

Both methods are satisfactory, since both involve ampli- 
fication and keep the iodometric finish. Although the 
amplification of the periodate oxidation is only half that 
of the iodine oxidation the former method is simpler and 
more rapid and accurate, and thus to be preferred to the 
latter, which involves several extractions. 
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Summary--Two new, simple, rapid, and accurate iodometric amplification methods are described for 
the micro and submicro determination of hydrazine. The first depends on oxidation with a chloroform 
solution of iodine and removal of its excess, oxidation of the resulting iodide with bromine, and 
iodometric titration of the liberated iodate. The second method is based on oxidation with periodate 
at pH 8, masking of the excess of periodate with molybdate at pH 3, and iodometric titration of 
the iodate. The order of amplification involved in the two methods is 6- and 3-fold, respectively. 
Micro amounts of hydrazine sulphate and dihydrochloride were determined satisfactorily by both 
methods, the average recoveries being 98"6 and 99"4~o. 
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Most spectrophotometric methods ta for tungsten are based 
on its complexes with organic reagents having hydroxy 
groups, are only moderately sensitive and are subject to 
interference from several elements, including molybdenum, 
vanadium, chromium, iron, nickel and cobalt. The dithiol 
method uses a very high acidity, is moderately sensitive 
with a short Beer's-law range, suffers interference from 
molybdenum and other alloying elements and is also time- 
consuming. 

The most commonly used tungsten(V)--thiocyanate 
method 2 is much more sensitive, and free from interference 
from iron and from an equal amount of molybdenum, 
though not from other coloured ions. Stannous chloride 
is used as the reductant in highly acid medium and extrac- 
tion with organic solvents is avoided to keep down inter- 
ferences. Titanous chloride a has also been proposed as 
reductant, but with no decisive advantage. 

In the following method, mercury metal is used for 
reduction of W(VI) to W(V) in the presence of thiocyanate, 
followed by extraction of the yellow tungsten(V)-thio- 
cyanate •complex with a tertiary amine, offering many 
advantages. 

EXPERIMENTAL 

Reagents 
Tungsten solutions. Stock solutions (mg/ml level) were 

prepared by dissolving sodium tungstate and standardized 
by the oxine method. 4 Working solutions were made by 
suitable dilution. 

Tribenzylamine solution (TBA), 2~  w/v in distilled 
chloroform. 

Potassium thiocyanate solution, 5M. 
Mercury. Purified with nitric acid. 5 

Procedure 
A solution containing not more than 600/~g of tungsten 

was placed in a 100-ml separating funnel, and adjusted 
to be 0"2M in potassium thiocyanate and 4M in hydro- 
chloric acid in a total volume of 25 ml. Then 2 ml of 
mercury were added and the funnel was shaken vigorously 
for 1 min. The yellow thiocyanate complex formed was 
extracted by shaking for 1 rain with 20 ml of TBA solution. 
The mercury was run off and the solvent layer was trans- 
ferred to a 25-ml volumetric flask and made up to volume 
with TBA solution. The absorbance of the solution at 410 
nm was measured in a l-cm cell. 

Modification for vanadium and titanium. When vanadium 
and/or titanium were present, the yellow solvent layer was 
transferred to another separating funnel and scrubbed with 
20 ml of 7M hydrochloric acid for 1 min. The organic 
phase was transferred to a 25-ml flask and the absorbance 
measured as before. 

Modification for iron. With up to 100 mg of iron present, 
the reduction step was extended to 3 rain of shaking. 

High-speed steel. The sample (ffl g) was dissolved in 
10 ml of perchloric acid (1 + 1), with heating. Concen- 
trated nitric acid was added dropwise till all carbides had 
dissolved. Concentrated hydrochloric acid (1 ml) was then 
added and the solution evaporated to a paste which was 
taken up in 50 ml of water containing 5 ml of concentrated 
hydrochloric acid and 2 g of tartaric acid. The solution 
was made up to 100 ml in a standard flask and 1 or 2 
ml were used for determination of tungsten. 

Ferrotunasten. The sample (0.1 g) Was carefully fused 
with sodium peroxide (2 g) in a nickel crucible, tb The cold 
melt was transferred with hot water to a beaker. The nickel 
crucible was rinsed with 13"0 ml of hydrochloric acid (1 + 
1). The rinsings and tartaric acid (2 g) were added to the 
beaker and boiled. Any black particles were filtered off. 
The filter paper was dried and ignited and the residue was 
dissolved in concentrated nitric acid (1 ml) with heating. 
The nitric acid was expelled by three successive evapo- 
rations each with 1 ml of concentrated hydrochloric acid, 
until a paste was left. The latter was dissolved in 20 ml 
of water containing 2 ml of concentrated hydrochloric acid 
and 1 g of tartaric acid. The solution was added to the 
main solution, which was finally accurately made up to 
250 ml. Aliquots of i ml were taken for determination 
of tungsten. 

RESULTS A N D  DISCUSSION 

The use of stannous chloride for reduction of W(VI) to 
W(V) requires very high acid and chloride concentrations 
to avoid formation of tungsten blue and needs a 20-min 
waiting period. Tungsten concentrations > 15 #g/ml cause 
turbidity? Titanous chloride can be used in media of 
moderate acidity with practically no advantage other than 
some improvement in the Beer's-law range. The colour of 
the excess of titanous chloride requires compensation in 
the blank. 3 In both cases, extraction increases the interfer- 
ence from other elements. Mercury reduces tungsten to 
the quinquevalent state in the presence of thiocyanate and 
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A solution containing not more than 600/~g of tungsten 
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to be 0"2M in potassium thiocyanate and 4M in hydro- 
chloric acid in a total volume of 25 ml. Then 2 ml of 
mercury were added and the funnel was shaken vigorously 
for 1 min. The yellow thiocyanate complex formed was 
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Modification for iron. With up to 100 mg of iron present, 
the reduction step was extended to 3 rain of shaking. 

High-speed steel. The sample (ffl g) was dissolved in 
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trated nitric acid was added dropwise till all carbides had 
dissolved. Concentrated hydrochloric acid (1 ml) was then 
added and the solution evaporated to a paste which was 
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The filter paper was dried and ignited and the residue was 
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rations each with 1 ml of concentrated hydrochloric acid, 
until a paste was left. The latter was dissolved in 20 ml 
of water containing 2 ml of concentrated hydrochloric acid 
and 1 g of tartaric acid. The solution was added to the 
main solution, which was finally accurately made up to 
250 ml. Aliquots of i ml were taken for determination 
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W(V) requires very high acid and chloride concentrations 
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Fig. 1. Dependence of W(V)-thiocyanate complex forma- 
tion on various parameters. (Curves and scales indicated 
by the same letters). Tungsten concentration 24 #g/ml. 
A--[HC1] ,  B - - [ K S C N ] ,  C- - [amine ] ,  D - - t i m e  of  

shaking. 

acid very rapidly and no waiting time is required. As the 
reductant is not present in solution, the absorbance of the 
complex in aqueous solution decreases with time, but very 
slowly. 

The influence of various parameters on the absorbance 
of  tungsten(V) thiocyanate is shown in Fig. 1. The reduc- 
tion starts at an acidity of 2M hydrochloric acid and in- 
creases to a maximum at 4M., then decreases very slightly 
above 5M (curve A). The colour extracted at up to 3M 
acidity is unstable (shown by dotted line). Reduction in- 
creases with concentration of potassium thiocyanate up to 

2"0 390 420 E-G 
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Fig. 2. Absorption spectra of W(V)-thiocyanate complex 
in various solvents. (Curves and scales indicated by same 
letters). Tungsten concentration = 24 / ~ m l .  A- -aqueous  
phase, B - - 2 ~  w/v TBA, C-- te t raphenylarsonium chloride, 
D- - l~o  v/v n-hexylamine, E - - l~o  v/v tri-n-butylamine, 
F - -  1 ~ v/v tri-iso-octylamine, G - -  1 ~ v/v tri-n-octylamine. 

Table 1. Influence of anions on absorbance of tungsten 
extract (W 600 pg/25 ml) 

Salt Amount* Absorbance 

None - -  1-79 
Disodium salt of EDTA 1.0 1.79 
Sodium chloride 2.0? 1.79 
Sodium sulphate 2-0t 1.78 
Sodium acetate 3-0 1.75 
Tartaric acid 2'0 1.75 
Trisodium phosphate 2"0¢ 1.65 
Potassium citrate 3.0 1.64 
Sodium oxalate 2.0 1-25 

* g/25 ml of aqueous solution, added after forming the 
complex. 

"~ added before forming the complex. 

0'2M, remaining nearly constant thereafter (curve B). 
Extraction increases with the concentration of TBA up to 
2~o and is found to remain constant up to 4~o (curve C). 
It also increases with the length of the reduction step, 
remains constant for 1-3 min shaking-time, but decreases 
on longer shaking (curve D). 

Only oxygenated solvents 6-8 have been proposed for the 
extraction of the tungsten(V)--thiocyanate complex. In the 
present system, the complex can be extracted into isoamyl 
alcohol or methyl isobutyl ketone but is not stable, prob- 
ably owing to the absence of reductant in the solvent 
phase. However, we have found that tertiary amines (Fig. 
2) also extract the complex, which is stable in them even 
though the reductant is not extracted. The complex has 
~a~ at 400 nm in aqueous solution and also in tri-n- 
butyl, n-hexyl and iso-octyl amines, and at 410 nm in TBA 
and n-octylamine. The colour in tri-n-butylamine is un- 
stable, but stable in the other amines for 2 hr and probably 
longer. The absorbance increases with the number of car- 
bon atoms (up to six) in the amine and then remains con- 
stant. The branched-chain amines give higher absorbances 
than the unbranched ones. The absorbance in TBA is 
about 50~ higher than that in aqueous solution, slightly 
better than that in tetraphenylarsonium chloride and 5~  

Table 2. Extraction of other elements under conditions of 
the method 

Element 

Concn. in 
aqueous phase, 

/ag/ml Absorbance* Absorbancet  

None - -  - 0.004 - -  
Sb(III) 400 0.000 - -  
Co(II) 400 0.002 - -  
Ni(II) 400 0.002 - -  
Ce(IV) 400 0.004 - -  
AI(III) 400 -0.001 - -  
Pb(II) 400 - 0.002 - -  
Pd(II) 240 -0.002 - -  
Mn(II) 400 - 0-004 - -  
U(VI) 400 - 0.005 - -  
Fe(III) 400 - 0.006 - -  
Sn(II) 400 - 0.008 - -  
Bi(III) 400 -0.012 0.002 
Cr(III) 400 -0 '017  0'012 
Zr(IV) 400 -0.025 0.007 
Ti(IV) 400 0.068 0.002 
V(V) 400 0.072 0.002 
Pt(IV) 200 0'057 - -  
Mo(VI) 40 0"055 - -  

* Measured against 29/0 TBA in CHCl3. 
t After a single scrub with 7M HCI. 
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Table 3. Analysis of synthetic samples by the proposed 
method 

W added. W found, 
Sample composition* g# /~0 

Fe(3400).Ni( 350),Cr( 1000),M n(25) 200 199 
Fe(7600) 400 402 
Fe(3420),Co(2100),Cr(180) 300 301 
Fe( 1500);Cr(120).V(6) 360 358 
Fe(95),M n( 72),Sn(9).Bi( 1.7) 500 498 

* These samples are analogous to Midvale HR, tungsten 
steel, K.S. Magnet steel, high-speed steel, and Spanish 
wolframite respectively. Figures in brackets are the 
number of/zg of the element present in the aliquot ana- 
lysed. 

less than in the most efficiently extracting amines. There- 
fore, TBA is chosen as it is also much cheaper and easily 
recoverable. 9 About 99.5% of the tungsten is removed in 
a single extraction. 

Beer's law is obeyed up to 24 /zg of tungsten per ml 
in the final solution. 

Applications 
With better sensitivity and wider Beer's-law range than 

the existing thiocyanate methods, the present method takes 
less than 8 min for a single determination. With suitable 
cells and standard curves the method can be used for deter- 
mination of a wide range of tungsten concentrations with 
an error of around 0,5% and good reproducibility. The 
usefulness and wide applicability of the method is shown 
by satisfactory analysis of several synthetic samples (Table 
3) analogous to industrial products. Analysis of BCS 241/1 
high-speed steel (19.61% W) gave 19.5 and 19"5%W, and 
analysis of two ferrotungsten samples gave 75.0 and 75"3% 
for 75'2%W, and 73"4 and 73'5% for 73'3%W. 
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Effect of diverse ions 
Large amounts of chloride, sulphate, EDTA, tartrate and 

acetate do not decrease the absorhance, or do so only very 
slightly (Table 1). Phosphate, citrate and oxalate in large 
amounts decrease the absorbance in that order. Nitrate 
should not be present. Fluoride even in small amounts 
suppresses the extraction. 

Uranium, titanium, vanadium, chromium, iron, cobalt, 
nickel, manganese, aluminium, lead, tin, bismuth, palla- 
dium and antimony do not interfere in the method, if any 
necessary modifi~tions arc made, such as scrubbing with 
7M hydrochloric acid, or compensation in the blank (Table 
2). Platinum and molybdenum can be tolerated in amounts 
equal to that of tungsten, with errors of up to 0.4 and 
2% respectively, but in larger amounts should be separated. 
Copper, in concentrations of more than a few #g/ml, is 
precipitated, but the interference can be avoided by 
filtration of the solvcnt layer. When arsenic is present, the 
mercury does not collect nearly together, and the solvent 
phase requires filtration. 
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Sumnmry--The yellow W(V) thiocyanate complex is formed by shaking sodium tungstate solution 
in 0`2-0.8M potassium thiocyanate and 4-5M hydrochloric acid, with mercury. It is extracted with 
2% tribenzylamine solution in chloroform and measured at 410 nm. U, Ti, V, Cr, Fe, Co, Ni, Mn, 
AI, Pb, Sn, Bi, Pd, Sb and Cu do not interfere. Pt and Mo in amount equal to that of tungsten give 
errors of up to 0.4 and 2% respectively. The sensitivity is 0,013 ~g/ml and Beer's law is obeyed up 
to 24 ~g/nd. 
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Lead and barium are often present together in various 
ratios in certain silicate materials such as optical glass and 
low-melting glass frits. The conventional gravimetric 
methods for determination of lead and barium are based 
on the decomposition of the sample with hydrofluoric and 
sulphuric acids and precipitation of the sulphates. Lead 
is then separated from the mixed sulphates as the soluble 
lead acetate complex 1 (log K = 2.7) by extraction with 
ammonium acetate solution. The literature reveals a con- 
fusing picture of the accuracy of the gravimetric method. 
Allen and Zies 2 stated (no experimental results were fur- 
nished) that barium sulphate was slightly soluble in 
ammonium acetate solution. This statement has been 
referred to in standard books, a'4 However, Alldredge and 
Scott 5 did not find any solubility of barium sulphate in 
ammonium acetate solution even when the ratio of Ba:Pb 
was 100: 1. On the contrary, they found that the recovery 
of lead was only 95%. Mellor 3 and LundelP stated that 
quantitative dissolution of lead sulphate in ammonium 
acetate was hardly possible when basic iron sulphate and 
barium sulphate were present. Scott 6 observed that tin and 
antimony also prevented the dissolution of lead sulphate 
in ammonium acetate solution. The formation of a mixed 
sulphate (Ba,Pb)SO4, which is insoluble in ammonium ace- 
tate solution, was also reported. 7 

The present investigation was therefore undertaken with 
a veiw to studying critically the separation of lead sulphate 
from barium sulphate with ammonium acetate and also 
with EDTA, in order to work out an accurate method 
for gravimetric determination of lead and barium, particu- 
larly in glass. 

EXPERIMENTAL 

Reagents 
All reagents are of analytical reagent quality: 
Hydrofluoric acid, 40%. Sulphuric acid, 50% v/v. Abso- 

lute alcohol. Ammonium acetate solution, 50% w/v. Gela- 
tine solution, 0.5%w/v, freshly prepared. Buffer solution 
(sodium acetate-acetic acid), pH 4"3. Lead nitrate solution 
(1 ml -- 2.75 mg of PbO). Barium chloride solution 
(1 ml - 2'0rag of BaO). EDTA (disodium salt) solution, 
0.05 M. Tartaric acid-oxalic acid solution, each 2"5% w/v. 

Procedure for separation and estimation of BaO and PbO 
after precipitation as sulphate 

To solutions containing barium chloride (10-60rag of 
BaO) and lead nitrate (11-88 mg of PbO), 15-20 ml of sul- 
phuric acid (1 + i) were added. The solution was heated 
on a sand-bath till fuming and then cooled and diluted 
to 50-60 ml. 

Absolute alcohol (40-50 rnl) was added to the solution 
and the precipitate was left standing overnight. The pre- 
cipitate was filtered off on Whatman No. 44 paper or 
equivalent, and after thorough washing with dilute sul- 
phuric acid (1 + 9) and then with 50% aqueous alcohol, 
was transferred into the original beaker. Then 5 ml of gela- 

tine solution, 20 ml of buffer solution (pH 4.3) and 20 ml 
of EDTA (0.05M) were added and the beaker was heated 
on a hot-plate for 1 hr with occasional stirring. The 
remaining precipitate was then allowed to settle. 

The precipitate of barium sulphate was filtered off on 
Whatman No. 44 or equivalent paper and washed several 
times with warm water. The paper and precipitate Were 
ignited in the usual way in a platinum crucible and then 
treated with sulphuric acid to deal with reduction pro- 
ducts. The amount of BaO was calculated by multiplying 
the weight of product by 0.657. 

To the filtrate, 10 ml of sulphuric acid (1 + 1) were 
added and the solution was evaporated to about 50ml. 
It was then cooled, 50 ml of absolute alcohol were added 
and the precipitate was allowed to settle. The precipitate 
was filtered off on a weighed porosity-4 sintered-glass cru- 
cible dried at 120 °, washed with alcohol, and weighed 
again after drying at 120 ° for 1 hr. The amount of PbO 
was calculated by multiplying the weight of product by 
0-736. 

A correction was made for the reagent blank. 

RESULTS AND DISCUSSION 

Quantitative and selective dissolution of lead sulphate by 
ammonium acetate (100 ml of 50% w/v solution) from the 
combined precipitate of lead and barium sulphates was 
critically studied by precipitating the sulphates from solu- 
tions having various molar ratios of the two metals, and 
then determining barium and lead in the residue and fil- 
trate respectively by the procedure given. The results pre- 
sented graphically in Fig. 1 show that the amounts of bar- 
ium sulphate found are always higher while those for lead 
sulphate are equivalently lower than the actual amounts 
taken. The positive error for barium sulphate first increases 
with increase of the molar concentration ratio of barium 
to lead present in the solution, reaching its highest value 
at a molar ratio of (>42, then with further increase in the 
concentration ratio it decreases again and at or above a 
ratio of 4.2, the results for both suiphatcs are almost cor- 
rect. Therefore, the classical gravimetric method for deter- 
mination of barium and lead as sulphate after extraction 
of the latter with ammonium acetate is not expected to 
give satisfactory results below a 4.2 mole-ratio of barium 
to lead. The reason for retention of lead sulphate by bar- 
ium sulphate during extraction with ammonium acetate 
is not very clearly known. A literature survey reveals the 
possible formation of either a double sulphate of barium 
and lead 7 or a solid solution of the two sulphates s which 
is insoluble in ammonium acetate. The formation of a solid 
solution is the more probable because both the sulphates 
form isomorphous crystals and the ionic radii of lead 
(1.324) and barium (1'434) are very similar. Figure 1 
shows the maximum formation of solid solution as occur- 
ring with precipitation from a solution containing barium 
and lead in a mole-ratio of ~42. However, at or above 
4.2 mole-ratio, formation of such a solid solution was not 
observed. 

EAr. 22 ~9--E 
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Table 1. Separation and estimation of BaO and PbO after 
precipitation as sulphate 

BaO taken, PbO taken, BaO found,* PbO found,* 
mg mg m# m0 

10.0 11-0 10.13 10.95 
20.0 11.0 20.08 10.99 
20"0 66"0 20.13 66.20 
20-0 88"0 20.10 88'20 
40-0 22'0 40-08 22.08 
40-0 44.0 40"08 44.20 
40'0 66'0 40" 10 66" 10 

* Mean of three determinations. 
Standard deviation for BaO = +0.0577 mg. 
Standard deviation for PbO = ___ 0.0410 nag. 

Table 2. Determination of BaO and PbO in glass 

Ba:P'o molar ratto 

Fig. 1. Extraction of lead sulphate with ammonium [tcetate Synthetic solution 
from a combined sulphate precipitate of lead and barium aao 20% 
of different molar concentration ratios. Curves A, B and PbO 2o% 
A1, B1 show the deviations of the amounts of BaSO, and Lead-barium 

crown glass 
PbSO4 from their respective theoretical values. BF 584/469 

Lead-barium 
glass 
NBS 89 An attempt to extract lead sulphate selectively with 

EDTA from the mixed sulphate precipitate obtained from 
different mole-ratios of barium and lead was found to be 
quantitative at pH around 4.3, probably because EDTA 
forms a much stronger complex with lead (log K = 18"3) 
than ammonium acetate does (log K = 2"7) while it does 
not form any complex with barium in acid solution. Again, 
lead can be quantitatively precipitated as sulphate from 
its EDTA complex simply by increasing the acid strength 
with sulphuric acid because of protonation of  the EDTA. 
However, for accurate work the acid concentration should 
be 5% and alcohol should also be added in order to mini- 
mize the solubility of lead sulphate. The creeping of barium 
sulphate during filtration is reduced by adding gelatine 
solution. 

The observations of the present study have been utilized 
to work out a method for quantitative separation of bar- 
ium sulphate from lead sulphate and then determination 
of both gravimetricalty as sulphate. The results shown in 
Table 1 were obtained by following the recommended pro- 
cedure and compare favourably with the actual amounts 
of barium and lead taken over a wide range of con- 
centration ratios. Cations such as tin and antimony which 
interfere with the classical gravimetric method by co-preci- 
pitating with the mixed sulphates can be dealt with by 
complexing with oxalic and tartaric acids respectively 
before the dilution in the procedure. Magnesium and 
calcium also have no significant effect on the method. 

The procedure has been successfully applied to the gravi- 
metric estimation of barium and lead in glass and enamels 
after decomposing the samples with hydrofluoric and sul- 
phuric acids as follows. A 0-5-1,0g sample was decom- 
posed with 15-20 ml of sulphuric acid (1 + 1) and 10 ml of 
hydrofluoric acid in a platinum dish. The solution was 
heated on a sand-bath to fumes of sulphur trioxide. The 
hydrofluoric acid treatment was repeated with 5 ml of the 
acid. The dish was cooled and the contents were trans- 
ferred into a 250-ml beaker with 50--60 ml of tartaric-oxa- 
lic acid solution (5%) and digested on a hot-plate. After 
cooling, determinations were made according to the second 
paragraph of the recommended procedure. 

Type of sample BaO, % Mean, % PbO, % Mean, % 

19-94 20"18 
20"24 20"06 20.20 20"09 
20.00 19"90 

16"78 17"37 
16'74 16"77 17'38 
16"80 17'40 17"38 

1"50 17"42 
1-40 1 "45 17"40 17"4 I 
1"46 17"41 

NBS-89 (certified values)--BaO 1.40~ PbO 17-50%. 

The results presented in Table 2 compare favourably 
with the certified values. Other constituents of these mater- 
ials do not have any interfering effect. 

Acknowledoement--The authors are thankful to Mr. K. D. 
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stitute, for his kind permission to publish this paper. 
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Summary--The conventional method for separation of lead from a combined lead and barium sulphate 
precipitate by extraction with ammonium acetate has been critically studied. The results show that 
quantitative separation of lead is possible only when the molar concentration ratio of barium to 
lead is 4.2 or above, but at ratios below 4.2 the method fails because of the formation of a solid 
solution of lead and barium sulphates which is maximal at initial mole-ratio 0.42. The lead in the 
solid solution, however, forms a strong soluble complex with EDTA and can be quantitatively separated. 
Based on this, a gravimetric method has been worked out for determination of lead and barium 
in glass. 
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A literature survey reveals that not.much is reported about 
the chemistry of peroxydiphosphate and much less about 
its determination. 

The minimum Oxidation potential of peroxydiphosphate 
is 2"07 V, which is a little higher than that (2'01 V) of peroxy- 
disulphate, but peroxydiphosphate is kinetically inhibited 
as an oxidant. Its indirect cerimetric estimation has been 
reported by Edwards et al~, 1 who also mentioned its deter- 
ruination by gravimetric estimation of total phosphorus. 
However, since phosphate is always present as impurity 2 
in peroxydiphosphate, the total phosphate method does 
not give a correct determination. Spectrophotometric 
determination in the ultraviolet region has also been 
reported by Edwards e t a l ,  a A slow reaction between 
iodide and peroxydiphosphate has been reported by Indelli 
and Bonora. 4 This work led us to investigate the conditions 
for iodometric determination, employing suitable catalysts. 

EXPERIMENTAL 

Materials 

Potassium peroxydiphosphate was a gift sample from 
FMC Corporation, U.S.A. Other chemicals were analyti- 
cal-reagent grade. The solution of peroxydiphosphate was 
prepared by direct weighing and dissolution in water. It 
does not deteriorate on Standing and was standardized cer- 
imetrically. 1 Copper(I) was used in the form of cuprous 
iodide. 

Procedure 

A 5-10 ml portion of peroxydiphosphate solution of suit- 
able concentration in 0"I-I '0M perchloric, sulphuric or 
hydrochloric acid was taken in a 250-ml Erlenmeyer flask. 
10-15 ml of 20% potassium iodide solution and enough 
copper(II) sulphate or iron(II) sulphate to give a con- 
centration of 2-8 x 10-aM were added, and the liberated 
iodine was titrated with a standard solution of sodium 
thiosulphate. A blank value with the Cu(II) or Fetid was 
also determined and subtracted from the titration values. 
Representative results are shown in Table 1. Similar results 
were obtained throughout the acidity range quoted. 

RESULTS AND DISCUSSION 

The results are within _ I~o of the cerimetric assay, and 
are similar with perchloric, sulphuric and hydrochloric 
acids, but somewhat lower with acetic acid. The minimum 
concentration of the catalyst [copper(ll) sulphate or 
iron(II) sulphate] should be 2 x 10-.4M otherwise the 
liberation of iodine is not instantaneous. Nickel(ll), cobalt 
(If), manganese(H), silver(1) and phosphate were without 
effect. 

Phosphorus present as phosphate in the sample of per- 
oxydiphosphate was determined gravimetrically 5 as well 
as colorimetrically 6 and was found to be 6.25%. Total 
phosphorus as phosphate in the sample was determined 
by converting the peroxydiphosphate in to  phosphate by 
boiling it with concentrated nitric acid and was found to 
be equivalent to 97"3~ purity. However, the oxidizing 
capacity (iodometric or cerimetric assay) is only 91~o. 
Another sample of peroxydiphosphate from FMC corpor- 
ation gave the following results: 

Iodometric or cerimetric assay 92"7~o. Phosphorus im- 
purity as phosphate 4"7~o. Total phosphorus as phosphate 
equivalent to 97"4~ purity. 

It is obvious that in both the samples the sum of the phos- 
phorus equivalent of the iodometric or cerimetric assay 
and the phosphate impurity is nearly equal to the total 
phosphorus content. Although the oxidizing capacities of 
the two samples may vary for preparative reasons, impuri- 
ties other than phosphate are also present in both the sam- 
ples. 

The catalytic activity of copper(II) appears to be due 
to the production of CuI and the operation of the cycle 

Cu(II) + I -  --~½Ie + Cu(I) (1) 

P20~ + 2Cu(I)--* 2PO~- + 2Cu(II) (2) 

Oxidation of iodide by copper(II) is well known, 7 but that 
of copper(I) by peroxydiphosphate is not known. However, 
visual observations with cuprous iodide and its catalytic 
activity in iodometric determination show that copper(I) 
is readily oxidized by peroxydiphosphate. This also 
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Table 1. 

P20~- Cerimetric Acid and 
taken, assay, concn., 

10-3M 10-3M M Catalyst 

Catalyst Iodometric 
concn., assay, 
10-4M 10-SM 

2 1'83 0"2 HCIO, 
4 3"66 0"2 HCIO, 
6 5'50 0"2 HCIO, 
8 7"32 0'2 HCIO4 

10 9"10 0"2 HC104 
15 13'6 0"2 HC104 
20 18'3 0'2 HCIO4 

2 1"82 0"2 HCI 
10 9'1 0'2 HCI 
15 13'6 0'2 HCI 
4 3'66 0-2 CH3COOH 
6 5"50 0'2 CH3COOH 
2 1'82 0"2 H2SO, 

10 9'15 0'2 H2SO4 
10 9'10 0"2 H2SO, 
10 9'10 0"2 H2SO, 
10 9'10 0'2 H2SO, 
10 9'10 0'2 H2SO4 
10 9"10 0'2 H2SO, 
10 9'10 0'2 H2SO, 
10 9"10 0'2 H2SO, 
10 9'10 0'2 H2SO, 
10 9'10 0"2 H2SO4 
10 9"10 0'2 H2SO4 
10 9'10 0'2 H2SO 4 

CuSO, 4 1.82 
CuSO4 4 3.64 
CuSO4 4 5.46 
CuSO4 4 7.28 
CuSO4 4 9.10 
CuSO4 4 13.3 
CuSO4 4 18.0 
CuSO4 4 1.83 
CuSO, 4 9.15 
CuSO4 4 13.5 
CuSO4 4 3-60 
CuSO4 4 5.38 
CuSO4 4 1.82 
CuSO, 4 9.15 
CuSO, 4 9'10 
CuSO, 5 9.10 
CuSO, 8 9.15 
FeSO, 2 9.10 
FeSO4 4 9.15 
FeSO, 6 9.15 
FeSO, 8 9.10 
Cu212 ppte 9" 10 
Cu212 ppte 9"05 

Fe2(SO4)3 2 9.05 
Fe2(SO4) 3 8 9'10 

appears to be likely because the oxidation of copper(I) by 
peroxydisulphate is very fast. s 

Catalysis by iron(II) appears to work through the cycle 

V2Os*- + 2Fe(II)--, 2PO~- + 2Fe(III) (3) 

2Fe(III) + 2I- ---* 2Fe(II) + 12 (4) 

Oxidation of iron(II) by peroxydiphosphate is the basis 
of the cerimetric determination, although the oxidation of 
ferroin (the indicator) is not rapid. Reduction of Fe(III) 
by iodide is reported by Hershey and Bray 9 and many 
other workers. 
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Summary--Peroxydiphosphate can be determined iodometrieally in the presence of a large excess of 
potassium iodide with copper(II) or iron(II) as catalyst through the operation of the Cu(II)/Cu(I) or 
Fe(II)/Fe(III) cycle. The method is applicable in HC10,, H2SO~, HCl and CH3COOH acid media 
in the range 0-1-1"0M studied. Nickel, manganese(II), eohalt(II), silver, chloride and phosphate are 
without effect. 
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The number of reagents which precipitate nitrates quanti- 
tatively is limited to a few organic, or organometaUic 
cations. Among them some benzylammonium ions 1,2 have 
been mentioned, as well as diphenylthallium(III) ~'4 and 
dicyclobexylthallium s ions. The nitrates of the last two 
cations have solubility products of approx. 10 -~ and 
10-to, respectively. The development of an ion-selective 
membrane electrode sensitive to nitrate ions has stimulated 
the development of new analytical procedures based on 
titration of 0.01-0qM nitrate with diphenylthallium(III) 
sulphate. ~ 

These precipitants are not commercially available, and 
their synthesis is rather difficult. Therefore we have 
explored the well-known precipitation reaction with nitron 
(3,5,6-tripbenyl-2,3,5,6-tetra-azobicyclo [2,1, l'l-hex- 1-ene), 
which is used for gravimetric determination of nitrate. 7'8 
In this study some analytically useful properties of this 
reagent have been investigated and a potentiometric 
method for nitrate titration with the nitrate-sensitive mem- 
brane electrode 9 has been developed. 

EXPERIMENTAL 

Reagents 
Nitron, 25% solution in 5% acetic acid. 
Hydroxylammonium sulphate, 1M solution, analytical- 

grade reagent. 
Silver sulphate, analytical-grade reagent. 
Phosphoric acid 25%. 
Sulphuric acid (1 + 1). 
Potassium nitrate. 

Procedure 
A 10-ml sample containing 6.2-62 nag of nitrate (0.01- 

0-1M) is acidified with sulphuric acid (1 + 1) to pH 2-3. 
The titrant is added in 0.05-ml increments and the poten- 
tial recorded by using the nitrate ion-selective electrode, 9 
with a saturated calomel electrode as the reference elec- 
trode. The end-point is found graphically from a potential- 
volume plot or by the Gran method. The titrant is standard- 
ized with a solution of potassium nitrate. 

If nitrite (which interferes in equivalent or larger 
amounts) is present, 13 ml of 1M hydroxylammonium sul- 
phate solution are added to the sample. After 1 min, 1 
drop of 25% phosphoric acid is added, and when evolution 
of gases has ceased (up to 10 rain) the sample is diluted 
and analysed as above. 

R E S U L T S  A N D  D I S C U S S I O N  

Determination of dissociation constant of nitron 
Nitron is slightly soluble in water, its highest con- 

centration being about 10-4M; however, organic solvents 
and also dilute acids increase its solubility. Zwitter-ions 
are formed, t° stimulating protonation to give a cation sta- 
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Fig. 1. Absorption specta of 7 x 10-SM nitron solutions 
in ammonia buffers of pH 9.13 (curve 1), 9.76 (curve 2), 

10.54 (curve 3), 10"97 (curve 4) and 11.30 (curve 5). 

bilized through possible mesomeric forms. The structure 
suggests strong basicity of the nitron molecule and indi- 
cates a small affinity towards the second proton. Because 
of lack of data in the literature we have evaluated the 
dissociation constant spectrophotometrically. 

Of the two absorption maxima at 200 and 250 nm the 
latter was used in this study, because of smaller interfer- 
ences. At this wavelength the absorbance changes from 
0"680 at pH 9.50 to (>615 at pH 11 for 7 x 10-~M solu- 
tion, allowing the use of ammonia buffers (Fig. 1) in this 
pH range, for determination of pK=. 

The absorbances taken for calculation were extrapolated 
to zero time because of the instability of nitron, especially 
in its basic form (Fig. 2). For the pH range 9.76-10.97 
the mean pKa value is 10.34 _+ 0.02. 

Attempts to confirm this value by using potentiometry 
failed because of the small solubility of nitron in water. 
However, the pH of 10-*M aqueous solutions of nitron 

O . ~ O  - 
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Fig. 2. Absorbance changes of the basic form of nitron 
with time at various pH values, indicating extrapolation 

to zero time. 
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nitrate is close to 6.4, giving pKa ~ 9'5. This discrepancy 
was obviously caused by the presence of carbonates in the 
potentiometric measurements, but nevertheless indicates 
that the spectrophotometric determination gives at least 
a proper order of magnitude. 

The solubility of nitron nitrate 

Some discrepancy exists in the previously published 
values for the solubility of nitron nitrate. Welcher It men- 
tioned the value 9-9 mg/100 ml (2"6 x 10-4M), which 
seems to be low. A more reasonable value is given by 
Winkler12--37.1 mg/100 ml at 20 ° (9'9 x 10-4M), attained 
within 24 hr equilibration. This value increases (53.1 mg/ 
100 ml) if the solution is heated first. 

In our measurements the nitron nitrate, precipitated and 
washed with distilled water, was dissolved at no more than 
40 ° and cooled to 20 ° . The concentration of nitrate ions 
was measured by using the nitrate membrane electrode 
and was found to be 1'3 x 10-aM, which may be assumed 
to be the solubility of the precipitate. After 10 days' storage 
of this solution at 3 ° in darkness the measured con- 
centration decreased to 1"0 x 10-aM, and after 15 days 
to 8 x 10-4M. This may suggest formation of a less sol- 
uble product in the course of  decomposition of the nitron. 
However, for analytical interpretation the first value seems 
to be the most useful, corresponding to the solubility prod- 
uct Kso = 1.7 x 10 -6 . 

Choice of conditions for potentiometric titrations 

In order to find the best conditions for titration of 
nitrates, various concentrations were titrated with solu- 
tions of nitron in 5% acetic acid that were approximately 
10 times more concentrated than the sample. The titration 
curves are shown in F!g. 3. The increase of concentration 
is disadvantageous because the amount of precipitate 
makes proper mixing difficult; at the same time the precipi- 
tate tends to adsorb on the electrode, introducing the pos- 
sibility of an error. 

Decreasing the concentration below 0'01M is also disad- 
vantageous. The rate of formation of the precipitate is 
small so the initial part of the curve is greatly disturbed 
because some excess of the titrant must be present before 
the precipitation starts (curve D, Fig. 3). When the titration 
curves were calculated, with neglect of the activity coeffi- 
cients, they appeared to have a larger end-point break than 
the experimental curves. However, when the titration was 
performed at constant ionic strength (0'05M potassium sul- 

td 

260 

220 

180 

140 

I00 
Volume, mt 

Fig. 3. Titration curves of f i lM NO~ (curve A), 0.02M 
NO~ (curve B), 0.01M N O r  (curve C) and 0.005M NO~ 
(curve D). The corresponding dashed lines were calculated 
from the solubility product without taking into account 
the activity coefficients. The concentrations o f  titrant were 

0.33M, 0.22M, 0.11M and 0-055M, respectively. 

Table 1. Effect of nitrite and chloride on titration of 0.1000 
mmole of nitrate with nitron 

Nitrate Nitrate 
Nitrite, found, Error, Chloride, found, Error, 
mmole mmole % mmole mmole % 

0 0"1005 +0"5 0 0"1004 +0'4 
0.010 0"0919 -2"1 0"050 0'1009 +0"9 
0'050 0'0994 +0'6 0.10 0'1014 + 1-4 
0.t0 0"1082 +8'2 0"20 0-1023 +2"3 
0-20 0-1155 + 15'5 0"50 0"0995 --0-5 
0-50 0-1915 +91-5 I'00 0"1030 +3-0 
0"70* 0"0975 --2"5 

* After decomposition of nitrite. 

phate) and the activity coefficients were calculated, very 
good agreement was found. From the titration curve after 
the end-point the solubility product of nitron nitrate was 
calculated as 1.78 + (~03 x 10 - 6 ,  in fair agreement with 
the value reported above. 

The effect of anions on the titration results 
The other anions present in the sample may interfere 

in the determination in several ways. Some may precipitate 
with nitron and simultaneously influence (or not) the 
potential Of the indicator electrode. Others may only effect 
the electrode potential. Of the first group the interference 
of nitrite was studied, and of the second group that of 
chloride, because both may often accompany nitrate in 
various samples. 

When the sample contained nitrite in amounts smaller 
than that of nitrate no interference was observed. However, 
starting from equi~lent  amounts of nitrite the error in- 
creased gradually. In such cases nitrite should be decom- 
posed with hydr0xylammonium sulphate (Table 1). 

For chloride the selectivity coefficient of the nitrate elec- 
trode is KNO3C 1 = 6 x 10 - 3  and the titrant does not pre- 
cipitate this anion. Up to 10-fold excess of chloride does 
not increase the error of the determination significantly 
(Table 1). When larger amounts are present the flattening 
of the titration curve makes it necessary to add silver sul- 
phate to precipitate silver chloride, which need not be fil- 
tered off. 9 

Determination of nitrate nitrogen in fertilizers 

Nitrogen fertilizers contain approx. 12-14% nitrogen, the 
majority of it being in the form of nitrate. A sample of 
flower fertilizer "Flora" was taken for analysis. The total 
amount of nitrogen was determined by reduction with 
Devarda's alloy followed by distillation and titration of 
ammonia. The concentration of ammonia nitrogen was 
determined similarly but without preliminary reduction. 
The presence of nitrite in the sample was not confirmed, 
but the nitrate nitrogen was determined by the full pro- 
cedure. The results are given in Table 2, where the error 
of determination is the difference between the total amount 
of nitrogen determined and the sum of the ammonia and 
nitrate nitrogen. The magnitude of this error is reasonable, 
indicating that the method is well suited to this purpose. 
In general application of the method the relatively high 

Table 2. Determination of nitrate nitrogen in flower 
fertilizer 

Sum of 
Total Ammonia Nitrate ammonia and Error of 

nitrogen, nitrogen, nitrogen, nitrate determination. 
% % % nitrogen. ~ % tel. 

12"52 2"85 9"30 12' 15 - 3"0 
I2"74 2'85 10"21 13.06 +2"5 
12"33 2"88 9"71 12"59 +2"1 
12"36 2-81 9"51 12"32 -0"3 



SHORT COMMUNICATIONS 769 

cost of nitron may be a hindrance. However it can fairly 
simply be recovered from the titrated samples, la 
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Summary---A volumetric method of nitrate determination has been developed, using nitron as a titrant 
and detecting the end-point potentiometrically with a membrane electrode sensitive to nitrate. To 
get a better insight into the characteristics of the system, the acid dissociation constant of nitron 
was evaluated spectrophotometrically (pKa = 10'34). The solubility product of nitron nitrate was found 
to be 1.78 + 0'03 x 10 - 6  (20 °, 0 , 0 5 M  K2SO4) .  The optimal nitrate concentration for titration is about 
0-01M and this method may be successfully applied for determination of nitrate nitrogen in fertilizer 
samples. 
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The spectral, kinetic and stoichiometric features of the 
palladiazo-Pd(II) system have been dealt with 
previously) -6 At that time we postulated the formation 
of a labile ML3 complex which decomposes to a stable 
ML2 complex. Steric considerations made us reluctant to 
accept these conclusions, consequently the system has been 
re-examined and purer samples of palladiazo have been 
used. This has led to a revision of the earlier postulates. 

The present investigation was carried out under the opti- 
mum conditions 4" 5 with reagents prepared as before. ~ 
Test solutions with a ligand to metal ratio of 4:1 were 
prepared in order to ensure a reasonable ligand excess even 
if an ML3 complex were formed. Their spectra were 
recorded at regular intervals against blank solutions of 
ligand of concentrations Cu, 2C~ and 3CM where Cu is 
the metal ion concentration in the test solutions. 

The most congruent results are shown in Fig. 1. They 
were obtained when the concentration o f  the ligand blank 
CL was 2Cu, which corresponds to the formation of an 
ML2 complex in the test solution (CL = 4C~). 

Three isosbestic points located at 370, 490 and 625 nm 
are clearly exhibited, and are obtained within 5 hr. This 
may indicate the existence of a chemical equilibrium in- 
volving two different complex species (one forming whilst 
the other is decomposing). The maximum absorbance is 

obtained within 6-10 min of mixing. This agrees with ear- 
lier findings. *'s 

Another interesting feature of Fig. 1 is the existence of 
two different series of spectra. 

(a) Within the first 20m in two absorption maxima 
appear at 525 and 660 nm (spectra 1-4). This type of spec- 
trum i s  commonplace for arsenazo III complexes, 
(-AsOaH 2 groups ortho to the -N=N-), but hitherto, despite 
years of research, no spectrum of this type  has been 
recorded for the palladiazo complexes (-AsO3H2 groups 
para to the -N=N-). This suggests the formation of a sub- 
stantially new type of complex. The kinetic lability of the 
new complex is also remarkable. Doubtless reaction 
mechanisms and steric factors quite different from those 
usually investigated are responsible. Phenomena of this 
kind involving the appearance of "anomalous" spectral 
forms have been observed earlier by the author with palla- 
diazo,a and others have reported similar phenomena in 
connection with different bis(azophenyl) derivatives of 
chromotropic acid, first in non-aqueous media 9-11,15 
more recently in phosphoric acid" solutions) 6 Perishich- 
Yanich etal. have also investigated the phenomena, t2 

(b) In the period starting after this first 20 min there 
is a hypochromic effect in the main absorption band 
(2rex = 660 nm) which is accompanied by a corresponding 
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The spectral, kinetic and stoichiometric features of the 
palladiazo-Pd(II) system have been dealt with 
previously) -6 At that time we postulated the formation 
of a labile ML3 complex which decomposes to a stable 
ML2 complex. Steric considerations made us reluctant to 
accept these conclusions, consequently the system has been 
re-examined and purer samples of palladiazo have been 
used. This has led to a revision of the earlier postulates. 

The present investigation was carried out under the opti- 
mum conditions 4" 5 with reagents prepared as before. ~ 
Test solutions with a ligand to metal ratio of 4:1 were 
prepared in order to ensure a reasonable ligand excess even 
if an ML3 complex were formed. Their spectra were 
recorded at regular intervals against blank solutions of 
ligand of concentrations Cu, 2C~ and 3CM where Cu is 
the metal ion concentration in the test solutions. 

The most congruent results are shown in Fig. 1. They 
were obtained when the concentration o f  the ligand blank 
CL was 2Cu, which corresponds to the formation of an 
ML2 complex in the test solution (CL = 4C~). 

Three isosbestic points located at 370, 490 and 625 nm 
are clearly exhibited, and are obtained within 5 hr. This 
may indicate the existence of a chemical equilibrium in- 
volving two different complex species (one forming whilst 
the other is decomposing). The maximum absorbance is 

obtained within 6-10 min of mixing. This agrees with ear- 
lier findings. *'s 

Another interesting feature of Fig. 1 is the existence of 
two different series of spectra. 

(a) Within the first 20m in two absorption maxima 
appear at 525 and 660 nm (spectra 1-4). This type of spec- 
trum i s  commonplace for arsenazo III complexes, 
(-AsOaH 2 groups ortho to the -N=N-), but hitherto, despite 
years of research, no spectrum of this type  has been 
recorded for the palladiazo complexes (-AsO3H2 groups 
para to the -N=N-). This suggests the formation of a sub- 
stantially new type of complex. The kinetic lability of the 
new complex is also remarkable. Doubtless reaction 
mechanisms and steric factors quite different from those 
usually investigated are responsible. Phenomena of this 
kind involving the appearance of "anomalous" spectral 
forms have been observed earlier by the author with palla- 
diazo,a and others have reported similar phenomena in 
connection with different bis(azophenyl) derivatives of 
chromotropic acid, first in non-aqueous media 9-11,15 
more recently in phosphoric acid" solutions) 6 Perishich- 
Yanich etal. have also investigated the phenomena, t2 

(b) In the period starting after this first 20 min there 
is a hypochromic effect in the main absorption band 
(2rex = 660 nm) which is accompanied by a corresponding 
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reported for any Pd(II)-metallochromic reagent and com- 
paring very well with similar high absorptivities reported 
by Savvin et al. 13 for certain bis(azophenyl) derivatives of 
chromotropic acid. On the other hand, the maximum ab- 
sorptivity (at 650nm) exhibited by the stable ML-type 
Pd(II)-palladiazo complex is only about 2.8 × 104 1. 
mole- 1. can- 1. 

From a practical analytical viewpoint, the ML2 complex 
allows a much more sensitive determination of Pd(II) 
although an important drawback of the method lies in 
its critical kinetic characteristics, which make it mandatory 
to work under strictly controlled conditions. +'5 The ML- 
type complex is stable but the sensitivity is poorer by a 
factor of about three. 

The ML complex could be ascribed either structure I 
or II (depending o n the pH, since this type of complex 
has been Shown to form over practically the entire pH 
range). 

0,4" 

" " 0 3 S ~ ~  "SO~ 

( I )  

0,2" 

0,1 - 

O- 
400 500 600 700 

X (nm} 

Fig. 1. Kinetic and: spectral features of the palladiazo-Pd 
(II) system. I -4 :ML2 complex; 4-8: mixed ML2, ML and 
free ligand complex spectrum; 12-13: ML pure complex. 

hyperchromic-bathochromic -effect on the secondary 
absorption band ( 2  = 525 nm). This combined effect is 
associated with a hypochromic-hypsochromic effect on 
the main absorption band (spectra 5-10). The process sta- 
bilizes asymptotically during 1-2 days (spectra 8-11). These 
kinetic phenomena are related to the occurrence of an irre- 
versible equilibrium +'5 such as 

ML."-* ML.-1 + L 

(any attempts to reform the ML2 complex through addi- 
tion of a large ligand excess, after kinetic stabilization of 
the system, have proved completely unsuccessful). Conse- 
quently, the recorded spectrum is the sum of the spectra 
of ML., ML._ 1 and ligand released during the decomposi- 
tion of ML. (spectra 8-11), 

Attempts to resolve the final mixed spectrum by "filter- 
ing" with varying amounts of free ligand used as a refer- 
ence blank have resulted in a "pure" spectrum of the new 
stable species corresponding to an ML type, since con- 
gruent results were obtained when the spectrum of the sta- 
bilized mixed complex solution was recorded against a 
blank for which CL ffi 3CM (spectra 12 and 13). 

These facts justify the correction of an earlier hypoth- 
esis +''~ which assumes the initial formation of an ML3 
complex which decomposes to a stable ML2 complex. The 
present findings point clearly to the initial formation of 
an ML2 complex (2m. x ffi 525 and 660 nm) which decom- 
poses to a stable ML complex (Am~ = 600 and 650 rim), 

The molar absorptivity of the ML2 complex is about 
7 × 104 1. mole -1 .cm -1, one of the highest values so far 

-OzS" ~ ~ ~'S03- 

(IT) 

- o 3 s ~ s o = -  

H . O . A s . ~ N  f \ 0  0 / "'N- ~ . ~  
• + It ! | II 
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We consider it highly probable that the ML2-type com- 
plex is a "sandwich-type" complex compound of structure 
III. It has been argued that the complexes formed with 
reagents related to palladlazo are of the sandwich type, 
because of steric effects. 1+ There appears to be a correla- 
tion between "anomalous" spectral forms exhibited occa- 
sionaUy by this type of reagent and the possibility of for- 
mation of "sandwich" complexes of high molar absorp- 
tivity. 

It is possible that the characteristic kinetic instability 
shown by the ML2 complex derives from the presence of 
the bulky p-AsO3H2 groups which may be too voluminous 
to allow for the formation of a stable "sandwich" aggregate 
complex. 
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Summary--The formation of a labile, presumably "sandwich" type, complex of paUadium(II) and palla- 
diazo has been disclosed by differential spectrophotometry. The complex, which is formed within 10 rain 
of mixing of the pertinent solutions, decomposes progressively over a period of 1-2 days to yield 
an ML complex. The ML2 complex exhibits an "anomalous" absorption spectrum with two absorption 
bands with maxima located at 525 (secondary) and 660 (principal) nm, the latter giving a molar absorp- 
tivity of 7 x 10"1. mole-~.cm -1. Possible structures are suggested for the ML2 and ML complexes. 
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The mechanism of oxidation of thiols has been extensively 
investigated by a number of workers, t The thiol group 
in thioglycollic acid 2 and cysteine s is generally oxidized 
to the corresponding disulphide, although instances of oxi- 
dation beyond the disulphide stage are known, z-* Kinetic 
investigations of the oxidation of thiols as a rule require 
rapid analytical techniques. Glutathionc (GSH) is a tripep- 
tide (glutamylcysteinylglycine) and its importance in mam- 
mal systems is believed to be related to its functions in 
oxidative metabolism and detoxication. Several analytical 
reagents have been employed for assaying this compound 
by direct titration, by spectrophotometry and ampero- 
metry s'6 and an excellent review of the subject is given 
by Jocelyn. 7 The iodometric method developed by Wood- 
ward and Fry s is generally acclaimed as quite suitable for 
estimating this polypcptide. In the present investigations 
we have examined the behaviour of ckloraminc-T (CAT) 
and dickloramine-T (DCT) towards glutathi0ne. It was 
found that the thiol is oxidized by these reagents. A direct 
titration of GSH with CAT or DCT at room temperature 
with a visual or potentiomctric end-point was practicable 
as the oxidation of the --SH group to the disulphide was 
found to be quite rapid. A back-titration procedure using 
excess of the oxidants, with oxidation taking place beyond 
the disulphide stage, was found to be satisfactory only in 
the case of CAT. 

TAL 22/9--V 

EXPERIMENTAL 

Triply distilled water was used in preparing aqueous 
solutions. Reduced glutathione was used; analysis by 
Mason's method ~ showed the purity as 98%--assay by 
Woodward and Fry's method s gave 100.5% purity (std. 
devn. 0.13%). The purity was taken as 100%. Paper chro- 
matography showed the compound was homogeneous. An 
aqueous solution (~ 2 mg/ml) was prepared in deareated 
water. Other solutions of glutathione were prepared by 
dissolving the solid in appropriate buffers and solvents. 
CAT was purified by the method of Morris et al. 1° Ap- 
proximately 0.1 and 0.01N solutions were prepared and 
standardized' by the iodometric method. DCT was pre-. it 
pared and purified by the method of Jacob and Natr. 
An approximately 0.01N solution in glacial acetic acid was 
prepared and standardized by the iodometric method. 
Compounds of accepted grades of purity were used in pre- 
paring other solutions, Standard buffer systems 12 were 
employed. Potentiometric titrations were done with a Pt 
indicator electrode and a calomel reference electrode. 

Direct titration 
Visual end-point. To the aqueous glutathione solution 

add about 2 ml of starch-KI solution (20% potassium 
iodide, 5% starch) and enough 2N sulphuric acid to make 
the overall acid concentration approximately 0-04N. 
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Summary--The formation of a labile, presumably "sandwich" type, complex of paUadium(II) and palla- 
diazo has been disclosed by differential spectrophotometry. The complex, which is formed within 10 rain 
of mixing of the pertinent solutions, decomposes progressively over a period of 1-2 days to yield 
an ML complex. The ML2 complex exhibits an "anomalous" absorption spectrum with two absorption 
bands with maxima located at 525 (secondary) and 660 (principal) nm, the latter giving a molar absorp- 
tivity of 7 x 10"1. mole-~.cm -1. Possible structures are suggested for the ML2 and ML complexes. 
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to the corresponding disulphide, although instances of oxi- 
dation beyond the disulphide stage are known, z-* Kinetic 
investigations of the oxidation of thiols as a rule require 
rapid analytical techniques. Glutathionc (GSH) is a tripep- 
tide (glutamylcysteinylglycine) and its importance in mam- 
mal systems is believed to be related to its functions in 
oxidative metabolism and detoxication. Several analytical 
reagents have been employed for assaying this compound 
by direct titration, by spectrophotometry and ampero- 
metry s'6 and an excellent review of the subject is given 
by Jocelyn. 7 The iodometric method developed by Wood- 
ward and Fry s is generally acclaimed as quite suitable for 
estimating this polypcptide. In the present investigations 
we have examined the behaviour of ckloraminc-T (CAT) 
and dickloramine-T (DCT) towards glutathi0ne. It was 
found that the thiol is oxidized by these reagents. A direct 
titration of GSH with CAT or DCT at room temperature 
with a visual or potentiomctric end-point was practicable 
as the oxidation of the --SH group to the disulphide was 
found to be quite rapid. A back-titration procedure using 
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the disulphide stage, was found to be satisfactory only in 
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devn. 0.13%). The purity was taken as 100%. Paper chro- 
matography showed the compound was homogeneous. An 
aqueous solution (~ 2 mg/ml) was prepared in deareated 
water. Other solutions of glutathione were prepared by 
dissolving the solid in appropriate buffers and solvents. 
CAT was purified by the method of Morris et al. 1° Ap- 
proximately 0.1 and 0.01N solutions were prepared and 
standardized' by the iodometric method. DCT was pre-. it 
pared and purified by the method of Jacob and Natr. 
An approximately 0.01N solution in glacial acetic acid was 
prepared and standardized by the iodometric method. 
Compounds of accepted grades of purity were used in pre- 
paring other solutions, Standard buffer systems 12 were 
employed. Potentiometric titrations were done with a Pt 
indicator electrode and a calomel reference electrode. 
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Visual end-point. To the aqueous glutathione solution 

add about 2 ml of starch-KI solution (20% potassium 
iodide, 5% starch) and enough 2N sulphuric acid to make 
the overall acid concentration approximately 0-04N. 
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Titrate with CAT to the appearance of a permanent pale 
blue colour. 

A similar procedure can be used with DCT as titrant, 
but without the addition of  2N sulphuric acid. 

Potentiometric end-point. The oxidation potential of the 
thiol-disulphide system 13 is only -0 .24  V, and a potentio- 
metric titration between aqueous glutathione and CAT 
solutions was found to he suitable. A potential break of 
about 70 mV was recorded for a ffl-ml addition of  titrant 
near the end-point. 

With D c r ,  the potential break was not sharp with 
aqueous GSH solutions o r  in buffer media of  pH 1-3 and 
addition of perchloric acid or potassium bromide did not 
improve the results)* However, the titration in buffer of 
pH 4 was satisfactory and a potential break of about 50 
mV was found for a 0' l-ml addition of DCT near the end- 
point. 

Back-titration 

Preliminary studies. In preliminary experiments with 
CAT, known amounts of glutathione solution (~0.04 
mmole) prepared in the appropriate buffer or solvent were 
added to a known and excessive volume of  CAT solution 
( -  1.25 rumple) in an iodine flask at room temperature. 
The reaction mixture was set aside for various intervals 
of time, with occasional shaking. Then the excess of CAT 
was determined by back-titration. 

A typical set of results for the extent of oxidation of 
glutathione in 30 min by an excess of  CAT is given in 
Table 1. Oxidation of the thiol is erratic in presence of 
hydrochloric acid and non-stoichiometric at pH 3 and 4, 
but there is a reproducible 10-electron oxidation of GSH 
in sodium acetate-acetic acid buffer of  pH 5"0, and the 
stoichiometry again changes at higher pH. 

Recommended procedure. Prepare a solution containing 
glutathione (~  2 mg/ml) in  pH 5"0 buffer. Add~ an aliquot 
to 25 ml of 0 ' IN CAT in an iodine flask, shake the mixture 
occasionally, and after 30 min add 10 ml of 2N sulphuric 
acid and 10 ml of  209/o potassium iodide solution and 
titrate the liberated iodine with standard thiosulphate solu- 
tion. Repeat without addition of  the g|utathione. The 
amount (x mg) of glutathione in the sample solution is 
given by x = 30-73y(Vt - V2) where y is the normality 
of the thiosulphate, I/1 the blank titration and 1/2 the test 
sample titration. 

Table 1. Extent of oxidation of glutathione in different 
buffer and solvent media with excess of chloramine-T 

mmole CAT used 
Medium rumple GSH taken 

1N HC1 4.46 
0 ' IN HC1 5"31 
pH 1" 5-35 
pH 2* 4"85 
pH 31" 5"60 
pH 4~ 5.60 
pH 4.5§ 5"55 
pH 4.9~ 5-01 
pH 5~ 5.01 
pH 5-1§ 5"01 
pH 5"5§ 4.63 
pH ~ 4-06 
pH 7~: 3-85 
pH 8,  3-71 
0-1N NaOH 3,46 

GSH taken = 0'0326 mmole; CAT taken = 1,24 mmo!e; 
time = 30 min. 

* HCI-KCI buffer. 
T Potassium biphthalate-HC1 buffer. 
§ Sodium acetate--acetic acid buffer. 
:~ Borax-boric acid buffer. 

Table 2. Estimation of glutathione with CAT, DCT and 
iodine by direct titration, with a visual end-point* 

Titrant CAT Titrant DCT Titrant iodine 

Thiol Thiol Thiol Thiol 
taken, found, Recovery, found, Recovery. found, Recovery, 

mg mo % mg % m e 

6.38 6.35 99-5 6.35 99-5 6.17 96.7 
10.59 10-55 99-6 10.59 100-0 10-36 97-8 
14.83 14.87 100.2 14.74 99.4 14.43 97.3 
16.94 17.03 100.5 17-04 100-6 16.65 98.3 
21-18 21.22 100.2 21-29 100.5 20.74 97.9 
25.42 25.42 100.0 25-47 100.2 24.68 97.1 
31-77 31.78 100.0 31-77 100.0 30.96 97.5 
36.13 36.21 100-2 36.08 99.9 35.54 98.4 
42.50 42.45 99.9 42.51 100~0 41.21 97.0 
46.75 46.63 99.7 46.76 100.0 45.90 98.1 
53.13 52.76 99.3 53.13 100-0 52.07 98.0 

* Calculations based on consumption of 1 equivalent of 
oxidant per mole of  GSH. 

The back-titration procedure with DCT is not satisfac- 
tory, as the reaction is very sluggish and only a 7-8-elec- 
tron oxidation is obtained even in 1 hr reaction time. 

RESULTS AND DISCUSSION 

Some typical results of  direct titration of GSH with CAT 
and DCT with a visual end-point are shown in Table 2 
and t h e  results of potentiometric titration are given in 
Table 3. Table 2 also contains results for titration of GSH 
with 0.01N iodine 9 at temperatures below 25 °. The present 
method seems superior to the iodometric method. Further- 
more, CAT and DCT are comparatively more stable in 
solution and the titrations can be done a t  room tempera- 
ture. 

The direct oxidation of  glutathione under the conditions 
stated involves a 1-electron change which can be repre- 
sented as follows: 

2 GSH + RNC1Na ~ GSSG + RNH2 + NaCI 

4 GSH + RNC12 ~ 2GSSG + RNH2 + 2HC1 

where R = p-CHaC6H4SO 2 

The presence of the disulphide (GSSG) in the reaction 
products was detected by paper chromatography (RF = 
0'088), with phenol saturated with water as solvent and 
ninhydrin spray reagent)  5 

Cysteine, methionine and thiourea interfere in the deter- 
mination, but glutamic acid, leucine, glutamine, serine, gly- 
cine, threonine, alanine, valine, proline, arginine, histidine, 
glucose and urea (~0.05 mmole) do not. 

Results for the back-titration method are shown in Table 
4. The most probable hydrolytic cleavage of  the GSH 
molecule produces the three amino-acids, glutamic acid, 
cysteine and glycine, of which only cysteine can react with 

Table 3. Estimation of glutathione with CAT and DCT, 
with a potentiometric end-point 

Titrant CAT Titrant DCT 

Thiol Thiol Thiol Thiol 
taken, m# found, mid taken, nu3 found, mg 

6"35 6'31 6"88 6"91 
10-59 10"60 11-65 11"73 
16"94 16-91 18-64 18-68 
21"18 21"19 23"30 23"35 
25-42 25-49 27.96 28 "02 
31"77 31-55 29"80 29"86 
36"00 35"84 34"95 34-93 
42"36 42'36 45-84 46.07 
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Table 4. Estimation of glutathione with excess of CAT by 
the back-titration procedure 

Thiol Thiol Thiol Thiol 
taken, ma found, rng taken, me found, ma 

8-21 8"17 28.46 28'45 
11-72 11.65 33'48 33'45 
16"42 16.48 36"83 36.93 
20.09 20-13 39"65 39'65 
24.63 24"67 46.10 46.01 

CAT. However, the 10-electron change observed suggests 
that the oxidation of GSH can be represented as 

G' .CHzSH + 5RNCINa + 5H20---* G'CHO 
+ 5RNH2 + 5NaCI + H2SO4 

where G' = HOOC. CH(NH2). CHz. CH2. CONH 
\ 

CH--  
/ 

HOOC. CH2. HNOC 

Paper chromatography was used to identify the reaction 
products. Benzyl alcohol saturated with water was used 
as solvent for detecting the sulphonamide (RF = 0.091) and 
0-5% vanillin in 1% hydrochloric acid in ethanol was the 
spray reagent. Attempts were made to detect the aldehydic 
peptide G'CHO with the amino-acid developing solvent 
and spray reagent. Is A single spot corresponding to RF = 
0"39 was observed, which shows the absence of the 
expected hydrolytic cleavage of the two peptide bonds. It 
could perhaps be taken as evidence for the presence of 
G'CHO in the reaction products. Similar behaviour has 
been noted in the oxidation of cysteine a with excess of 
CAT. 

Oxidations involving more than a 10-electron change 
(cf. Table 1) could also involve chlorination of the ~-methy- 
lene group, as observed in the case of  thiols. 4 

Acknowledaements--One of us (D.S.M.) acknowledges 
financial assistance from the University Grants Commis- 
sion, New Delhi, India. 

REFERENCES 

1. D. S. Tarbell, in Organic Sulphur Compounds, ed. N. 
Kharaseh, p. 97, Pergamon, New York, 1961. 

2. D. S. Mahadevappa, Curr. Sci. (India~ 1965, 34, 530; 
1973, 42, 420. 

3. N .M.M.  Gowda, A. S. A. Murthy and D. S. Mahade- 
vappa ibid., 1975, 44, 5. 

4. D. K. Padma, R. A. Shaw, A. R. V. Murthy and M. 
Woods, Intern. J. Sulfur Chem., 1971, 1, 243. 

5. I. M. Kolthoffand R. Belcher, Volumetric Analysis, Vol. 
III, p. 388. Interscience, New York, i957. 

6. D. Gliek, ed., Methods of Biochemical Analysis, Vol. 
II, pp: 263-7. Interseience, New York, 1955. 

7. P~ C. Jocelyn, Biochemistry of the SH Group, p. 137. 
Academic Press, New York, 1972. 

8. G. E. Woodward and E. G. Fry, J. Biol. Chem., 1932, 
97, 465. 

9. H. L. Mason, ibid., 1930, 86, 623. 
10. J. C: Morris, J. A. Salazar and M. A. Wineman, J. 

Am. Chem. Soc., 1948. 70, 2036. 
11. T. J. Jacob and C. G. R. Nair, Talanta, 1972, 19, 347. 
i2. A. Findlay, Practical Physical Chemistry, p. 268. Long- 

mans, London, 1954. 
13. Reference 7, p. 56. 
14. C. G. R. Nair and V. R. Nair, Talanta, 1973, 20, 696. 
15. A. H. Gordon, Biochem. J., 1949, 45, 99. 

Sumnmry--A simple but accurate method for the estimation of glutathione in aqueous solution has 
been developed, based on its oxidation with ehloramine-T and diehloramine-T at room temperature. 
The direct titration with a visual or potentiometric end-point involves a one-electron change, corre- 
sponding to the oxidation of the thiol group to disulphide. Most amino-acids do not interfere, but 
cysteine, methionine and thiourea are oxidized under these conditions. A back-titration procedure 
in which glutathione is oxidized by excess of chloramine-T with a 10-electron change at pH 5 has 
also been developed. 

Talanta, Vol. 22, pp. 773-775. Pergamon Press, 1975. Printed in Great Britain 

2-METHOXYETHANOL AS A SOLVENT FOR CONDUCTOMETRIC 
ACID-BASE TITRATIONS 

GARY A. SChWARtZ* and BARaARA J. BARKER 

Department of Chemistry, Hope College, Holland, Michigan 49423, U.S.A. 

(Received 13 November 1974. Accepted 23 February 1975) 

Although alcohols have frequently been used as non- 
aqueous media for the determination of acids and bases, 1 
there have been few reports of the use of methoxyethanol 
(methyl cellosolve) as an analytical solvent. Cellosolves 
often serve as media for organic reactions since.they are 
excellent solvents for a wide range of organic compounds. 

* National Science Foundation Undergraduate Research 
Participant, Summer 1974. 

One of the most frequently employed methods of acid- 
base analysis is potentiometric titration; however, the cel- 
losolws ace somewhat limited as media for such analyses 
because they display a relatively narrow potential range. 
Experimental potentiometric end-points in methoxyeth- 
anol are often not well defined) These limitations can be 
overcome through conductometric titrations which are 
often used successfully for the analysis of relatively weak 
acid-base systems. Since there have been no reported 
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Table 4. Estimation of glutathione with excess of CAT by 
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CAT. However, the 10-electron change observed suggests 
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/ 
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Paper chromatography was used to identify the reaction 
products. Benzyl alcohol saturated with water was used 
as solvent for detecting the sulphonamide (RF = 0.091) and 
0-5% vanillin in 1% hydrochloric acid in ethanol was the 
spray reagent. Attempts were made to detect the aldehydic 
peptide G'CHO with the amino-acid developing solvent 
and spray reagent. Is A single spot corresponding to RF = 
0"39 was observed, which shows the absence of the 
expected hydrolytic cleavage of the two peptide bonds. It 
could perhaps be taken as evidence for the presence of 
G'CHO in the reaction products. Similar behaviour has 
been noted in the oxidation of cysteine a with excess of 
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Oxidations involving more than a 10-electron change 
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Although alcohols have frequently been used as non- 
aqueous media for the determination of acids and bases, 1 
there have been few reports of the use of methoxyethanol 
(methyl cellosolve) as an analytical solvent. Cellosolves 
often serve as media for organic reactions since.they are 
excellent solvents for a wide range of organic compounds. 
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One of the most frequently employed methods of acid- 
base analysis is potentiometric titration; however, the cel- 
losolws ace somewhat limited as media for such analyses 
because they display a relatively narrow potential range. 
Experimental potentiometric end-points in methoxyeth- 
anol are often not well defined) These limitations can be 
overcome through conductometric titrations which are 
often used successfully for the analysis of relatively weak 
acid-base systems. Since there have been no reported 
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studies of conductometric titrations in the cellosolves and 
since these relatively inexpensive solvents continue to be 
used widely as media for chemical reactions, the present 
conductance analysis of a variety of organic acids in meth- 
oxyethanol was undertaken. 

EXPERIMENTAL 

Reagents 

"Distilled-in-glass" 2-methoxyethanol was obtained from 
Burdick and Jackson Chemical Co. (Muskegon, MI.) Ben- 
zoic, phthalic, and salicylic acids and p-pbenylphenol were 
recrystallized from aqueous acetone. Adipic acid was re- 
crystallized from water, and barbital from aqueous acetone. 
Picric, p-chlorobenzoic and p-hydroxybenzoic acids and 
1,3-diphenylguanidine (DPG) were reerystallized from ace- 
tone-water, acetone--ether, water, and toluene, respectively. 
All acids and the diphenylguanidine were ground finely 
and dried before use. 

Apparatus 

Titrations were performed at room temperature (ap- 
proximately 25 °) in Sargent model S-29870 conductance 
cells. The electrodes were adjusted to obtain a cell constant 
of approximately 0.15 cm-L Resistances were measured at 
1000 Hz on an RC-18 Industrial Instruments conductivity 
bridge. The titrant was dispensed from a 10-ml burette 
graduated in 0.05-ml divisions. For some titrations a 
stream of nitrogen was used as a protective atmosphere. 
During the titrations the solutions were agitated with a 
magnetic stirrer. 

A Sargent S-84805 thermostatic bath assembly filled 
with light mineral oil and maintained at a constant tem- 
perature of 25.00 + 0.02 ° was used in the determination 
of the equivalent conductances of several acids and of 
DPG. The conductance cell used for these measurements 
has been described previously) By the method of Lind, 
Zwolenik and Fuoss, 4 the cell constant 
0.1865 + 0.0002cm-1 was obtained with aqueous potas- 
sium chloride solutions ranging in concentration from 2.5 
to 5.0 x 10-3M. 

Procedure 

For the titrations an accurately weighed sample of acid 
(approximately 0.1 g) was transferred to the conductance 
cell and dissolved in 50.0 ml of methoxyethanol of specific 
conductance 3-8 x 10 -7 ohm-x era-1. After each addition 
of titrant (0.10M diphenylguanidine), the solution was 
stirred well and several resistance readings were obtained. 
The resistance values were verified after reagitation of the 
solution. 

For equivalent conductance measurements, 10.0 ml of an 
approximately 0.001M stock solution were placed in the 
conductance cell containing 50.0ml of solvent. Con- 
centrations were varied by adding successive 10.0-ml por- 
tions of pure solvent to the cell. The solution was thor- 
oughly mixed after each addition of solvent. Series resis- 
tances for these dilute solutions were calculated from mea- 
sured parallel resistances. 

RESULTS AND DISCUSSION 

Organic acids of various typew--monoprotic and dipro- 
tic carboxylic acids and phenols---were titrated in methoxy- 
ethanol. Diphenylguanidine was chosen as the titrant 
since it is a conveniently recrystallized, stable, standard 
material which is quite soluble in non-aqueous media. As 
expected, and as the curvature in the A vs. C ~/2 plot (Fig. 
1) reveals, diphenylguanidine and the acids are weak elec- 
trolytes in methoxyethanol. 

As Fig. 2 indicates, the titrations of monoprotic acids 
in methoxyethanol gave very distinct end-points. The con- 
ductance curves have been displaced both horizontally and 
vertically in order that typical results for all acids investi- 
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Fig. 1. A vs. C ~/2 plots of organic compounds in methoxy- 
ethanol. A--p-Phenylpbenol; O--p-hydroxybenzoic acid; 

[]--l,3-diphenylguanidine. 

gated may be presented clearly and concisely. Volume cor- 
rections were applied to all conductance data from which 
Figs. 2 and 3 were prepared, Even for p-pl~nylpbenol the 
difference in slope before and after the end-point was suffi- 
cient for obtaining an excellent result. The results for dupli- 
cate titrations of the acids in methoxyethanol are presented 
in Table 1. 

During some analyses, nitrogen was used as a protective 
atmosphere over the titration solutions; however, the con- 
ductance results were the same as when no nitrogen was 
used. Although benzoic acid could not be determined suc- 
cessfully by conductometric methods in pyridine, methanol 
or dimethylformamide media, 5 satisfactory analyses could 
be performed in t-butyl alcohol s as well as in methoxyeth- 
anol. 

The analysis of several diprotic acids was of interest in 
order to determine whether multiple end-points could be 
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Fig. 2. Conductometric titration curves of organic acids 
in methoxyethanol. {2--Barbital; O--p-phenylphenol; A - -  

picric acid; I - -benzoic  acid; O--p-chlorobenzoic acid. 
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Fig. 3. Conductometric titration curves Of organic acids 
in methoxyethanol, n--Salicylic acid; O---p-hydroxyben- 

zoic acid; A--phthalic acid; e--adipic  acid. 

detected in methoxyethanol. Although, as Fig. 3 reveals, 
"N-shaped" and "chair-shaped" titration curves 7 were not 
obtained, the results for phthalic and adipic acids generally 
were quite good in methoxyethanol. The second equiva- 
lence point for phthalic acid, however, is more distinct in 
t-butyl alcohol medium s than in methoxyethanol. 
Although two distinct end-points could be determined for 
salicylic acid in methoxyethanol, results calculated from 
these graphical end-points were low. In previous conducto- 
metric titrations of salicylic acid in tetramethylguanidine, s 
fairly distinct end-points were obtained but the results were 
high. Unlike the conductance titrations of p-hydroxyben- 
zoic acid in t-butyl alcohol with tetrabutylammonium hyd- 
roxide 6 or in dimethylformamide with potassium methox- 
ide, 5 no precipitate formed during the titration of this acid 
in methyl cellosolve. However, as Fig. 3 indicates, no end- 
points could be determined conductometrically for p-hyd- 
roxybenzoic acid in methoxyethanol. The diprotic acids 
which contain two - - C O O H  groups could be successfully 
titrated conductometrically in methoxyethanol, but the 
acids containing one - - C O O H  group and one - - O H  
group could not be determined by this method. The preci- 
sion of the results is comparable to that generally obtained 
from titration of organic acids in non-aqueous solvents, a 

Oxalic acid, which is structurally similar to adipic acid, 
was also titrated in methoxyethanol. In contrast to 
titrations in other solvents, ~'6 "N-shaped" conductance 
curves were not obtained. As in the titration of oxalic acid 
in dimethylformamide with tetramethylammonium hyd- 
roxide, s precipitation began after the first equivalence 
point in methoxyethanol. The conductance then dropped 
until the second equivalence point was reached, after which 

Table 1. Conductometric titrations of organic acids in 
methoxyethanol 

Taken for Error in 
Sample analysis, mmole results, Yo 

Benzoic acid 0.9807 + 1.i 
0.9856 + 1.1 

p-Chlorobenzoic acid 0'7051 0 
0.7415 0 

Picric acid 0'4678 - 2"9 
0'6267 0 

p-Phenylphenol 0.8847 + 0'5 
0.7067 + i'0 

Barbital 0.6971 - 1-7 
0.6319 -3 '1 

Phthalic acid 0-7710 + 0"4* - 0"4t 
0'7030 - 1.5' + 3'9t 

Adipic acid 0.9415 0* +0'6t  
0.8813 -0.1" - 0 ' 8 t  

* From first equivalence point. 
t From second equivalence point. 

it remained almost constant. No satisfactory results could 
be obtained from the titration plots. 

In this investigation 2-methoxyethanol has been shown 
to be a useful solvent for conductometric titrations of a 
wide variety of acidic compounds. The conductometric 
analysis of monoprotic acid mixtures would be of interest 
in future studies. 

Acknowledgements--Grateful acknowledgement is made to 
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Summary--Conductometric titrations of a series of organic acids in 2-methoxyethanol were performed 
with 1,3-diphenylguanidine (DPG) as titrant. For benzoic, p-chlorobenzoic and picric acids, phenyl- 
phenol and barbital, excellent recoveries were obtained from well-defined conductance vs. volume plots. 
Results for the dicarboxylic phthalic and adipic acids were also good. However, the titration curves 
for the difunctional salicylic and p-hydroxybenzoic acids were not clearly defined. The results are 
discussed and compared with conductometric titrations of acids in other non-aqueous solvents. Several 
determinations of electrolyte conductance as a function of concentration revealed that, as expected, 
the selected substances are weak electrolytes in methoxyethanol. 



Tahm. Vol. 22. pp. 177-779 Pergamon Press. 1975. Prmted m Great Britain 

SPECT’ROPHOTOMETRIC DETERMINATION OF 
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!Smnmary-A method is described for the spectrophotometric determination of @4”/, silicon in ferro- 
phosphorus, following fusion with sodium peroxide in a zirconium crucible. Silicomolybdic acid is 
formed with sodium molybdate. The acidity is increased to 2N and the solution stood for 10 min 
to destroy phosphomolybdic and arsenomolybdic acids. The silicomolybdic acid is reduced with ascor- 
bic acid and the absorbance measured at 810 nm. The colour is stable. and a standard deviation 
of 0.0069/, was achieved for 0.7% silicon. Results obtained for three samples with alternative procedures 
are compared. 

Phosphorus in minor amounts has a significantly 
deleterious influence on the properties of steel and 
a low concentration (#O.OS>,J is usually specified. 
However, higher additions (0~05-0300/,) of phos- 
phorus are used to achieve significant hardening 
effects’ with steel and to increase the fluidity of iron.’ 
The silicon content of ferrophosphorus is controlled 
in order to prevent a contrary influence to that of 
phosphorus on these properties. 

A longestablished technique2 for the determination 
of silicon in ferrophosphorus uses dissolution in nitric 
acid and dehydration by fuming with perchloric acid; 
however, alkali metal salts and phosphorus pentoxide 
adsorbed on the crude silica can volatilize along with 
the hydrofluosilicic acid in the final steps of the deter- 
mination. The present authors earlier adapted an IS0 
steel method for the gravimetric determination of 
total silicon3 using dissolution with hydrochloric- 
nitric acid mixture and an increased volume of perch- 
loric acid to avoid adsorption of salts on the crude 
silica; satisfactory results were obtained. However, 
gravimetric methods are tedious and not suitable for 
samples containing tungsten, tantalum niobium, zir- 
conium titanium or molybdenum. Yelinek et ~1.~ 
determined silicon in ferrophosphorus by X-ray fluor- 
escence; the sample was fused at 1100” with La203 
and Li2B407 in the ratio 1:1:8 (sample:La,O,: 
Li2B,0,). The fused bead was ground together with 
an inert binder, pressed into a pellet and backed with 
cellulose; a range of O-lo% Si (standard deviation 
010%) was covered, but the overall accuracy was 
strongly dependent upon the method of sample prep- 
aration. 

Accordingly a spectrophotometric determination 
was sought and developed. The determination of sili- 
con by formation of the yellow silicomolybdic acid 
and reduction to the blue species is well estab- 
lishede5,‘j Phosphorus and arsenic respectively form 
phosphomolybdic and arsenomolybdic acids, and if 
not destroyed interfere by reduction to the blue spe- 
cies; destruction is achieved normally through the use 

of selective masking agents such as oxalic acid,’ in- 
crease in the acidity after formation of siliwmolybdic 
acid6s7 or selective extractants such as ethyl acetate.* 
However, these variants are not designed to cope. with 
such massive concentrations of phosphorus as 
encountered in the determination of silicon in ferro- 
phosphorus, where P:Si ratios of 1oO:l are not 
abnormal. 

EXPERIMENTAL. 

Solutions and reagents 

Silicon standard solution. Fuse 10696 g of pure silicon 
dioxide, (previously ignited at 1000”) with 8 g of sodium 
carbonate in a platinum crucible at 1050” for 30 min, 
extract with water and filter before dilution to 500 ml; 
1 ml contains 1GOO mg of silicon. Dilute an aliquot with 
water to give a IO&ml solution. 

Other reagents. Sodium peroxide, dry and powdered; 
pure iron powder; potassium dihydrogen phosphate; boric 
acid; concentrated hydrochloric acid; 25% w/v manganese 
sulphate solution; 3.6% w/v potassium permanganate solu- 
tion; 0.3% w/v hydrogen peroxide solution; 0.6N sulphuric 
acid; sodium molybdate; oxalic acid; ascorbic acid. 

Recommended procedure 

Weigh 100 mg of ferrophosphorus (76 pm particle size) 
into a 45ml zirconium crucible containing 1.00 g of 
sodium peroxide and 20 mg of boric acid. Also prepare 
a blank for the calibration series by using 60 mg of iron 
sponge and 110 mg of potassium dihydrogen phosphate; 
this approximates to 60”/, Fe, 25% P and can be varied 
for differing alloy compositions. Stir carefully with a clean 
platinum wire to mix the sample and sodium peroxide. 
Cover with a layer of sodium peroxide (0.50 g), fuse for 
IO min at 550”. quench the crucible, and when cool extract 
the melt with 4: 20 ml of water. cool. add 5.0 ml of concen- 
trated hydrochloric acid, stir with a plastic rod to ensure 
dissolution of soluble hydroxides and phosphates, and add 
1 drop of 25% w/v manganese sulphate solution. Filter 
to remove insoluble zirconium phosphate. Extract the resi- 
dual contents of the crucible with 13 ml of hydrochloric 
acid (1 + 4), scrubbing and boiling to recover soluble 
material, and wash into the filter with water. Wash the 
filter paper, destroy excess of peroxide by dropwise addi- 
tions of 3.6% w/v potassium permanganate solution until 
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a pink colour is produced, stand for 1 min, and just deco- 
lorize with 0.3% w/v hydrogen peroxide. Dilute to volume 
in a lOO-ml graduated flask. 

Transfer two aliquots (O-l% Si, 10 ml; 05-2x Si, 5 ml; 
14% Si, 2.5 ml) to 50-ml graduated flasks, and add re- 
spectively 0, 35 or 5.0 ml of 0.6N sulphuric acid. Prepare 
a calibration series by adding appropriate volumes of lo- 
,@nl silicon solution to aliquots of the blank solution. 

At E--25”, using polypropylene pipettes, and mixing 
after each reagent addition, treat as follows. 

Assays. Add 10 ml of 5.0% w/v sodium molybdate-0.75% 
v/v sulphuric acid solution, swirling during the addition. 
Allow to stand for 20 + 1 min. Add 7.5 ml of 25% v/v 
sulphuric acid swirl and let stand for 10 + 1 min. Add 
5 ml of 5% w/v oxalic acid solution, and 5 ml of 2% w/v 
ascorbic acid solution. 

Blanks. Add 7.5 ml of 25% v/v sulphuric acid, 5 ml of 
5% w/v oxalic acid solution, 10 ml of 5.0% w/v sodium 
molybdate-0.75% v/v sulphuric acid solution and 5 ml of 
2% w/v ascorbic acid solution. 

Immediately dilute assays and blanks to volume and let 
stand for 30 min. The colour is stable. Measure the absor- 
bance at 810 run, using lo-mm cells. 

RESULTS AND DISCUSSION 

Sodium peroxide9 in conjunction with a zirconium 
crucible is a powerful flux and oxidant which decom- 
poses most materials. The determination of silicon as 
reduced silicomolybdic acid after sodium peroxide 
fusion is well established.5s6 An Australian Standard6 
for the determination of silicon in iron and steel uses 
the reduced silicomolybdic acid procedure which 
yields a stable colour free from interferences; the use 
of ascorbic acid is a significant factor in achieving 
colour stability, and the potential interference of 
phosphorus and arsenic is controlled through the use 
of oxalic acid and by increased acidity after the for- 
mation of silicomolybdic acid. Boric acid is used in 
the fusion to prevent attack on the glassware by any 
fluoride present. The small amount of granular zir- 
conium phosphate formed by reaction between zir- 
conium extracted from the crucible and phosphate 
ions can be simply removed by filtration. 

The Mo/Si ratio of 975/l (w/w) at the maximum 
silicon concentration allowed by the Standard6 was 
a compromise aimed at avoiding the formation of 
non-specific molybdenum blue, but providing suffi- 
cient molybdate to obtain conformance to Beer’s law 
and achieve stable colour development within a suit- 
able elapsed time. Greenfield’s procedure’ for silicon 
in phosphate rock used an Mo/Si ratio of 1620/l at 
the maximum silicon concentration of S”/, and the 
method was applied in the presence of 30% P (ratio 
PjSi of 6/l). Increased standing time (10 min) and 
acidity (2,5N), after formation of silicomolybdic acid 
allowed more complete destruction of phosphomolyb- 
die acid. However, the colour was not stable and the 
method was only applicable in the presence of small 
amounts of iron oxide. 

The relevant literature may be summarized as fol- 
lows. Phosphomolybdic acid” starts to decompose 
at a sulphuric acid concentration of l.lN, and com- 
pletely decomposes at 3N, and Jean” states that a 
final acidity of 2N sulphuric acid is optimal ; silicomo- 

lybdic acid, after formation in the range 1 x 10e4- 
1 x lo- ‘N sulphuric acid, can be reduced to the blue 
species in the range 1 x 10e4-4N sulphuric acid.“‘12 
Oxalic acid forms a complex (MOO, .C,O,H,) with 
molydate, which is more stable than the heteropoly 
acids but is formed very much more rapidly from 
phosphomolybdic and arsenomolybdic acids than 
from silicomolybdic acid, which is kinetically stabil- 
ized.’ 3 

The present requirement was for a procedure which 
would yield similar precision and accuracy to corre- 
sponding methods for the spectrophotometric deter- 
mination of silicon in steel and which could cope with 
a PjSi ratio of +40/l at the maximum silicon con- 
centration. Since iron also reacts with molybdate ions, 
it was considered that a modern Standard method6 
which was applicable to steel would provide the best 
starting point for developing a method for silicon in 
ferrophosphorus, wherein the concentrations could be 
expected to vary as follows: iron 60-800/& phosphorus 
2@lO% and silicon 014%. Obviously increased 
molybdate concentration would be required to ensure 
complete formation of silicomolybdic acid, because 
of increased molybdate consumption by phosphate 
ions. Consequently an increased acid addition with 
extra standing time’ would be required to overcome 
the increased buffer action of molybdate and to des- 
troy phosphomolybdic acid. 

Initial studies were confined to three silicon levels 
in the lowest silicon range (O-l%) where P/Si could 
rise to 40/l at 1% silicon. Matrix experiments indi- 
cated that potentially suitable conditions for quantita- 
tive determination@ could be defined with a twofold 
increase in molybdate concentration and 15-fold in- 
crease in sulphuric acid concentration, and the use 
of at least a 5-min standing time with sulphuric acid. 
Lower molybdate concentrations gave incomplete de- 
velopment of the silicomolybdic acid whereas signifi- 
cantly higher concentrations caused the development 
of non-specific molybdenum blue species. With re- 
spect to increasing sulphuric acid concentrations, in- 
creased standing time was more effective than acidity 
increases; excessive increase in sulphuric acid con- 
centration caused deviations from Beer’s law. 

When optimum conditions had been chosen, a 
series of investigations was carried out at 20” to deter- 
mine the extent to which calibration standards must 
be matched to the assays. Test solutions with varying 
Fe, P and Si concentrations and stood for various 
times at increased acidity after formation of silicomo- 
lybdic acid were evaluated for consistency of absor- 
bance. The results are presented in Table 1 and show 
that the amount of phosphomolybdic acid reduced 
to molybdenum blue decreases significantly even with 
only 5 min standing at increased acidity. A more 
stable and reliable result is obtained after 10 min 
standing and no significant benefits are obtained from 
further standing. The procedure outlined can accom- 
modate up to 40% phosphorus for the range 0-1.0% 
silicon. Results of a similar set of tests at 15” showed 
no significant deviation from those obtained at 20”. 
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Table 1. The effect of variation in significant parameters 
on absorbance of reduced silicomolybdic acid at 20” 

Absorbance 
(8lOnm, IO-mm cell) 

Standmg time wtb SI. % 0 05 IO 

2N H,SO,, min P. %, Fe, % L, w/ml 0 1 2 

IO 20 20 0046 0831 1.592 

10 20 40 0 038 0.821 1584 

10 20 60 0 040 0.818 I.578 

10 0 40 0 058 0 830 I 592 

IO 20 40 0.038 0.821 I 584 

IO 40 40 @036 0818 1.577 

0 25 60 0169 0 967 I 754 

5 25 60 0.024 0 807 I 584 

IO 25 60 0032 0812 I 590 

I5 25 60 0031 @805 1.593 

Table 2. Comparative silicon results achieved with ferro- 
phosphorus samples 

Si. % 

Sample Lab. 1 Lab. 2 Lab. 3 

AIS 1 0.545 0.537 0.550 (0006) 
AIS 2 3.13 n.d. 3.136 (0.002) 
NBS 90a n.d. n.d. 0.688 (0@06) 

Laboratory I-Na,COJ/Na,Oz fusion, HC104 
dehydration, SiOz volatilization, gravimetric determina- 
tion. 

Laboratory 2-HCl/HN03 solution, HCIOL 
dehydration, SiOz volatilization, gravimetric determina- 
tion. 

Laboratory &Recommended procedure; the means 
and standard deviation (in parentheses) refer to 6 results. 

AR&Australian Iron and Steel Limited. 
n.d.-not determined. 

The results show no major interference effects from 
the varying iron or phosphorus concentrations; pre- 
cise results can be obtained by matching calibration 
standards and assays to within 20”/, absolute. 

A standard ferrophosphorus sample with a certified 

silicon result is not available. The US Bureau of Stan- 
dards ferrophosphorus NBS 90a was analyzed 
together with two ferrophosphorus samples (Austra- 
lian Iron and Steel Ltd.) having high and low silicon 
contents. A comparison of results between three 
laboratories using the recommended procedure and 
gravimetric techniques is outlined in Table 2. 

The results show that reproducibility and accuracy 
are satisfactory, thereby confirming the validity of the 
proposed procedure. 

Acknowledgement-Appreciation is expressed to The 
Broken Hill Proprietary Company Limited for permission 
to publish this work. 
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Summary-The reactions of picotine-2-aldehyde thiosemicarbazone (PATS) with silver, mercury, iron(H) 
and cobalt have been investigated in various environments. The compositions of the complexes have 
been investigated by continuous variation and molar ratio methods. Stability constants have been 
evaluated by means of SCOGS and a new program SQUAD. The formation constants, measured 
at 25” and @lOM ionic strength were as follows: Ag(PATS), log blot = 1340; HgH(PATS), log fit1 10 = 
23.6; HgH,(PATS),, log /?,zzo = 42.1; HgH&PATS)(EDTA), log p,2,, = 44.0; FeHJ(PATS)3, log 
b133 = 44.9; FeH,(PATS)3, log filt3 = 41.7; FeH(PATS),, log /3, ,3 = 38.4; Fe(PATS)3, log ,&,., = 342. 
A tentative value for a cobalt complex is also suggested. A computer program, suitable for calculation 
of optimum conditions for a chemical analysis is also introduced and its use is illustrated for the 
silver-PATS-EDTA system. 

Reagents for the determination of metal ions must 
be both selective and sensitive. The first condition 
implies that the complex between the reagent and the 
metal of interest must be appreciably more stable 
than any other complexes containing the reagent and 
interfering metal ions. Frequently this condition is 
only partially fulfilled and in these instances the inter- 
fering ions must be excluded from reaction with the 
reagent. This is normally achieved by employing a 
masking reagent or by the physical removal of the 
metal ion by precipitation or extraction techniques. 

The choice of a suitable masking reagent is gov- 
erned by its ability to complex with only the interfer- 
ing cations whilst forming no (or weak) complexes 
with the cation of interest. Perrin’ and Ringborn’ give 
calculation procedures, aided by suitable approxima- 
tions, for evaluation of a particular masking reagent 
in a given enviromnent. We have adapted a computer 
program SPECON based on COMICS3 requiring 
only a knowledge of the relevant stability constants 
and solution composition, and capable of producing 
profiles for the pH-dependence of all species in solu- 
tion. This enables the choice of working pH, ideal 
masking reagent concentration, maximum limits of 
interference, etc., to be made quickly, as well as pro- 
viding detailed knowledge of the composition of the 
solution as a function of pH*. Alte~atively the car- 
rect masking reagent may be empirically sought but 
this is a time-consuming process. This latter approach 
was employed by one of us (D.J.L.) during the evalua- 
tion of picoline-2-aldehyde thiosemicarbazone (PATS) 
as an analytical reagent for silver.4 At that time it 
was shown that whilst EDTA was a suitable asking 
reagent, four out of 21 cations tested showed some 

* The listing and implementation details of this and 
other programs alluded to in the text are available from 
the authors upon request. 

interference. Other workers have reported the use of 
PATS as an analytical reagent for iron(III),’ nickel 
and copper( I1).6 

This publication deals in detail with reactions of 
PATS and silver (in an excess of EDTA) and also 
those with mercury(II), iron(I1) and cobalt, and the 
determination of relevant stability constants. 

The ~~trophotome~i~ and po~ntiome~ic deter- 
mination of the pK:s of PATS in various ionic media 
has been previously reported.7 We also illustrate the 
use of SPECON in evaluating the effective working 
range of a reagent in a given environment. 

EXPER~E~~ 

Apparutus and reagents 

Only Class A volumetric glassware was used, and all 
transfer pipettes were calibrated. All relevant details of rea- 
gents and apparatus have been previously reported.’ 

Silver-PATS-EDTA system. The stoichiometry of the 
reactions was studied spectrophotometrically by con- 
tinuous-variations and molar-ratio measurements at pH 
5.49 in an acetic acid-sodium acetate buffer of ionic 
strength @lM. Stock solutions (160 x 10m3M) of silver 
and PATS were prepared and diluted appropriately. The 
spectrally measured solutions all contained a hundredfold 
excess of EDTA. These conditions were employed to dupli- 
cate those of the analytical procedure4 as closely as poss- 
ible. 

The stability constants were determined spectrophoto- 
metrically. First the method of proportional absorbances’ 
was used to give values of the stability constants for the 
major species. Five sets of solutions were prepared, each 
set consisting of two pairs of solutions such that the total 
silver and PATS concentrations of one were double those 
of the other. The pH in each set was fixed by means of 
acetate buffers to cover the pH range 5367.41. 

A second evaluation of the stability constants was per- 
formed in the following manner. Ten solutions were pre- 
pared with various concentration ratios C,,:C,,, and 
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covering the CAg range from 1.0 x 10d5M to 4.0 x 
10m5M. All solutions contained a hundredfold excess of 
EDTA, and were prepared in a potassium nitrate back- 
ground contrived to maintain the ionic strength at O.lOOM. 
The absorbances were measured over the range 26& 
390nm, and the results digitized at 50nm intervals and 
then processed by the computer program SQUAD,9 to find 
best-fit values of molar absorptivities and stability con- 
stants of all postulated species formed in solution. All such 
programs require a reasonably good estimate of the con- 
stant(s) sought, and in this case such an estimate was forth- 
coming from the method of proportional absorbances. 
Other input required for SQUAD includes values of rele- 
vant pK,‘s and stability constants together with any known 
molar absorptivities. For this study the pK. and E values 
of PATS had been determined ~pectr~photometrically,’ 
and the nublished DK. values” for EDTA were used. The 
equilibriim consta&“for the reaction between silver and 
EDTA were redetermined as part of this investigation and 
found to be in agreement with Wikberg’s values.” 

Mercury (IIFPATS-EDNA system. The stoichiometry of 
these complexes was determined by continuous-variation 
and molar-ratio methods. The particulars of these are out- 
lined in Table 2. In all experiments the ionic strength was 
maintained at O.lOM, and the pH controlled by a hexa- 
mine-sodium perchlorate-perchloric acid buffer. 

Stability constants for the indicated complexes were 
determined spectrophotometrically; the data being pro- 
cessed by SQUAD. The solutions prepared for spectral 
measurement included all combinations of the following 
concentrations: 

C Hg CPATS CEDTA 
2.00 1.93 2.06 
4.00 3.86 4.12 > 

x lo-‘M 

Iron (IIbPATS-ascorbic acid and cobalt-PATS systems. 
To prevent oxidation of iron(I1) to iron(II1) by PATS, Pino 
rt al.’ have suggested the inclusion of ascorbic acid in 
the solutions. The kinetics of the iron(PATS reaction 
in the presence and absence of ascorbic acid were stuched 
in the following manner. The absorbance of a solution con- 
taining iron(H) and PATS was determined as a function 
of time until no further change was observed. This was 
repeated for a solution containing ascorbic acid. The data 
were plotted in the conventional first and second order 
modes. This investigation, together with continuous-varia- 
tion and molar-ratio studies, was performed in solutions 
of ionic strength O.lM and maintained at pH 5.86 with 
an cr-picoline buffer. 

These latter two techniques, when used to Investigate 
the stoichiometry of the cobalt-PATS reaction, were per- 
formed at two different pH’s. Sodium acetate-acetic acid 
and potassium nitrate-nitric acid gave pH 553 and pH 
257 respectively, O.lM ionic strength being maintained for 
all studies. 

Stability constants for each system were evaluated 
potentiometrically and spectrophotometrically. The pro- 
grams SCOGS” and SQUAD were used to process the 
data, obtained from suitable solutions of ionic strength 
O.lM (potassium chloride). 

Proportional absorbances--an extension 

tl Ag = (CAg - CAgHjLlMCAgl 

= KAgYI + Ck@YI + CAglYCAgl 

= 1 + CYl(B:o, + /%I, WI) 
/3’ refering to Ag-EDTA species (Y z EDTA). Pro- 

vided Cv p C&r Cy] = Cy/uy, where 

The method of determining equilibrium constants from 
spectrophotometric data and associated with the term pro- 
portional absorbances was developed by Bud%inskji.* It 
involves evaluation of a quantity designated X,, from ex- 
perimental observations of pairs of solutions. This quantity 
in turn leads to a value of a functionally related quantity 
y that allows calculation of the conditional stability con- 
stant K,, by means of equation (1): 

with fi,” = qth cumulative proton association constant 
for Y. 

log K,, = nlog(m/n) - logy + (1 - m - n)logC, (1) has the same significance for L. 

Budtbinski provided tables of corresponding values of X, 
and log y. and graphical representations of the functions 
of y(z,,) and y(zL). However, the tabulated values (X,, 
log y) can only lead to approximate values of log y. A 
direct equation linking these parameters was sought. 

A quantity k is defined, such that 

K = (a.X,,)‘-m-” (2) 

where a is the ratio of the concentrations of a reactant 
in the pairs of solutions. 

Recalling the relevant equations from reference 8, we 
have 

x,, = ZiZ$ (3) 

z;;..(t - mz,“)“+” 

=a ‘-“-“.z,*,--‘.(l - mZ;“)n’+” = y (4) 

where Z and Z* are the ratios of maximum concentration 
of complex to concentration of a reactant in the pairs 
of solutions. Substituting equation (2) into equation (4), 
and then eliminating Zz, from the resultant expression and 
equation (3), we get 

Z, = (X,,k’“” + n) - l)/#‘“’ + II) - 1) (5) 

and thus Z, is now expressed in terms of determined 
quantities. If the logarithm of equation (4) is taken, log 
y can be evaluated from X,, by utilizing (4) and (5): 

logy=(m+n).log(l-mZ,)-logZ,, 

RESULTS AND DISCUSSION 

Silver-PATS-EDTA system 

Since preliminary experiments had disclosed some 
instability among the solutions of (Ag + PATS) pre- 
pared for continuous-variation analysis. all solutions 
eventually prepared for spectral measurement con- 
tained an excess of EDTA. The occurrence of a single 
maximum in the excess absorbance in the continuous- 
variation measuremenfs and of a single change in 
slope in the molar-ratio experiments indicated the for- 
mation of a single complex species Ag,,,HjL, (L = 
PATS) with m/n = 1. Because of solubility problems, 
evaluation of its stability constant had to be per- 
formed spectrophotometricaly. 

By definitiori, the equilibrium constant found by 
the method of proportional absorbances is a condi- 
tional constant K 1 1 and requires conversion into the 
true stability constant Blj, as follows: 

KII .xAg.xL = Pljl ~CW 

where 
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These c1 quantities can all be evaluated for the con- 
ditions and overall concentrations occurring in any 
chosen solution. Values of log K, + log %g + log 
c(r were calculated, and proved to be constant over 
the range of pH in which measurements were made. 
This implies that j = 0, and the value of log file1 
is thus determined. The results are shown in Table 
1. Proportional absorbances also allow the possibility 
m = n = 2 to be tested. These integers were substi- 
tuted into equation (5) but gave widely varying final 
values for log fizj2, thus suggesting that m = n = 1. 

i8 

P 3 .’ 

This value for log fli,,, (the initial guess), together 
with other invariant parameters previously specified, 
was used with SQUAD to obtain a refined value of 

log Pi01 that best corresponded to the spectral data. 
Convergence and satisfactory refinement were rapidly 
achieved. 

Fig. 1. Computed spectrum of Ag(PATS). 

When Ag,(PATS),, AgH(PATS) or Ag(EDTA) 
(PATS) were tried as alternative or additional species, 
indications of nonconvergence were noted, viz., nega- 
tive molar absorptivities for a complex, or attempted 
location of the pit in negative regions of space. It 
should be noted that these species had already been 
shown to be unlikely, by the method of proportional 
absorbances, but this procedure is only applicable to 
one major species and could be misleading if exper- 
imental conditions are not conducive to this require- 
ment. One combination of species that did give con- 
vergence and values of stability constants was 
Ag(PATS) + AgH(PATS). However, this possibility 
was discounted for two reasons. First, the values for 

log Pro, were about 5 logarithmic units different from 
the initial guess, and the value of (log /Ilo - log 
jr 1 ,) indicated that protonation occurred at pH < 1. 
Such a process was not compatible with the exper- 
imental data, which covered the range pH 52-6.2. 
Secondly, if the spectral data for any one of the ten 
solutions were removed, the resulting values of log 

B Ill were several logarithmic units different. But if 
the same procedure was adopted for the original, suc- 
cessful model of Ag(PATS) alone, the resultant 
changes in log Blol were less than 0.03. Consequently 
the evidence for the protonated species was consi- 
dered unconvincing. 

2 indicates the goodness of fit for five of the ten spec- 

tra, comparing observed data and those calculated 
from the refined constant and calculated molar ab- 
sorptivity. 

MercurL(lIkPATS-EDTA system 

Interpretation of the results summarized in Table 
3 proved difficult. Horizontal shifts of the position 
of maxima in the excess absorbance must signify the 
presence of more than one major species. Only in 
a few favourable instances, where supplementary in- 
formation about the chemical system has been uti- 
lized, has it proved possible to interpret continuous- 
variation observations in terms of more than one 
principal species formed.12 For this present system 
such information was not available; however, some 
inferences could be drawn from the data. 

The observations in Table 2 admit the possibility 
that two complexes of the type HgHXPATS) and 
HgHk(PATS)2 are formed as well as a mixed complex 
HgH, (PATS)(EDTA). Further spectrophotometric 
measurements were therefore made at specific stoi- 
chiometric ratios of CHg:CPATS:CEDTA, and are sum- 
marized in Table 3. 

The final value for log /Ilo for the silver-PATS 
system in the presence of EDTA is 13.40 f 0.05 [stan- 
dard deviation in absorbance (SDAB) = OOOS]. This 
value compares satisfactorily with that determined by 
the method of proportional absorbances, given that 
two different background electrolytes were used. The 
spectrum of Ag(PATS) is shown in Fig. 1, while Fig. 

Table 1. Stability constants for Ag-PATS-EDTA by pro- 
portional absorbances 

PH 

525, 6.434 I I& 5.77, 1333 
5 50, 6.365 132, 552, 13.21 
57x0 650, 153, 524, 1328 
6036 6 50, I70& 498, 13 19 
623. 670, I.819 472, 13.30 

Average log fl,o, = 13.27 + 0.15 
Fig. 2. Experimental (symbols) and computed (solid line) 

spectra at various acidities. 

783 
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Table 2. Summary of conditions and observations of (A) continuous-variation and (B) molar-ratio methods for 
mercury-PATS-EDTA 

A Continuous variation 
Observationt 

Component A Component B Other variables (Ratio Hg:PATS) 

Mercury(H)* 

Mercury(H)* 

Mercury(I1) + PATS? 

Mercury(I1) + EDTA$ 

PATS 

PATS 

EDTA 

PATS 

No EDTA 
pH = 2.27 
lOO-fold excess 
of EDTA 
pH = 2.18 
pH = 2.20 

pH = 2.18 

1: 2 at 360 nm; tendency 
for 1:l at < 330mn 
Strongly indicative of 1: 1 
only from 310 to 370nm 

Strongly indicative of 1: 1 
only from 310 to 370nm 
Indicative of 1:2 at 360 
and 370nm; similarly for 
1:l at < 330nm 

B 

4.0 x lo- 5M PATS 
+ 40 x IO-‘M EDTA 

2.0 x lo- ‘M EDTA 
+ 2 x lo- 5M Hg(II) 

4 x lo- ‘M PATS 
+ 2 x lo- 5M Hg(II) 

2.0 x 10-5M Hg(II) 

Molar ratioq 

Mercury(I1) pH = 1.90 Severe slope changes at 
CHg:Cr.A&CEu** = 1:l:l 
and 2:l:l at < 330nm 

PATS pH = 1.96 Moderate slope changes 
at 1:l:l and 1:2:1; only 
changes for 1: 1: 1 at < 330 mn 

EDTA pH = 1.96 Barely discernible deviation 
from linearity at 1:2: 1; 
no observable plateau at 
< 1:2:20 

PATS pH = 1.94 Slope changes at 1: 1 only 
at < 320nm and 1:2 only at 
< 360nm 

* C‘H~ + CP~T~ = 840 x 10-5M; t C,, + C,,, = 8.60 x 10-5M, CEDTA = 4.30 x 10-5M. 
9 CH~ + CEDTA = 840 X lo-‘M, CP, = 4.20 x 10m5M;$ unless otherwise noted, both methods gave inconclusive 

curves for measurements at 330-355 nm. 
’ Component A was held at constant concentration and that of B systematically increased. 

From all the evidence it is inferred that the order That HgHk(PATS)2 is the most stable complex seems 
of stability of the presumed complexes is reasonable in view of the observations in group 1, 

HgH&PATS), > HgHi(PATS)(EDTA) 
Table 3, and the third experiment in Table 2B. The 
difference in spectrum between (Hg + PATS) alone 

> HgH,(PATS) - HgH(EDTA) and in the presence of a lOO-fold excess of EDTA 

Table 3. Observations on stoichiometrically related mixtures of rhercury(II)/PATS/EDTA 

Composition Spectral details 
Group Hg PATS EDTA LX. nm A m.,x Observation and tentative comment 

I 2 0 326 U870 
1 2 I 327 0.864 
1 2 2 326 0.865 

1 1 1 327 0.490 
1 1 2 327 0.508 
2 1 2 327 0.495 

I 1 0 322 0.373 

Wlthm error-identical spectra. exp. 
Stability of HgHdPATS)* > Hg-EDTA 
complexes. No effect of EDTA on 
C”$ CPA= = 1: 2 

Possibly HgH(PATS)(EDTA) 
since Hg-EDTA complexes do not absorb 
in this region 

Spectra of HgH(PATS) 
3 

2 1 1 322 0.341 Possibly spectra of HgH,{PATS)(EDTA) 
+ HgH,JPATS) 

4 1 1 0 322 0.373 Indicates spectral perturbation due to 
1 1 1 327 0490 presence of EDTA at this CHg: CpATs ratio. 

5 2 2 0 320 0.608 As previous grouping 
2 2 1 326 0.830 

0 1 0 347 0.480 Reference spectra for comparison of 
6 0 2 0 347 0.955 complex spectra with those of PATS only 

1 1 1 327 0.490 
2 2 2 327 0.975 

* 1 implies a nominal concentration of 2 x lo-‘M; 2 implies 4 x lo-‘M. 
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tends to confirm the position of HgHj(PATS) in the 
order above. The spectral differences observed in 
group 3, Table 3, must indicate the presence of a third 
complex. Stoichiometrically then, two solutions for 
group 3 are (Hg + PATS) and (Hg + PATS + Hg + 
EDTA); however, since Hg(EDTA) complexes do not 
absorb in this region, the noted differences in absor- 
bance are presumably due to the presence of a mixed 
complex. This postulate is reinforced by the third ex- 
periment in Table 2.4. 

There proved to be no easily applicable method 
for a graphical determination of the relevant stability 
constants. Certainly the proportional absorbances 
method is invalid for complexes more stable than 
HgH(EDTA). Instead an attempt was made to 
arrive at plausible values for j?ijlo, jlkZO, and j?,,, r, 
which would result in finite concentrations of all these 
species at pH c 2. This required that a choice be 
made for the integers i, j and k. These were put at 
1, 2 and 2 respectively on the basis that at this pH 
PATS would be in the form H2L+, and that complex 
formation would displace only one proton. The pro- 
tonated mercury-EDTA complex also predominates 
at this low pH. Such crude estimated values of the 
stability constants were then arrived at by trial and 
error with the aid of SPECON; these were log 

B ,r,,, = 235, log filzzo = 43, log /Ilzl, = 45. 
Spectrophotometric data corresponding to the 

solutions listed in Table 3 were used for the PITMAP 
evaluation. The trial-and-error values of the stability 
constants were put in to start the cycle of refinement. 
The invariant constants used were those for PATS 
determined previously, and literature values for 
EDTA13 and mercury-EDTA complexes.14 Since a 
complex buffer solution was employed, there was 
some uncertainty about the conversion of pH 
measurements into hydrogen-ion concentrations; 
accordingly the equilibrium constants in this case 
contain 10epH as the hydrogen-ion function, and are 
thus Bronsted constants. However, a simply relation- 
ship exists between these and true concentration quo- 
tients, /I*, viz. 

where rH 

1% P:llcl = log /%I10 + log rH 

1% 8L20 = log ,%ZZO + 2 l”grH 

logBT211 = log 81211 + 2 l”grH 

is the experimentally determined’5s16 ratio 
IO- pH/(H) in the hexamine buffer (cc. 0.8). 

The values of the stability constants determined by 
SQUAD from the data for eight solutions are 

log B 1, ,. = 2359 + 0.29 c 23.6 

log B ,220 = 42.09 + 0.33 5 42.1 

log B ,2,, = 43.99 f 0.25 c 440 

The standard deviations in these constants, though 
undesirably high, appear to be the almost inevitable 
consequence of attempting to evaluate equilibrium 
constants of stable species. In such cases, indirectly 
fixing the concentration of free metal or free ligand, 

X FREE PRTS 
Z FREE EDTA 

PH 

Fig. 3. Species distribution of HgJPATS/EDTA system. 
Proton complexes of PATS and EDTA have been omitted 

for clarity. 

whichever reactant is not in stoichiometric excess, is 
difficult both chemically and mathematically. 

The distribution diagram Fig. 3, indicates that 
HgH2(PATS)2 is a minor constituent, but when the 
data were submitted to PITMAP without this in- 
cluded, typical symptoms of non-convergence rapidly 
became apparent. The individual spectra of the three 
postulated species are shown in Fig. 4. The “goodness 
of fit” between measured and calculated spectra is 
depicted in Fig. 5; this is probably the most signifl- 
cant criterion for a good or bad description of the 
experimental observations. 

Iron(II~PATS-ascorbic acid system 

Simple kinetic studies on the iron(IIbPATS system 
confirmed that the presence of ascorbic acid was 
necessary to maintain the oxidation state of the iron 
in the PATS complex as + 2. The initial purple colour 
formed on mixing solutions of iron(I1) and PATS in 
the absence of ascorbic acid changed to yellow after 
about 2 hr and after 4 hr the spectrum of the solution 
was identical with that obtained by mixing the same 
concentration of iron(II1) with PATS. In the presence 

Fig. 4. Computed spectra of HgH(PATS), HgH,(PATS), 
and HgH,(PATS)(EDTA). 
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Fig. 5. Experimental (symbols) and computed (solid line) 
spectra at pH 1.90. Solutions I, 2 and 3, CPars = I.93 
x 10-sM; 4 and 5, CpArs = 3% x lo-‘M. Solutions 
1, 3 and 4, CEnTA = 2.06 x 10-'M; 2 and 5, Csn~~ = 

4.12 x 10-5M. 

of L-ascorbic acid the spectrum of the initial iron(I1) 
complex was stabilized. 

The ratio of oxidation of the latter in the absence 
of ascorbic acid was measured by plotting log (A, - 
A,) against time: A, is the absorbance at time t, A, 

a steady value after a sufficiently long time. The reac- 
tion was thus found to be first order with respect 
to iron(I1) with a rate constant ki = 8.34 x 
10e4 set- ’ (t, = 832 set). This conversion was very 

slow under anaerobic conditions. 
Before the study of the reaction of iron and 

PATS in the presence of ascorbic acid a number of 
spectral measurements in the ultraviolet were made, 
of which representative values are shown in Table 
4, which appear to indicate no evidence of interaction 
between ascorbic acid and either of the other sub- 
stances. The possibility of such interactions was also 
investigated potentiometrically. The pK, values of 
ascorbic acid were determined in QlM potassium 
chloride; solutions containing iron(I1) and ascorbic 
acid were similarly titrated up to pH 4.4 and the 
observed data processed by the computer program 
SCOGS. No refinement was possible for any pro- 
posed set of iron(IIkascorbate complexes. However, 

Table 5. Ascorbic acid pK, values 

iwi%,, 
log&r, got1 (“PK,,“) ~02 f RefWfl= Medun 

1140, I3002 1547 0003 Thrs work 0 IOM KC1 
(403 + aam) 

I134 (4 04) 17 0 10MKNOJ 
Ils9 (4 08) 18 2M Nacl 
11.14 0 IO @OS + 0.02) 18 ZM NaCl 

when this set of data was used to calculate pK, for 
ascorbic acid (that is, by assuming no iron present) 
the values generated by SCGGS were within 0.01 of 
those previously determined. This was construed to 
indicate that no significant part of the ascorbic acid 
had reacted with the metal ion. 

Since the completion of this work, Williamsr9 has 
reported the existence of a 1:I complex between 
iron(H) and ascorbic acid (log Blot = 7.09). calcula- 
tion of equilibrium constants from this value together 
with those determined for iron and PATS show 
that the formation of iron(I1) ascorbate is totally sup- 
pressed in the presence of the highly stable iron(II)- 
PATS complexes. 

Although reaction between ascorbic acid and PATS 
seemed unlikely, a check was made by titrating solu- 
tions of the two compounds together. The pH-titre 
data were processed by SCOGS to seek best values 
of pK, for each compound. The actual values were: 

PATS 

H,Asc 

log JIJOll = 10.89 t_ o*c@5; 

log Poz1 = 14.57 rt: 0006 
(cf: 10.87; 1455)7 

log Poll = 11.42 rf: OQO8; 

log 8021 = 15.47 f O*OlO 
(cJ: Table 5). 

It is obvious that any interaction between the two 
compounds would have invalidated the mass balances 
on which these calculations depend, and made such 
a confirmation of the individual acidity constants im- 
possible. 

The stoichiome~y of the principal species formed 
when iron and PATS react was investigated by 
continuous-variation and molar-ratio methods at pH 
5.86. Both techniques gave clear indications of a com- 

Table 4. Iron(II)/H,Asc system: a spectrophotometric study 

Soln. 
NO. 

~ncentration 
of HCl. 10-4M 

Concentration 
of Fe(H), 10m5M 

Absorbance 
350 nm 320 inn 260 n??l 245 nrn 

1 
2 
3 
4 
5 
6 
7 
8 
9* 

10* 

20.0 
20.0 
10.0 
10.0 
5.0 
5.0 

- 
20.0 
- 

- 2.72 0.018 0018 0.490 
40 2.72 0.018 0.018 0.497 
- 3.00 0.019 0.017 0.772 
40 3.00 0017 0017 0.770 
- 3.31 0.020 0.018 0.914 
40 3.31 DO20 0016 0.913 
- 4.30 0.025 0.024 1.025 
40 440 0.025 0.024 1.025 
- 272 0.910 0610 0.855 
- 4.40 0,245 1.015 1,323 

0857 
0861 
0863 
O+%Q 
0801 
0801 
0747 
0752 
1,249 
0.993 

Note: All solutions are IGfl x 10e4M m ascorbic acid and O.lOM in potassium chloride. 
* Solutions 9 and 10 are 4,008 x lo-‘M in PATS. 
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Table 6. Stability constants of iron(II)/PATS/H,Asc sys- 
tem derived from individual titrations in @lOOM potassium 

chloride background*? 

I* 4481, 0.015 42.21, 0.017 38.91, 0032 3458, 0.171 
4452, 0009 41.39, 0.015 37.59, 0031 - ~ 

2' 45.56, 0044 4147, 0067 37.87, 0,122 3251, 1120 
44.56, 0.010 41.48, 0.010 3781, 0.010 - - 

3' 44.41, 0071 4137, 0.033 37.24, 006X 33374 0.053 
44.65, 0071 4122, 0.071 37.496 0.065 ~ - 

4' 44.67, 0459 41944 0.201 38.02, 0445 34205 @?I7 
4451, 0025 41.37, 0.027 38+0, 0051 - ~ 

5 4453. 0017 4OS8. 0.062 37.358 0053 - - 
6 4553, 0028 42.10, 0043 3889, @038 - ~ 
7 4522, 0.021 4163, 0066 3844, 0.037 ~ - 
8 4528, 0.027 4179, 0.052 3%54, 0.040 ~ - 

* For runs l-4 the result of both model svstems tested 
are shown. 

t The following concentration ranees were used: C,~ = 
1.12-20.0 x lo-%; cr.,,, : 
4Cr,. 

= 7.17-21.3 x 10-4M; Cn+ = 

plex FeHj(PATS)a. The linearity of the plots (not 
shown) suggested a very stable complex. Further in- 
formation concerning composition and stability of 
the complex(es) was sought from pH-titrations. The 
results could be accommodated with reasonable pre- 
cision as shown in Table 6, by the formulation FeHj 
(PATS), with j = l-3 or possibly j = &3. Owing to 
the limited solubility, titrations could not be carried 
to pH > 4.0, and since the indicated value of fi,o3 
corresponds, at pH 3.8, to the occurrence of 
Fe(PATS), as a minor species, its existence is not ade- 
quately demonstrated. In any event, the data in Table 
6 show that with a single exception (run 3) the exper- 
imental titration results are better fitted by assuming 
l-3 protons bound in the complex. In a second series 
of experiments solutions of these complexes were pre- 
pared at different PI-I’S and their absorption spectra 
measured in the visible region and the data were sub- 
jected to analysis by SQUAD. Refinement of the data, 
based on several combinations of protonated species, 
led to a choice between three possible models, sum- 
marized in Table 7. 

As we have noted earlier (mercury-PATS-EDTA) 
the evaluation of very high stability constants is a 
difficult task. It is rendered more difficult when pro- 
tenated complexes form, and in this system the situ- 
ation is further burdened by the ascorbic acid equili- 
bria. Thus 

Cn - [H] + [OH] = [HL] + 2lJI,L] 

+ BAsc] + 2[H,Asc] + [FeHL,] 

+ 2[FeH,L,] + 3CFeH,LJ (6) 

where L stands for PATS. Any uncertainty in the 
measurement of w], for instance, will be accom- 
panied by uncertainties in estimating all of the con- 
centrations on the right-hand side of this equation. 
As this is a necessary step in seeking values of /I for 
the three metal complexes, it is not surprising that 
estimates of these constants are associated with an 
appreciable uncertainty. This is apparent from the 

787 

Table 7. Stability constants of iron(PATS complexes 
determined spectrophotometrically 

Model log B,,s Olj3 uAbsorbance 

FeH3L3* 45.16s 0.016 
FeL3 33.90, 0.042 

0.017 

FeH,L, 44.99, 0036 
FeH,L, 41.714 0.065 0.015 
FeL3 33.63, 0.093 

FeH,L, 45.05, 0.027 
FeH,L3 41.56s 0.035 0.018 
FeHL, 37.40, 0.038 

The model FeH3L3, FeH,L,, FeHL, and FeLs would 
not refine. 

*L=PATS 

in another way. An uncertainty of + 0005 in rH, cor- 
responding to an uncertainty of + 0.006 in pH at 
pH 3.0, leads to profound changes in the values of 
the stability constants of these metal complexes when 
the constants are derived from a pH-titration. The 
following are ‘best” values for the indicated con- 
stants, computed from the data of a particular 
titration with the value of rn alone being altered. 

r = 0868 r = 0858 

45.20 f 0.025 log Pi33 45.35 f 0029 
41.75 f 0047 log jIiz3 41.84 f 0058 
38.46 + 0039 log pi i3 38.63 + 0.042 

Even when the utmost precautions are taken with 
replicate titrations the variation among the derived 
stability constants is quite large. On this account we 
did not combine the data from all titrations, and 
reprocess with SCOGS, as is normal practice, to find 
mean values of the constants. Instead we have merely 
calculated the numerical averages of the constants 
from each titration, and these are: log pls3 = 44.9; 

log PI23 = 41.7; log fl1,3 = 38.4; log /?io3 = 34.2 
(tentative). 

The iron(PATS system, evaluated by spectro- 
photometry, definitely indicates the presence of a set 
of protonated species, FeHj(PATS),; however values 
of j again cannot be assigned with certainty. In 
general, when confronted with conflicting evidence of 
this nature it is felt that potentiometric results are 
often more reliable than spectrophotometric. 

All least-squares methods are based on the minimi- 
zation of 

R = c (fobs - fcrlc)’ W 
I 

where fobs and .L are the observed and calculated 
quantities for the ith point and w is a suitable 
weighting factor. 

The program SCQGS equates the observed titre 
witif,,,, and fcalc is obtained from an equation closely 
related to equation (6), i.e., the stability constants are 
the only unknown parameters. However, SQUAD 
derives the calculated absorbance values from Seer’s 
law, i.e., k molar absorbtivities, in addition to the sta- 
bility constants, are unknown parameters. It therefore 

results in Table 6. This difficulty can be illustrated seems reasonable to infer that more than one set of 
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molar absorptivities and stability constants could de- 
scribe the experimental observations. In practice this 
situation is not often encountered since spectro- 
photometric evaluations produce more data than 
potentiometry. 

The three sets of constants obtained spectrophoto- 
metrically (Table 7) exemplify this occasional lack of 
uniqueness. By analogy with polyprotic acids the 
third model is more acceptable than the other two. 
It is significant that this model does not necessarily 
give the best mathematical description of the system 
(smallest cDATA). 

Cane Pavon et al. have investigated the iron(I1) 
system5 under the same conditions. We agree with 
their evaluations of the stoichiometry of the complex 
Fe(PATS)s. but not with the value quoted for the 
stability constant. Their calculation methods are only 
applicable to weak complexes and even if this was 
the situation, their value would be suspect owing to 
inherent assumptions concerning their accuracy of 
measurement. The value reported, 6.9 x lo- l7 for the 
reaction 

Fe(PATS)J z$ Fe(I1) + 3 PATS 

cannot be considered as typical of a weak complex 
and we feel that this determination is therefore of 
doubtful significance. 

Cobalt(ll)-PATS system 

Both continuous-variation and molar-ratio studies 
indicated a single complex, CoHJPAT$ existing in 
the range pH 24-55. The linearity of these plots sug- 
gested that this complex was very stable. 

The results obtained from SCOGS and SQUAD 
reflected for both techniques, a poor fit to the sup- 
plied data, irrespective of model chosen. Potentio- 
metric data indicated the presence of only one pro- 
tonated complex CoH3(PATS)z(log /?132 = 32.7) 
while spectrophotometric data favoured CZoH4 

(PATS)* (log B I 42 = 36.9). The problems associated 
with very stable complexes and assessment of the 
degree of protonation of such complexes are believed 
to be the principal causes for the uncertainty in the 
description of this sytem. 

It is possible that CoH,(PATS), represents an 
“‘average” description of the complexes CoH, 
(PATS)2 + CoH,(PATS), but this model resulted in 
non-convergence for the potentiometric data. If 
deprotonation does not cause a change in the chro- 
mophore than the spectrophotometric data could 
only lead to indications of one complex. 

L%e effectiveness of EDTA as a masking reagent 

The analytical procedure has been shown to be 
effective in the range 0@4.0 x lo- 5M silver, with use. 
of 8.0 x 10w5M PATS in the presence of a lOO-fold 
excess of EDTA (with respect to silver). The extent 
of interference of the three metal ions was investigated 
by calculating the degree conversion of silver into 
Ag(PATS) in the presence of increasing quantities of 
each metal ion. The results of the calculations, taken 

Table 8. Calculated optimum pH ranges for the deter- 
mination of silver with various degrees of interference 

Metal ion 
Concentration,* 

10-4M 

pH ranget 
(for 98% recovery 

of Ag) 

Mercury(H) 

Cobalt(B) 
Iron(I1) 

1.0 
3.0 
50 
7.0 

I 0.0 
IG-10.0 
1~0-10~0 

4.5c7.0 
563-7.0 
587-7.0 
6.13-7.0 
6.13-7.0 
3.50-7.50 
3.5c7.50 

*All solutions are 1.0 x lo-?V silver, 2.0 x IO-“M 
PATS, 5.0 x 10-3M EDTA. 

t The calculations were stopped at pH = 7.0. 

at several concentrations of interfering ion are col- 
lected in Table 8. They indicate that cobalt and 
iron(I1) do not affect the determination of silver pro- 
vided the limiting PI-I’S are heeded. However, mercury 
would cause severe interference. This is to be expected 
from the high stability of HgH,(PATS)2 and 
HgH,(PATS)(EDTA). 

CONCLUSION 

The systems of complex equilibria reported here 
are less tractable by either potentiometric or spectro- 
photometric procedures than the majority of sysfems 
hitherto examined. Much of the difficulty with the 
iron(I1) system is due to the problem of correctly 
assigning the proton balance among the several com- 
plexes, the l&and, and the added ascorbic acid. For 
the cobalt(I1) system all evidence points to a remark- 
ably strong complex, or perhaps more than one. Eva- 
luation of formation constants of strong complexes 
has always been plagued by difficulties in fixing con- 
centrations of the uncomplexed metal or ligand, and 
evidence presented here suggests a further difficulty 
due to the complex being non-labile. Hence the equi- 
librium constants reported are the best values that 
could be determined by the methods tried, but should 
be regarded as tentative for the present. 
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APPENDIX 

Definitions 

1. The overall stability constant defines the reaction 
between free components of the complex to give a particu- 
lar complex. For instance j?, ?, , defines the reaction 

where 

M + 2H + L + L’=MH,LL’ 

B 
[MH,LL’] 

I” ’ = [M] [H]‘[L] [L’] 

To avoid the confusion inherent in the meaning of pK,,, 
pK,,, the overall stability constant notation has been used 
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to describe the process REFERENCES 

nH+L* H,L (charges omitted for clarity) 1. 

CH,Ll 
BOnl = ~ 

2. 
CWCJ-1 

D. D. Perrin, Masking and Demasking of Chemical 
Reactions, Interscience, New York, 1970. 
A. Ringbom, Complexation in Analytical Chemistry, In- 
terscience, New York, 1963. 
D. D. Perrin and I. G. Sayce, Talanta, 1967, 14. 833. 
D. J. Leggett and 13. W. BudlSSinsky, Microchem. J., 
1971, 16. 87. 
J. M. Cano Pavon, D. P. Bendito and F. Pino, Quimicu, 
1971, 67. 229. 
J. M. Cano Pavon, J. V. Aller, D. P. Bendito and F. 
Pino, Infor. Quim. Anal., 1971, 25. 149. 
D. J. Leggett and W. A. E. McBryde, Talanta, 1974, 
21. 1005. 

Hen= log Bol I has the same numerical value as pK,* and 
log BOZl is the sum of pK,, and pK,,. This symbolism 
has been used in the text where specific numbers are 
quoted. However, the synonym “pK:,s” has been used to 
denote the collection of log #I’s related to a particular 
ligand. 

This practice of using overall association constants un- 
ifies pK:s and complex stability constants as well as simpli- 
fying the algorithms used in computer programs. 

2. Throughout the text, pH is used to denote the pH- 
meter reading and not the concentration, or activity of 
hydrogen ions in solution; these latter two quantities are 
dctined as p[H] and pa, respectively. 

List of implicit symbols used in the text and some defini- 
tions: 

CM = Analytical concentration of metal ion M 
(mole/l.) 

cr. = Analytical concentration of ligand L (mole/l.) 
TX1 = Concentration of species x in solution (mole/ 

1.) 
Briw = Overall stability constant of the complex 

M,,HjL,L; formed from one metal and two 
ligands. Where no confusion arises, I = 0 is 
not included in the subscript when there is 
not a second l&and. 

pK, = The collection of pK values related to a par- 
ticular ligand. 

rH = pH/[H] determined experimentally. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 
12. 

13. 
14. 
15. 
16. 
17. 

18. 

19. 

B. W. BudZ&sky, J. Inorg. Nucl. C&m., 1969. 31, 
1345. 
D. J. Leggett and W. A. E. McBryde. Anal. Chem., 
1975, 41. In Press. 
H. Wikberg and A. Ringbom, Suomen Kern., 1968, B41, 
177. 
I. G. Sayce, Tulantu, 1968, 15. 1397. 
W. C. Vosburgh and G. R. Cooper, J. Am. Chem. Sot., 
1941, 63. 427. 
G. Anderegg, Helv. Chim. Acta, 1967, 50. 2333. 
ldem, ibid., 1964, 47. 1801. 
W. A. E. McBryde, Analyst, 1969, 94. 337. 
Idem, ibid., 1971, 96, 739. 
L. G. Sill& and A. E. Martell, Stability Constants of 
Metal-Ion Complexes, 2nd Ed., Chem. Sot. London, 
Spec. Publ. No. 17, 1964. 
0. Wahlberg and P. Ulmgren, Acta Chem. Stand., 
1967, 21, 2759. 
J. N. Cape, D. H. Cook and D. J. Williams, J.C.S. 
Dalton, 1974. 1849. 
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SPECTROPHOTOMETRIC REAGENTS: 

p-DIMETHYLAMINOBENZILIDENERHODANINE AS 
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Summary-A method for theoretical estimation of the detection limits of spectrophotometric reagents 
is reported. The concentration limits of Beer’s law when p-dimethylaminohenzilidenerhodanine is used 
for determination of silver and palladium are defined on the basis of the stability constants. Conditions 
for determination of 2-1Opg of Ag per 25 ml and l-5 ng of Pd per 25 ml with standard deviation 
0.03 pg per 25 ml are proposed. 

It is our experience that calibration curves given in 
the literature cannot always be reproduced. We sup- 
pose that this is due to fortuitous choice of conditions 
which give a linear plot but may also suffer interfer- 
ence from a number of sources. In the present paper 
we attempt to propose a theoretical estimation of the 
limits of use of a spectrophotometric reagent, with 
reference to p-dimethylaminobenzilidenerhodanine 
(DMABR) as a reagent for silver and palladium. 

To tell whether a colour reaction can be used for 
spectrophotometric determination it is necessary to 
define the conditions under which the determined 
substance is bound in a single species having a suffi- 
ciently high molar absorptivity. Usually this is the 
highest complex because a large excess of reagent is 
used so that any absorption by the reagent is virtually 
constant. If the metal ion (M) forms several complexes 
with 1,2,...n ligands (L) this means that the following 
condition must be valid: 

n- 1 

BnCLI” b l + C BicLl’ (1) ,= I 
where /Ii, flz, . ..j$ are the successive overall stability 
constants. If the ligands take place in protolytic equi- 
libria, then 

CL1 = a$ (2) 

where C,_ is the total concentration of the reagent, 
and 

(3) 

the /I” being the stability constants of the protonated 
ligand species. 

Equation (1) then becomes: 

B&3 

n- 1 

$l+ CSi &’ 

( > 

(4) 
i= I 

Equations (1) and (4) make it possible to estimate 
the conditions for use of the ligand in a spectrophoto- 
metric determination. Thus, if (4) holds only at a high 
pH-value, at which the metal ion is partially hydro- 
lysed in spite of the formation of ML,, the determina- 
tion must be carried out in more acidic medium but 
leads to poor sensitivity (incomplete formation of 
ML,) and bad reproducibility, because small changes 
in pH can lead to large changes in the degree of for- 
mation of ML,,. Further, in a pa-region where C(L(n) 
depends very much on the pH, small differences in 
pH between the samples can lead to large errors if 
some of the ligand species absorb at the wavelength 
used for measurement. 

As seen from (2) the equilibrium concentration of 
the ligand depends on the total reagent concentration 
as well as on the pH. Low solubility of the reagent 
or complex can make a colour reaction unsuitable 
for analytical purposes, even if the complex is highly 
stable with a high molar absorptivity and it is poss- 
ible to use a relatively acidic medium. 

To apply these considerations to DMABR, we in- 
vestigated its protolytic equilibria and its reactions 
with silver and palladium in 20% v/v aqueous eth- 
anol, which we had found to give clear, not colloidal, 
solutions. 

DMABR was first proposed as an analytical re- 
agent by Fe&l.’ In weakly acidic medium it gives 
red or red-violet precipitates with Ag(I), Au(III), 
Pd(II), Cu(I), Hg(I), Hg(I1) and Pt(IV).2-5 It is widely 
used for separation and spectrophotometric deter- 
mination of Ag6-21 and Pd.20-25 It is also used as 
a reagent for Ati,“,26 Hga7 and Pt,2s for indirect 
determination of Cl- and CN-,29*30 as an acid-base 
indicator in acetic acid medium,31 and in selective 
resins.32 

DMABR and its complexes have low solubility in 
water, which is why factors such as method of mixing, 
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quantity of reagent and use of protective colloids 
strongly influence the results. Each author proposes 
a different set of conditions and this is not caused 
by differences in the quality of the reagent. We have 
established that there is no difference in the measured 
absorbance for complexes formed from DMABR pro- 
duced by different manufacturers, or recrystallized 
from ethanol or acetone. 

EXPERIMENTAL 

Reagents 

DMABR solutions, 1.25 x lo-“ and 6.25 x 10e4M. Pre- 
pared by dissolving the reagent in ethanol, butyl acetate, 
isoamyl acetate or benzene. The solutions are stable for 
months. 

Silver nitrate solution. 1.00 x 10e3M. Prepared daily in 
doubly distilled water. 

Palladium(ll) solution, 2.84 x lo-‘MM. Prepared by dis- 
solving PdCl, in 1M hydrochloric acid, and standardized 
gravimetrically with dimethylglyoxime. 

Bufirs, 1M. HCl/NaCl; HClOJNaClO,; sodium ace- 
tate at pH 3-6.5; NaOH/NaClO,; NaOH/NaCl. 

All reagents used were “pro analysi’ grade. Only doubly 
distilled water was used. 

Spectrophotometers 

A universal VSU-1 (for measuring absorbance at a fixed 
wavelength); Perkin-Elmer UV-VIS (for absorption spec- 
tra); Perkin-Elmer 458 (for infrared spectra). 

RESULTS AND DISCUSSION 

Protolytic equilibria of DMABR 

The acid-base properties of DMABR have been 
studied before, but not completely. Navratil and 
Kota~~~ determined by the extraction method in 
perchlorate medium at pH > 4, only the second dis- 
sociation constant, pK, = 8.20. They said nothing 
about the ampholytic nature of the reagent, to be 
expected by analogy with p-diethylaminobenzilidene- 

A 

A. nm 

Fig. 1. Absorption spectra; CR, = 5.0 x 10m6M, 4-cm cell, 
pH: 1, 0.46; 2, 1.05; 3, 1.38; 4. 1.70; 5, 2.15; 6, 2.55; 

7, 8-13. 

A 

07 

06- 

0,5- 

04- 

0 2 4 6 8 

PH 

Fig. 2. Absorbance as a function of pH; Cs,, = 100 x 
10e5M; 2-cm cell; 460 nm. 

rhodanine, the solubility of DMABR in strong 
acid medium and the change of the colour from very 
pale yellow (in strong acidic medium) through pink to 
yellow in alkaline medium.35 

From the absorption spectra of DMABR at various 
pH-values (Fig. l), the dependence of the absorbance 
at fixed wavelength on pH (Fig. 2) and the decrease 
of the distribution ratios (DRh) in alkaline and acidic 
media (Fig. 3) it is evident that three species are pres- 
ent, depending on the pH. The equilibria may be 
written as follows: 

at pH > 5.5 R- +H+ 2 RH (5) 

at pH < 2.0 RH+H+ 2 RH; 
(6) 

where R- is 

-ry---c=o 
I I 

S=C\S~C=CH -0 0 <z 
3 

Equilibrium (6) is valid because the equation 

log [RH:] - 
CRHI 

log KY - pH 

gives a straight line with slope of unity. 

(7) 

I I I I I 

3 2 I 7 9 9 

HO PH 

Fig. 3. Distribution ratio as a function of pH or Ha; 
CR,, = 1.25 x 10e4M; HC 10JNaClOJbutyl acetate. 
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Table 1. Stability constants of protonatcd DMABR, Table 2. Stability constants of AgR and AgR, 

Medrum 

20% v/v ethanol 

water 

IOR BY log KY 1% s: 

6.67 f 0.08 144fDO9 8.11 f 0.17 

8.06 + 0 14 1.45 * 0 14 9 51 + 0.28 

The stability constants of protonated DMABR spe- 
cies were calculated from spectrophotometric data for 
20% v/v ethanol medium and from extraction data 
for aqueous media. We used six systems, varying the 
organic solvent (butyl acetate, isoamyl acetate, ben- 
zene) and the acid (hydrochloric or perchloric). The 
value for @‘I at pH < 0 was calculated from the 
Hammett hmction.36 We established experimentally 
that measured pH values were the same in aqueous 
and 20”/, v/v ethanol media. Statistical treatments 
were made of 15 results, at the 95% confidence limits. 
The values obtained are shown in Table 1. 

03M NH, + O55M 
(NHMO,, 1381 4.30 18.11 14 
pH = 93; 1.5% gela- 
tine 

HCIO, + NaCIO,; 
pH>3:~,=0I 9.15 8.41 17.56 33 

HCIO, + N&IO,; 
pH < 3, /I = 01: 9.97 f c-02 8.29 + 0 I2 18 26 + 014 25 

?OTT v/v ethanol 

value of K2 is similar to that obtained by Navratil 
and Kotas but there is a difference for /Ii. We there- 
fore determined the distribution ratio of Ag(1) at 
pH < 1 in the system HC104(NaC104)-DMABR- 
butyl acetate: 

DAM = 
PAIR .fl,[R-l 

1 + BIB-1 
Determination of silver(l) with DMABR 

From Neumayer’s data shown in Table 107 in San- 
dell’s book’ the apparent molar absorptivity of the 
Ag-DMABR complex at 595 nm decreases from 
4.10 x lo4 l.mole-‘.cm- ’ for 0.05 &ml to 2.32 x 
lo4 for 100 &ml. The results have good reproduci- 
bility and the solutions are stable for 2CL30min. Evi- 
dently, the calibration curve is only apparently a 
straight line. This fact cannot be explained in terms 
of physical causes alone. 

where 

CA@% P - 
A” = [AgR] 

m-1 = CR, .a&l = 

cRh{l + (PRH + l)b:[H+] + ~;~H+i2~-’ 

Silver(I) forms two mononuclear complexes with 
DMABR, with composition AgR and AgR;.‘4*25*33 
The reported stability constants are given in Table 
2. 

Our results25 were calculated (after spectrophoto- 
metric study of the system) from 18-22 values, at the 
95% confidence limits, by use of the conditional con- 
stants defined as follows, and the /I: and /It values 
given in Table 1 (20% ethanol): 

cRh = total concentration of DMABR; Psn 

= [PHlo/[PHI~ ’ 
fl’;‘, /?T = stabilityconstantsofprotonated DMABR 

(water) from Table 1. The DMABR was 
determined spectrophotometrically in 
alkaline medium and the silver with 
dithiz0ne.j’ 

Ag+ + RH 2 AgR+H+ (8) 

From (11) we found log PARR = 246; Navratil and 
Kotas gave the value 2.61. This agreement between 
the values confirms the huther stability constants for 
DMABR in water (Table 1). 

AgR+RH 2 AgR; +H+ (9) 

pi = p; .KS (10) 

In the paper by Castagna and Chaveau” the disso- 

From the values of /3, and /I2 for the Ag-DMABR 
complexes we calculated the degree of formation of 
AgR, AgR; and free Ag(1) as a function of pH for 
different total concentration of DMABR (Fig. 4): 

ciation constants of AgR; in ammoniacal medium 
were determined spectrophotometrically (pK, = 4.3 
and pK, = 6.8). The values given in Table 2 were 
calculated by us, taking into account the formation 
of silver-ammonia complexes. Navratil and Kota$’ 
worked with perchlorate medium, using extraction 
data at pH > 3. 

zig’ = C&+1 CA; = (1 + B,[P-1 + B2CR-12)-’ 

(12) 

a& = [AgR] C;; = 

&CR-IV + ACR-1 + /32CR-12)-’ (13) 

Our studies were made on a more acidic medium, 
i.e., under the real conditions for the spectrophoto- 
metric determination, where DMABR is present as 
RH or RH:. There is good agreement between the 
results for fi2. This is one contlrmation of the values 
for ar and /I: of DMABR in 20% v/v ethanol. The 

B2CR-212U + /%l3-1 + /32CR-12)-’ (14) 

In the pH-region l-2 (at pH > 2 the solubility of 
the reagent decreases) the predominant species is 

(11) 
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6 

; 
7:: 4 CI 

H 
2 

0 
04 0.8 12 16 20 

PH 

Fig. 4. Log a-l as a function of pH; 1, 2 and 3, aAgR2; 
Clh is respectively 100 x 10m5M, (l), 5.00 x lO_jM (2), 
1.00 x lo-4M (3). 4. a,,,;&, = 5.00 x 10e5M. 5, aAg; 

c,, = .5Go x 10-5M. 

AgR. The condition (4) for CR,, = 5 x lo- 5M 
becomes : 

1.82 x 10’8 
2.5 x 1O-9 

a&H, 
>> 1 +9.33x 1og5.0x 1o-s 

%H) 

(15) 

from which follows aR(H) + 95 x 102. This is possible 
at pH _ 3.6, a condition unrealizable in practice 
because of the low solubility of DMABR at this aci- 
dity. Therefore, for analytical purposes the complex 
AgR must be used. This is not ideal, because there 
is an excess of DMABR and not more than 80% of 
the silver can be bound as AgR. However, C[A~R 
changes very little when pH > 1.2 and the solubility 
of the reagent is increased in more acidic medium. 
At pH = 1.3 the solution is clear when CR,, I 2 x 
10e5M. Therefore, the highest silver concentration 
on the calibration curve must be 2 x 10-6M. Deter- 
mination in alkaline (ammonia) medium could not 
give any better results, because although the solubility 
of the reagent increases, that of the complexes does 
not. 

When DMABR is used as a spectrophotometric re- 
agent for silver, two factors require the pH-value to 
be kept strictly constant. 

1. It is not possible to use the conditions necessary 
for only one light-absorbing species (except the rea- 
gent) to be formed. In the pH-region @2, AgR and 
AgR; are formed in variable degree, and have very 
different absorptivities. Part of the silver is not bound 
(curve 5 in Fig. 4). 

2. The absorbance of the blank solution changes 
sharply with pH, as a result of the change of the 
ratio between [RH:] and IpH], which also have very 
different absorptivities. 

In our opinion, DMABR is a reagent suitable for 
spectrophotometric determination of low con- 
centrations of silver (O~O%@lO&nl) if a long path- 
length cuvette is used. In spite of the lower sensitivity, 
it is better to work at 1 2 58Onm, where the absor- 
bance of the reagent is negligible. 

Procedure. Place the sample solution, contairiing 2-10 pg 
of silver, in a 25-ml volumetric flask. Add 500 ml of 0.25M 
nitric acid, dilute to 1520 ml, add 5.00 ml of 1 x 10-4M 
DMABR in ethanol and mix. Dilute to the mark with 
doubly distilled water, mix, and measure the absorbance 
within lS30min at 580nm against water in a 5-cm cell. 
The standard deviation is 0.03 pg/25 ml. 

Determination of palladium(ZZ) with DMABR 

Pantani2’ and Ayres and Narang23 have shown 
that Pd(II) forms only a mononuclear complex, with 
two DMABR ligands. No values were given for the 
stability constants. 

Our studies have been carried out on hydrochloric 
acid medium. The ultraviolet absorption spectra of 
a continuous-variations series of solutions at pH = 
0.80 and overall concentration 4.00 x 10m6M has 
two isosbestic points (Fig. 5). When the concentration 
is increased to 1.00 x lo-‘M and the pH to 1.10 the 
picture changes (Fig. 6). It is evident that the number 
of absorbing species depends on the pH and on the 
concentrations of Pd(I1) and DMABR. We have stud- 
ied this system spectrophotometrically and estab- 
lished’ 5 that three mononuclear complexes are 
formed: PdR’, PdR2. and Pd(Rh),. The first complex 
exists when Cpd > CR,, and pH 4 0.80. The formation 
of PdR, involves the release of two hydrogen ions: 

PdCl;- + 2RH+PdR2 + 2H+ + 4Cl- (16) 

06 

0 
200 220 240 260 260 300 320 340 360 360 

A, nm 

Fig. 5. Absorption spectra-method of continuous variations at pH = @80; 4-cm cell; Cpd + CR,, = 
4.00 x 10W6M; from 1 to 11 Cpd is respectively @O; 4.00 x 10m7M; WO x lo-‘M; . . 4.00 x 10W6M. 
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A 0 6- 

2- 

O- 

.A, “i-n 

Fig. 6. Absorption spectra-method of continuous variations at pH = 1.10; 4-cm cell; Cp, + Csh = 
100 x 10e5M; from 1 to 11 C,, is respectively 0.0; 100 X 10m6M; 2.00 X 10-6M; . . . 100 X lo-‘M. 

It is the predominating species when 
pH > l,C,, I 1.8 x lO-‘jkf and CRh I 5.0 x 
10e5M. At higher concentrations of Pd(I1) and 
DMABR, Pd(Rh), is formed; in that case the solu- 
tions are opalescent and after some time give a depos- 
it. The measured absorpance is reproducible to only 
about 5--7x, but the absorbtivity decreases when the 
concentration of Pd(I1) increases from 2 x 10m6 to 
1.4 x 10-‘&f and remains constant only within the 
range 1.42.4 x 10e5M. We suppose that in Pd(Rh)o 
two DMABR dimers are bound to one Pd(II)-ion, 
because the complex is not charged and the band 
at 3420 cm- ’ in the infrared spectrum of the reagent 
(Fig. 7), due to the associated amino-groups,38 
remains in the spectrum of the complex with palladium- 
(II) but disappears in that of silver(I). This band 
is very sharp in the spectra of rhodanine complexes 

3300 3500 3700 

-I cm 

Fig. 7. Infrared spectra (nujol); 1. DMABR; 2. Pd(II)- For analytical purposes the complex PdRz is suit- 
DMABR; 3. Ag(I)-DMABR; 4. Cu(ItDMABR. able. Figure 8 shows the degree of its formation as 

PH 

Fig. 8. Log t(& as a function of pH; CR,,: 1. 1.00 x 
IO-5M: 2,500 x IO-5M: 3. IGO x l0-4M. 

of Cu(I), the polymeric structure of which was dis- 
cussed by Moers et a1.39@ We suppose that this poly- 
merization, rather than impurities, caused the variable 
results for the isolated solid species, described by 
Ayres and Narang.23 

For the spectrophotometric determination of Pd(II) 
the conditions for obtaining clear solutions are of 
interest. Therefore, we investigated the equilibria 
concerned in the formation of the first two com- 
plexes, for which the molar absorptivities at 515mn 
are (1.85 + 006) x 104 and (4.88 f 0*05) x 1041. 
mole-‘.cm-’ respectively (10 values, 95% confidence 
limits). We determined the apparent formation con: 
stants in the presence of @25M chloride: log jr’ = 
3.20 f 0.01 and log ,!I; = 7.77 + 0.38 (15 results, 
95% confidence limits). From the literature data for 
the stability of the chloro-complexes of Pd(II)4143 
and our data for the stability constants of DMABR 
(Table 1) we calculated the stability constants of th’ 

J palladium(H)-DMABR complexes: log /I1 = 22.0 , 
log /3z = 37.10. 
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a function of pH and the concentration of DMABR, 12. F. Sierra and L. Montaner, Anales Real. Sot. Espan. 

calculated from: Fis. Ouim.. (Madrid). 1960. 56B. 15. 

t(f& = [PdR,].C,-,’ = 

M-R-l’(~‘CCl-14 + L&CR-1 + &CR-I*)-’ (17) 

where 

13. S. Fiala, Go&i hosiidarst;i, 1959, 14, 372. 
14. H. Lux, T. Niedermaier and K. Petz, Z. Anal. Chem., 

1959, 171. 173. 
15. M. Struszynski, T. Nowicka and Z. Marczenko, Prze- 

mysl Chem., 1953, 32. 574. 
16. H. Sidzo, M. Azussi and U. Jossio, Bunseki Kagaku, 

1963, 12, 61. 
17. N. N. Shishkina, Zh. Analit. Khim., 1960, 15, 431. CpdCL- 1 

by = [P&+1 [Cl-]4 

In this case the condition (4) becomes 

At Ca, = 5 x 10T5M and [Cl-] = @lM, (18) 
holds when C(a(H) > 107. This is possible at pH > 0.6. 

In nitric acid medium the determination can be car- 
ried out at pH about 0.5. The method is convenient 
for low concentration of palladium(I1) if a long path- 
length cell is used. 

Procedure. In a 25-ml volumetric flask place 5.00 ml of 
@5M hydrochloric or nitric acid and a solution containing 
l-5 pg bf palladium(I1). Dilute with doubly distilled water 
to about 15-20ml and add 5OOml of 25 x 10w4M 
DMABR in ethanol, mix, dilute to the mark with doubly 
distilled water, mix, and measure the absorbance in a 5-cm 
cell within l&60 min, at 515 nm against a reagent blank. 
The standard deviation for l-5 &25 ml is @03 pg/25 ml. 
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Summary-The reaction between gold(II1) and p-dimethylaminobenzilidenerhodanine in hydrochloric 
acid medium containing 20% v/v ethanol has been studied spectrophotome~i~lly. It has been estab- 
lished that the process is very compii~~d: gold(II1) is reduced to goId which reacts with unchanged 
reagent. The value of the equilibrium constant is 256 * @45. Conditions are proposed for the deter- 
mination of 2-8 pg of gold in 25 ml, with a standard deviation of 0.04 pg/25 ml. 

~Di~thyiamino~~ilidenerho~nine (DMABR) is 
one of the widely used ~trophotome~i~ reagents 
for gold(II~,‘-lo but the literature on the mechanism 
of the process is very scanty. Sandell established that 
at pH = 0&9Au(III) reacts with a little more than a 
I:1 molar ratio of DMABR and considers that this 
is due to the reduction of Au(II1) to Au(I), which then 
reacts with unchanged reagent.” According to Cot- 
ton and Woolf, the gold remains as Au(III) in the 
1: I complex.‘2 Pantani13 found the composition 
Au@h), in 200/, v/v dioxan medium. No stability con- 
stants have been published. 

In the present paper we discuss our spectrophoto- 
metric study of the reaction of gold(II1) with DMABR 
in hy~~hloric acid medium, and its analytical appli- 
cation. The studies were done with 20”/, v/v ethanol 
media, the conditions for obtaining non-saturated 
solutions.1”‘6 

Repents 

Gold(lfl) solution, 5% x 10e3M. Prepared by dissolv- 
ing the pure metal in aqua regia and evaporating to dry- 
IWIY with concentrated hydrochloric acid (repeated thrice), 
TIK concentration was determined electrogravimetri- 
Gllly. ” 

DMABR solution, l-25 x IO-‘%4 in et~no~. 
The reagents used were “pro analysi” grade, and all 

water was doubly distilled. All investigations were carried 
out at 18 + 2” and constant ionic strength of 0.2. main- 
tained by addition of the required amount of sodium 
chloride. 

RESULTS AND DISCUSSION 

The time needed to achieve equilibrium in the sys- 
tem Au(III)-HCl-DMABR depends on the pH- 
value: 45 min (pH = 0.75), 25 min (pH = 0.92), 15 min 
(pH = 1.22) and 5 min fpH = 1~52-2.00). The time for 
which the measured absorbance remains constant 

also depends on the pH-value: S-60 min (pH = O&75- 
1.22), 15-25 min @H = 1.52) and 5 min (pH = 2.m). 

The absorption spectra of solutions containing gold- 
(III) and reagent in different proportions and at dif- 
ferent pH-values are shown in Figs. l-4. At pH = 
0.75 the curves are analogous to those in Figs. 3 and 
4. There is only one change in the absorption spectra 
of the reagent when gold(III) is added-the disappear- 
ance of the maximum at 37Omn, accompanied by 
appearance of the wide band at about 5OOmn, or in- 
crease in the absorbance in this region, depending 
on pH. Therefore, only one complex is formed. 

In our case the total concentration of gold(II1) is 
about 10m6A4 and that of chloride @lM. Obviously, 
the gold is present as the stable AuCl; (log &, = 
21.4).18 The reaction can be written as follows: 

aAuC1; + nRh = Au,(Rh),Cl,_ ,, 
+ pCl- + mH+ (1) 

The apparent molar absorptivity remains constant 
when the con~ntration of gold(II1) is varied from 
1 x 10m6 to 5 x 10m5M. This means that there are 
no polynuclear species, so a = 1. Analysis of the iso- 
lated complex showed the absence of chloride, so p = 

4. 

Continuous-variations (Fig. 5) and mole-ratio (Fig. 
6) methods were used for the deter~~tion of PZ,~~,” 
The Job curves have a maximum corresponding to 
a 1: 1 complex, but the plot is not symmetric. The 
mole-ratio method gives a stoichiometric coefficient 
for DMABR of more than unity, increasing with pH 
from 1.3 (pH = @75) to 2.0 @H = 2.0). The value 
of n for a given pH-value does not depend on the 
con~ntratio~ of the components (Figs. 7 and 8). We 
think that this is not due to the formation of the 
second complex, because that would cause changes 
in the absorption spectra. We recorded the spectra 
for 72 combinations of the concentrations of gold(II1) 
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0. I 

350 400 450 500 550 6OC 

X, nm 

Fig. 1. Absorption spectra, CAu = 5.0 x 10-6M, CR,, = 1.0 x lo-‘ivf, b = 4 cm, 1. pH = 0.46; 2, pH = 
0.75; 3. pH = 1.05; 4. pH = 1.38; 5. pH = 1.95; 6. pH = 2.55. 

X, nm 

Fig. 2. Absorption spectra, CAu = 1.0 x 10-5M, C,, = 5.0 x 10-6M, b = 4cm, 1. pH = 0.46; 2. pH = 
0.75; 3, pH = 1.05; 4. pH = 1.38; 5. pH = 1.70; 6. pH = 1.95; 7. pH = 3.05. 

X. nm 

Fig. 3. Absorption spectra, pH = 1.45, b = 4 cm, CA, = 
2.0 x lo-$; 3. 

5.0 x lo-6A4,l. Cllh = 1.0 x lo-6M; 2. c,, = 
CR,, = 3.0 x 10-6M; 4. CR, = 4.0 x 10-6M; 5. CRh = 5.0 x 10-6M; 6. CR,, = 6.0 x 

IO-TM; 7. CR,, = 7.0 x lo-%; 8. CR,, = 8.0 x lo-‘%4; 9. C,, = 9.0 x lo-6M; 10. CRh = 1.0 x 
10-5M; 11. CRh = 1.2 x 10-5&f; 12. CRh = 1.0 x lo-5M, CA” = 0. 
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---.A-~- 

350 400 450 500 550 600 

A, nm 

Fig. 4. Absorption spectra, pH = 1.45, b = 4 cm, CRh = 1.0 x lo-‘M. 1. C..+, = 0; 2. CA” = 2.0 x 
IO-~M; 3. CAu = 4.0 x w~M; 4. CA” = 6.0 x 10-6M; 5. CAu = 8 x 10-6M; 6. CAu = 1.0 x lo-‘- 

3.0 x 10-SM. 

and DMABR (some are shown in Figs. l-4) but the 
only change was that already stated. It is probable 

that some side-reaction takes place. 
We think that the interaction between gold(II1) and 

DMABR is a complex process including the reduction 
of Au(II1) to Au(I), which then forms the complex 
with unchanged reagent. This assumption is based on 
the following facts. 

1. The spectra of the complex in the visible or in- 
frared region are the same in the presence or absence 
of hydrazine sulphate. Therefore, it is just gold(I) that 
forms the complex. 

0 2 4 6 8 

Rh 

1 I I I I I 
IO 8 6 4 2 0 

Au (III) 

Fig. 5. Method of continuous variations, C,, + CR,, = 
2.5 x 10W6M. 1. pH = 0.60, 370 nm; 2. pH = 1.45, 

500 nm. 

Fig. 6. Mole-ratio method, 495 nm, b = 3 cm, CA” = 5.0 x 
10-6M. 1. pH = 0.75; 2. pH = 0.92; 3. pH = 1.22; 4. 

pH = 1.52; 5. pH = 2.00. 

0 
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* 0 
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4- 

3- 

2- 

I- 

O I 
0.2 0 4 06 06 I.0 I2 I.4 16 I8 20 22 2.4 

C,x 10-5, M 

Fig. 7. Absorbance as a function of the total concentration 
of DMABR, 495 nm, b = 3 pH cm, = 0.92. 1. = 0; 2. 
CA” = 5.0 x lo-6M; 

CAu 
3, CA” = 7.0 x 10-6M; 4. 

C,” = 9.0 x 10-6M. 
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0 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 0.2 0.4 0.6 06 I.0 I.2 I.4 I.6 I8 2.0 

CA” ‘CRh 

Fig. 8. Mole-ratio method. 1. pH = 0.92, 495 nm, b = 
3 cm, CRh = 5.0 x 10m6M = const. 2, pH = 1.45, 500 nm, 
b = 2 cm, CR,, = I.0 x 10m5M = const. 3. pH = 0.92, 

495 nm, b = 3cm, CA” = 5.0 x 10m6M = const. 

2. Comparison of the infrared spectra of the com- 
plexes of DMABR with different metals (where there 
is no possibility of redox processes) shows that the 
changes in the spectrum of the reagent are similar 
(Table 1). This shows that the gold complex is formed 
with unchanged reagent. 

3. At pH < 05, even with a large excess of gold(II1) 
in relation to DMABR, there is no visible complex- 
formation (red-violet colour). The absorbance at 
500 nm (maximum of the complex) does not change, 
but that at 370nm (maximum of the reagent) de- 
creases (Fig. 9). ConRrmation of the reduction of gold 
(III) by DMABR comes from calibration curves for 
the reagent in the presence and absence of gold(II1). 
When a constant concentration of gold(II1) is added, 
the slope of the line for absorbance us. CR,, decreases 
and the line does not pass through the origin. We 
extracted with ether the product of this interaction 
and took its infrared spectrum after eliminating the 
ether (the residue was yellow, but DMABR is red). 
Comparison with the infrared spectrum of DMABR 
showed that the vc=e band for the oxidized reagent 
(we shall denote this by Rh*) is strongly increased 
in intensity and is split into peaks at 1720 and 
1735 cm- ‘. Moers and Steggerda investigated the 
reaction of rhodanine and its three alkyl derivatives 
with Cu(1) and Cu(I1). They considered that Cu(I1) 
oxidized part of the rhodanine. 

4. As will be shown (Fig. ll), besides the complex 
and the free reagent there is another absorbing spe- 
cies, the absorbance of which depends on pH. There- 
fore, this could not be a second complex, because 

Table 1. Main bands ip the region 20%4000cm-’ for 
DMABR and its complexes with silver(I), palladium(I1) 

and gold(II1); (nujol) 

I“ 0 &H + yc- N 

l’N- H I amide II amide thmamlde L’M-5 

Rh 3420 1675 1535 670 _ 

AIR 1670 I505 _ 405 
PdR,(Rh), 3440 1685 I520 _ 405 
AuR 1685 1525 410 

0. 

0. 

0, 

A 0, 

0. 

0 

Fig. 9. Absorbance as a function of C,, pH = 030, b = 
3 cm, 370 nm, C,,, = 6.0 x 10e6M. 

the complex would have definite spectral character- 
istics which would not depend on pH, and there 
would be two isosbestic points on each of Figs. l-4. 

5. The simultaneous occurrence of the two pro- 
cesses can explain the shape of curve 1 in Fig. 6: 
at lower pH and concentration of DMABR the com- 
plex formation is of low degree, and the absorbance 
of Rh* is negligible at pH = 0.75. 

When determining the molar absorptivity by vary- 
ing the concentration of DMABR or gold(II1) we 
obtained consistent results if we assumed that when 
the gold concentration was kept constant and 

’ Cah,,ax, the concentration of product was equal to 
half the concentration of DMABR, and when the re- 
agent concentration was kept constant and > 2CAU,_X, 
the concentration of product was equal to the con- 
centration of gold. 

Therefore, the following equation can be written: 

AuCl; + 2RhK- AuR + Rh* 

+ mH+ + 4Cl- (2) 

At pH 2 this reaction is accomplished only to some 
degree which depends on the value of pH (Fig. 10). 
The curve correlating the absorbance and pH is simi- 
lar. It is evident that for every pH-value the corre- 
sponding stoichoimetric coefficient n must be given: 

AuCl; + nRh& : AuRh + 
2-n 
,-A&l; 

L L 

+ ;Rh* + mH+ + (2 + II)C- (3) 

The value of n was determined by the molar-ratio 
method (Fig. 6) at 6 wavelengths (471, 483, 495, 507 
and 539 nm). For pH 0.75, 0.92, 1.22, 1.52 and 2.00 
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Fig. 10. The degree of interaction between AL@) and 
DMABR as a function of pH--curve 1. Absorbance as 
a function of pH, 5OOnm, b = 4cm, CAU = 1.0 x 10W5M. 
C,, = 5.0 x 10-6MGcurve 2. Absorbance as a function 
of pH, 5OOnm, b = 4cm, C,, = 5.0 x 10W6A4, C‘,,, = 

1.0 x 10-5~urve 3. 

the values obtained for n were 1.30, 1.36, 140, 1.66 
and 2.00 respectively. 

The number of protons released and the value of 
K were determined from the parameters of the 
straight line: 

where 
log K’ = log K + mpH (4) 

Kr = CAuRl [(~)/21[AuCl;][(2-~)/21[Rh*][(~~21[~-](2+~) 

CAu~,ICRhl” 
(5) 

The concentration of the components taking part 
in the equilibrium (3) can be expressed as a function 
of [AuR] and the following equation obtained: 

(6) 

where 

[AuR] = 
A - ~zCR,, 

b(e, - 2~ + l s) 
(7) 

CA” and CR,, are the total concentrations of gold and 
DMABR, E,, l Z, eJ are the molar absorptivities of 
AuR, Rh and Rh* respectively, and b is the cuvette 
path-length. 

The values of E, and l J were determined on the 
basis of the following considerations: when 
CR,, > nCAU, [Rh] = CR,, - nCA, and therefore, for 
every pH-value the absorbance of the free reagent 
(AR,,) can be calculated: 

0.4 

G 

O? 

0.2 

I- 

I- 

,- 

2 

&@ 
-/ 

I I I I 
0.6 I.0 1.2 I.4 

PH 

Fig. 11. AA as a function of pH, b = 3 cm, CA” = 5.0 x 
10m6M. 1. 471 nm; 2. 495 nm; 3. 539 nm. 

If the complex (AuR) and the free reagent are the 
only light-absorbing species (at 1 > 450nm AuCl; 
and A&l; do not absorb), the difference 

AA = A - AR,, (9) 

must have a constant value, when CR,, > nCAU, in 
spite of increase in the concentration of DMABR and 
the change in pH. As can be seen from Fig. 11 A,4 
remains constant when pH < 0.9 (for a given value 
of pH, AA does not depend on CR,,, and the curves 
are plotted from the average of three values), and at 
PI-I > 0.9 it increases. This can be explained by the 
presence of the third absorbing component (Rh*), the 
concentration of which does not change when the 
concentration of DMABR is more than nCAu, but the 
absorbance of which depends on the pH. From the 
horizontal part of the curves l 1 and l 3 can be deter- 
mined by means of the equation 

2AA 
Ej = ----E, 

nbCA, 
(10) 

The value of log K’ is a linear function of pH, 
and Table 2 shows the values obtained from it for 
the equilibrium constant K, since K = K’m’]‘. The 
slope of the plot of log K’ us. pH gives m = 2, and 
the intercept on the ordinate at pH = 0 gives log 
K + 04. 

The values calculated for K are equal at different 
pH-values and this confirms the correctness of the 
mechanism accepted for the reaction between gold 
(III) and DMABR in hydrochloric acid medium. 
When pH > 2 it can be written as 

AuCl; + 2Rh z$ AuR 
+ Rh* + 2H+ + 4Cl- (11) 

Table 2. Values of the equilibrium constant K for different 
values of pH; (10 results, 95% confidence limits) 

PH 0.75 092 I22 152 MCUl 

K 2.47 f 047 254 f 0.10 254 f 055 279 f 0.50 2.59 + 045 
log K 0.39 * 0.09 040 f 0.02 040 f 009 045 + 008 0.41 * 0.08 
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The data shown in Table 1 give the possibility of the water-bath (all the samples in the series together), add 

drawing some conclusions about the bonding sites of 25OOml of 1M hydrochloric acid and heat for 5 min. 

Au(I) with DMABR. vczO is shifted by only lOcm_’ 
Transfer the solution with doubly-distilled water to a 25-ml 
volumetric flask, add 5.OOml of 1 x 10m4M DMABR in 

when AuR is formed. This means that it is very un- ethanol, dilute to the mark with doubly-distilled water and 
likely that the CO-group takes part in the complex mix. Measure the absorbance, after 25 min, in a 5cm cell, 

formation. The band at 670 cm- ‘, connected with the at 500 nm against a reagent blank. The standard deviation 

vibration of the N-H and C=S bonds21-24 disappears for 2-8 pg of gold in 25 ml is 0.04 pg/25 ml. 

in the spectrum of AuR, but an intensive new band 
at 410cm-’ appears, which is due to the Au-S bond. 
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S 

Analytical application 

The apparent molar absorptivity increases with pH, 
but the solubility of DMABR decreases and the 
reproducibility becomes worse. We think that the 
most suitable acidity is about 0*12N (the conditions 
given by Sandell”). The following factors impose the 
necessity of working with a variation in pH-values 
of not more than @05. 

1. The addition of the absorbance of Rh*, which 
depends on pH, to that of AuR and DMABR. 

2. The sharp change in the absorbance of the blank 
solution with shift of pH. 

3. The complicated complex-formation and redox 
processes take place to a degree depending on the 

PH. 
Even a trace of .oxidizing species must be absent. 

Because of the low solubility of the reagent and of 
the reaction products, Beer’s law is valid over a very 
narrow range of concentrations of gold(II1). Evi- 
dently, DMABR is a reagent suitable for spectro- 
photometric determination of low concentrations of 
gold. 

Procedure. Evaporate the solution containing 2-8 pg of 
gold to a moist residue, on a water-bath. Moisten the resi- 
due with exactly 6 drops of concentrated hydrochloric acid 
and one drop of hydrogen peroxide. Heat for 3 min on 
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ELEKTROPHORETISCHE UND POLAROGRAPHISCHE 
UNTERSUCHUNGEN DER ZUSAMMENSETZUNG UND 

STABILITAT VON Cd- UND In-ACETATKOMPLEXEN 

VUIM VAJGAND und TEREZIJA SURANYI-MIHAJLOVK? 

Lehrstuhl fiir Analytische Chemie, Chemisches Institut der Universitit in Belgrad, Jugoslawien 

(Eingegangen am 28. August 1974. Revldiert am 14. Februar 1975. Angenommen am 5. M&z 1975) 

Zusammenfassuq-Eine allgemeine Gleichung fiir die mittlere elektrophoretische Beweglichkeit, wenn 
das Zentralion gleichzeitig in verschiedenen Gleichgewichte teilnimmf wird gegeben. Zwei Methoden 
fti die Berechnung der StabilitItskonstanten aus den experimentell erhaltenen Beweglichkeit: (a) die 
Methode der Kurveniiberlappung bei Verwendung der Gleichung fti die mittlere Ladung, und (b) 
die Methode der explizite LGsung der Gleichung der mittleren Beweglichkeit, wurden beschrieben. 
Die erwlhnte Methoden wurden zur Bestimmung der Zusammensetzung und Stabilitit der Cadmium- 
acetat- und Indiumacetatkomplexe aus der mittleren elektrophoretischer Beweglichkeit angewandt und 
die erhaltene Werte wurden mit den polarographisch bestimmten Werten verglichen. Elektrophoretisch 
fanden wir bei der Ionenstirke p = 0,l (NaClO,), bei 0” und pH-Bereich 2,s4,7 zwei Cadmiumacetat- 
komplexe, CdCH&OO+ und Cd(CH,C00)2 mit Stabilititskonstanten log 8, = 1,41 und log /3* = 
1,96. Bei den gleichen Bedingungen wurden vier Indiumacetatkomplexe gefunden: InCH,COO’+, In- 
(CH,COO);, In(CH,COO)B und In(CH$OO); mit log B1 = 3,53, log /& = 5,90, log j& = 7,90 und 
log /?., = 9,12. Bei gleichen Bedingungen wurden polarographisch fti die Cd-Acetatkomplexe die Werte 
log /?, = 1,49 und log b2 = 542, fti die In-Acetatkomplexe die Werte log b1 = 3,53, log /3* = $95, 
log b3 = 7,95 log b4 = 9,04 und fiir In(CH,COO)$- log pS = 11,15 erhalten. 

Die Papierelektrophorese ist bereits ijfter zur Ent- 
scheidung des Problems, ob zwischen Kation und 
Anion Komplexbildung stattfindet, herangezogen 
worden. Durch Bindung des negativen Liganden zum 
zentralen Ion verlndert sich die Kationladung und 
dadurch such die elektrophoretische Beweglichkeit.‘,’ 
In welchem Ma& sich diese Beweglichkeit in Funk- 
tion von der Konzentration des Liganden gndert, 
hlngt von der Art des gebildeten Komplexes und 
such von der Stabilitit der entstandenen Komplexe 
ab.3-5 Wenn die Art der Komplexe bekannt ist, oder 
vorausgesetzt werden kann, welche Komplexe bei den 
gegebenen Bedingungen entstehen kBnnen, dann ist 
es maglich, aus Veriinderung der elektrophoretischen 
Beweglichkeit des Kations, in Funktion von der Kon- 
zentration des Liganden, die Stabilititskonstanten zu 
berechnen.6-8 

Die polarographische Methode von DeFord und 
Humeg kann such herangezogen werden, urn Stabi- 
lititskonstanten zu bestimmen, wenn die Komplex- 
ionen reversibel reduzierbar sind. Ziel dieser Arbeit 
war es, die zwei Systeme CadmiumAcetat und In- 
diumAcetat zu untersuchen und die Ergebnisse 
dieser zwei Verfahren zu vergleichen. 

PAPIERELEKTROPHORESE 

Wenn in der Liisung ein Gem&h von mehr oder 
weniger dissoziierter Ionen der gleichen Substanz, z.B. 
ein Gemisch der Komplexen MeA, MeA,, 

* Zwecks Vereinfachung sind die Ladungen weggelassen. 

MeA,,...MeA, vorhanden ist*, dann wandert nicht 
jede Ionenart fti sich unter dem EinfluD des elek- 
trischen Feldes zur entsprechenden Elektrode, son- 
dern, da an jeder Stelle der Wegstrecke, in jeden 
Augenblick, zwischen allen Ionenarten der entspre- 
chenden Substanz Gleichgewicht herrscht, vertilt 
sich das Gemisch wie ein Ganzes mit der Ladung 
2. Alberty und King” haben folgenden Ausdruck fti 
die mittlere Komplexbeweglichkeit, ii, als die Summe 
der einzelnen Prod&e aus den Beweglichkeiten uqr 
und der Molfraktionen tlq der einzelnen Komplexarteri, 
erhalten : 

ii = cu;or, (1) 

Wenn die Ionenfraktionen der Komplexionen 
durch die Stabilititskonstanten & ausgedriickt 
werden, ergibt sich fti ii 

Diese Gleichungen hat Jokl,’ durch Einftiung der 
ersten Hydrolysestufe des Metallions etwas erweitert, 
und sie kann noch erweitert werden, wenn man alle 
Gleichgewichte beriicksichtigt, in denen das Kation 
teilnimmt. In solchen Ellen ist die mittlere Beweg- 
lichkeit der Komplexe eine Funktion aller entstan- 
dener Verbindungen, und die Kurve der Funktion 
a = f( [A] ) ftir verschiedene Konzentrationen des 
Metallions fallen nicht zusammen.” Nur wenn es 
nicht zur Hydrolyse des Metallions kommf und keine 
hydroxo- oder polynukleare Komplexe gebildet 
werden, gilt die Gleichung (2), aus der man erkennen 
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kann, da13 ii nur eine Funktion der Ligandkon- 
zentration ist und von der Konzentration des Metal- 
lions und dem pH-Wert nicht abh;ingt. Die weiteren 
Ertiuterungen beziehen sich nur auf diesen ein- 
fachsten Fall. 

Die elektrophoretische Stabilitltskonstantenbe- 
stimmung wird meistens durch die Anwendung der 
Gleichung (2tftir die Beweglichkeitskurve-die in 
expliziter Form folgendermasse gegeben wird, durch- 
geftihrt: 

(3) 
Bei sukzessiver Bildung einer gr6l3eren Zahl von 
Komplexen deren StabilitPte sich wenig unter- 
scheiden, ist die Berechnung der Stabilititskonstanten 
aus der Gleichung (3) sehr umstindlich, da die Glei- 
chung (2Q-1) Unbekannte enthllt, wobei Q die Koor- 
dinationszahl des h6chsten Komplexes, der bei gege- 
benen Bedingungen entsteht, bedeutet. Die Zahl der 
Unbekannten vermindert sich urn einq wenn die Mes- 
sungen bei solchen Bedingungen durchgeftihrt werden 
kiinnen, bei denen die Konzentration des freien 
Liganden annHhernd gleich der Gesamtkonzentration 
des Liganden ist. Damit diese Bedingung erftilt sei, 
mul3 CA % CMle und die Liisung in Bezug auf den 
Liganden gepuffert sein. Die Werte ftir uq und /?, 
kijnnen durch die explizite L6sung der Gleichung (3) 
erhalten werden. d.h. durch Ablesung von 2q Paare 
der Werte von der Kurve U =f(C,), wodurch man 
ein System von 2q Gleichungen erhSilt, ebenso wie 
bei der Berechnung der Stabilititskonstante aus der 
mittleren Koordinationszahl.‘2,13 Die einzelne Kon- 
stanten sind in jenen Ligand+onzentrationsinter- 
valle zu suchen wo diese Komplexe vorherrschen. Zu 
diesen Zweck kiinnen wir die Orientationswerte von 
uq und uq- , mit Hilfe folgender Gleichung erhalten:14 

und ftir die /?, Werte kijnnen die ii vs. CA Paare in 
den Intervallen U = uq - uq+ I abgelesen werden. In 
der Gleichung (4) bedeutet uq die Beweglichkeit, z die 
Ladung, M das Molgewicht des Komplexes MeA,. 

Die Beweglichkeit des Komplexes ist eine Funktion 
der Ladung,‘*15~16 und bei Komplexen bei welchen 
die Gr6l3e des Ligandes sich nicht vie1 von der Gri%e 
des Wassermolekiils unterscheidet, wird die Beweg- 
lichkeit durch die durch Einbau des neuen Liganden 
an Stelle von Wasser hervorgerufene Volum;inderung 
nicht ver;indert.17 Die mittlere Ladung der Komplex- 
enreihe, die das Zentralion Me”+ mit den Anionen 
A”- bildet, ertilt man durch den Ausdruck: 

n + (n - m)./?, .c* +.(n - 2m).fl2.CX+ 
. . . 

-= + @I - 4d.Pq4. a 
1 +/?,.CA+P2.C2A+ . . . +D;cj( 

(5) 

* Aus radioaktiven Cd0 hergestellt. 

Beim Vergleich der Gleichung (5) mit (3) sieht man, 
da13 die zwei Gleichungen nur in den Koetiienten 
von dem Produkte der Stabilititskonstanten und der 
Ligandenkonzentration im Zlhler verschieden sind. 
Die zwei gegebenen Gleichungen stellen zwei unter 
sich parallele Kurven dar, darum kijnnen wir die Sta- 
bilititskonstanten aus der mittleren Ladung des 
Komplexes berechnen. Fiir die Berechnung der Kon- 
stanten kann die “curve fitting” Methode angewendet 
werden,’ *-” wobei jene Stabilit5tskonstantenwerte 
zu ermitteln sind die, die Kurve 5 mit der experimen- 
tell bestimmten Kurve 3 parallel machen. 

EXPERIMENTELLER TEIL 

Bei den elektrophoretischen Untersuchungen beniitzten 
wir das Gerlt filr Hochspannungspapierelektrophorese 
(Elcktrophoreser, Dr Virus KG, Meckenheim, Bonn, 
Model1 HE 10100). ” Die Elektrophoresestreifen wurden 
zwischen zwei Glasplatten gestellt, wobei die Platten mit 
thermostatierter KilhllGsung (aus den Thermostaten “Ultra 
Kryomata TK 30D, Wobser KG Messgerlte-Werk Lau- 
da”) gekilhlt wurden. Urn das Einsaugen von KtlhllGsung 
an den Streifenenden zu vermeiden, hatten wir in die 
Wanne mit dem Labyrinthensystem noch heissen, 93% 
Agar-Agar enthaltenden Elektrolyt eingegossen. Kontakt 
zwischen den Streifen mit Elektrolyt e&tilt man durch Auf- 
stellen der Wanne auf die Enden der Streifen, die mit Zello- 
phanmembranen umgehiillt sind.** Der Boden der Wanne 
1st aus Sinterglass G-4. 

Fiir die Elektrophorese beniitzten wir Papierstreifen 2 x 
60 cm Whatman No. 1. Auf jeden Streifen hatten wir einen 
Tropfen in die Mitte des Streifen, quer zu Streifenilnge, 
als eine Zone (Linie) aufgetragen. Auf die Streifen hatten 
wir 0,Ol ml 0,OlM In(ClO,),, oder 0,005 ml 0,OlM 
Cd(Clti4)2* aufgetragen.‘ Indiim wurde mittels 8-Oxy- 
chinolin.23*24 Cadmium durch die Radioaktivitlt identifi- 
ziert. Urn elektroosmotische- und Striimungseffekte an den 
Papierstreifen zu verfolgen, beniltzten wir Wasserstollper- 
oxyd. ” Die Beweglichkeit des Komplexes driickten wir als 
einen Relativwert in Bezug auf (C*H,),NOH aus.26 Die 
Feuchtigkeit des Papiers regulierten wir durch pressen der 
Streifen zwischen zwei Gummiwalzen van bestimmten 
Abstand. Auf chromatographischen Wege priiften wir ob 
die untersuchten Ionen an den Papierstreifen adsorbiert 
wurden.” 

Die Elektrophorese wurde mit Lijsungen von verschie- 
denem Natriumacetatgehalt ausgeftihrt. Alle LGsungen 
waren 0,lM in Essigs;iure, urn die Liisungen in Bezug auf 
Acetationen zu puffern. Urn die Gesamtacetatkon- 
zentration in Liisung zu berechnen, wurde fllr die Dissocia- 
tionskonstante der Essigtiure der Wert 2.17. lo-’ 
genommen. Zu diesen Werte kamen wir durch Umrech- 
nung des Wr 0” (p = 0)” gegebenen Wertes auf die 
Ionenstirke 0.1. Die Ionenstlrke wurde durch Zugabe von 
Natriumperchlorat auf 0,l eingestellt. Die Elektrophorese 
wurde bei 0 + 0.05” durchgeftit; der Spannungsabfall 
betrug 44 V/cm; Elektrophoresedauer 45 Minuten.- 

Durch die “curve fitting” Methode hatten wir die Stabi- 
lititskonstanten der Caimiumacetatkomplexe bestimmt. 
Die beste Uberlappung der Kurve 3 wurde mit Kurve 5 
erhalten, wenn q = 2 gesetzt war; die Stabilititskonstanten 
betrugen log /3, = 1.40 und log pz = 1,95. In Abb. 1 sind 
die Werte der mittleren Ladung der Cadmiumacetatkom- 
plexen und der Ionenfraktionen der Ionen, errechnet aus 
den beiden gegebenen Stabilititskonstanten in Bezug auf 
die Konzentration des Acetates, dargestellt. Auf dem 
gleichen Bilde sind such die Werte der relativen Beweglich- 
keiten der Cadmiumacetatkomplexe gegeben. 

Durch explizite Liisung der Gleichung (3) hatten wir 
zuerst aus den erhaltenen Werten im Intervalle 6.3. 10e3 
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Abb. 1. Mittlere Beweglichkeit, mittlere Ladung und 
Ionenfraktionen der Cd-Acetatkomplexe bei 0°C und p = 
41, wenn CdCH&OO+ (bl = 25) und Cd(CH,C00)2 
& = 90) gebildet werden. + mittlere Ladung; 0 mittlere 
elektrophoretische Beweglichkeit mit den durchschnitt- 

lichen Fehler. 

bis 2,6.10-*M die Werte fii /J1 und u1 errechnet, wobei 
die Bildung des zweiten Komplexes nicht in Betracht 
genommen wurde. Dann hatten wir bei CA > 7,10-*M den 
Wert von & ermittelt. Es wurden folgende We& erhalten: 
log /I, = 1.43; log & = 1,96 und u, = 0,71 f 0,06. 

Durch Berechnung der mittleren Ladung von Indium- 
acetatkomplexen durch Anwendung der Gleichung (5) und 
Vergleichen der Kurve 7 = f(C,, &) mit der experimentelI 
erhaltenen Kurve ii = f(CJ wurde die beste Uberlappung 
bei q = 4 gefunden und fti die entsprechenden Stabilitits- 
konstanten wurden folgende Werte gefunden: log p1 = 
3,52; log fi2 = 5,93; log b3 = 7,91 und log b4 = 9,00. In 
Abb. 2 sind die Werte der mittleren Ladung und Ionen- 
fraktionen der Indiumacetatkomplexe, aus den erwiihnten 
Stabilititskonstanten berechnet, in Funktion der Acetat- 
konzentration dargestellt. In der gleichen Abbildung sind 

% 

such die Werte der relativen elektrophoretischen Beweg- 
lichkeiten mit den mittleren Abweichung von jeden Punkte 
dargestellt. Durch explizite LGsung der Gleichung (3) 
hatten wir folgende Werte fti die Stabilititskonstanten der 
Indiumacetatkomplexe erhalten: log /?, = 3.54; log b2 = 
5,86; log b3 = 7,89; log b4 = 9,23. Die Beweglichkeiten 
der Indiumionen in Abwesenheit von Acetaten u0 konnten 
wir wegen Hydrolyse des In3+-Ions nicht messen, darum 
ermitteiten wir uO- durch Extrapolation der Kurve U = 
f(C,) auf CA = 0. Fiir die Beweglichkeit der Komplexe 
erhielten wir u, = 0,542 k 0,002; u2 = 420 f 404; uj = 0 
und uq = -0,08 + 0,09. 

POLAROGRAPHIE 

uber die polarographische Untersuchungen von 
Cadmiumacetatkomplexen haben wir sehr wenige 
Angaben in der Literatur gefunden2g,30. Von den In- 
(III)-Ionen wurden polarographisch meistens die 
Komplexe mit den Halogeniden3 ’ s3’ untersucht. 
Cozzi und VivarelliJ2 studierten den Einflul3 von Ace- 
tatkonzentration auf das Halbstufenpotential der In- 
(III)-Ionen und aus der Verschiebung des Halbstufen- 
potentials berechneten sie den Wert der Stabilitits- 
konstante des Indiumtriacetatkomplexes. Die Bildung 
anderer Komplexe hatten sie nicht registriert. 

EXPERIMENTELLER TEIL 

Die Messungen wurden am Polarograph “Radiometer 
PO 4” durchgeftihrt. Als polarographische Zelle wurde ein 
Glasrohr mit Glassinter G-4 in der NIhe des GeftiDbodens 
benutzt. Das Glasrohr ist in ein Erlenmeyerkolben ge- 
steckt, der mit Ableitungen an der Se&en versehen ist. Im 
Erlenmeyerkolben befand sich eine getittigte Natrium- 
chloridliisung. Kontakt mit der getittigter Kalomelelek- 
trode wurde durch ein U-Rohr, mit geslttigten Natrium- 
chlorid in 3%-igem Agar-Agar, erreicht. Das gleiche Gel ist 

Abb. 2. Mittlere Beweglichkeit, mittlere Ladung und Ionenfraktionen der In-Acetatkomplexe bei 0°C 
und p = 0,l (NaClO,), wenn vier Komplexe gebildet werden mit Stabilitltskonstanten B1 = 3.3.103, 
/& = 8,6. 105, /& = 8,2. IO’ und /T4 = 1. 109. + mittlere Ladung; d mittlere elektrophoretische Beweg- 

lichkeit mit den durchschnittlichen Fehler. 
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such in die Sintermasse der polarographischen Zelle einge- wo I der in PA gemessener Strom auf dem Potential E 
saugt worden. Erlenmeyerkolben sammt mit der polaro- entspricht. Fur Cd erhielten wir den Wert 1,96, und fur 
graph&hen Zelle und Kalomelelektrode waren in einem In(II1) Werte urn 2,75. Auch bei der Untersuchung der Nei- 
Thermostaten aufgestellt. Die Temperatur betrug 0 + gung der Wellen, die bei Oxydation von In-Amalgam 
0.05”. Die Klltelosung wurde mit den Ultrakriomaten erhalten wurden, konnten wir fur n nicht den Wert 3, son- 
TK 30 D erzeugt. Urn eine Ausscheidung von Kalim- dern etwas kleinere Werte erhalten. Fur diese Diskrepanz 
perchlorat zu vermeiden, war die Kalomelelektrode mit 
Natriumchlorid ges;ittigt. 

zwischen den experimentellen und theoretischen Wert 
kann man mehrere Erkllrungen finden.35-39 

Das Potential der Elektrode wurde derweise kontrolliert 
da13 man das Halbwellenpotential des Tl(I)-Ions, in 1M 
KaliumnitratlGsung ma13 und mit dem in der Literatur 
befindlichen Wert verglich. Wir fanden 0,509 V, was in 
guter Ubereinstimmung mit 0,508 V steht, den Wert, der 
mit der Kalomelelektrode, welche mit gesattigten 
Natriumchlorid gefullt war, erhalten wurde.33 

Der Potentiometer des Polarographs wurde mittels eines 
Westonelementes nach der Poggendorff-Methode und 
durch Aufnahme der Strom-Spannungs-Kurven geeicht. 
Der Widerstand der polarographischen Zelle wurde durch 
Anwendung einer Platinhilfselektrode konduktometrisch 
gemessen und war urn 22FOhm m der Losung der 
Ionenst;irke 41. Mit der Anderung des Ace+gehaltes 
zeigte der Zellenwiderstand keinen wesentlichen Anderung. 

Das Halbwellenpotential wurde bei der Methode von 
DeFord und Humeg bis auf kO,l mV genau m jedem Ex- 
periment gemessen und die Reproduzierbarkeit bei wieder- 
holten Experimenten betrug +0,3 mV. 

Eine 0,OlM Cadmiumperchloratlosung wurde durch 
L&en von Cd0 in einem kleinen UberschuB von 70”/,-iger 
Perchlotsaure vorbereitet und gravimetrisch nach 
Winkler34 durch Wlgen des Niederschlags von 
CdNH4P0,.H,0 standardisiert. Die 0,OlM Indiumperch- 
loratltisung wurde durch L&en von elementaren Indium 
(99,9999x rein) in 70”/,-iger Perchlomaure unter Erwlrmen 
vorbereitet. Die Losung wurde bis zu sirupanlicher Konsis- 
tenz eingedampft und nach Verdtinnen wurde Natrium- 
hydroxid zugegeben urn den pH-Wert auf ungefahr 3 zu 
bringen. Die Losung wurde gravimetrisch durch Wagen 
des Hydroxydniederschlags in der Form von In,O, bes- 
timmt. Die 1,2M Natriumacetatlosung wurde durch Neu- 
tralisation von Essigs;iure mit karbonatfreier Natriumhyd- 
roxyd-Standardlosung bis zum pH 9,5 vorbereitet. wobei 
die pH-Werte mittels eines pH-Meters kontrolliert wurden. 
Die Konzentration der Losung wurde aus der Menge des 
zugegebenen Hydroxyds berechnet. Die 2M Natriumperch- 
1oratStandardlosung wurde in gleicher Weise vorbereitet: 
die Titration der Perchlorsaure wurde bis zum pH-Wert 
7 durchgefiihrt. Eine 4M karbonatfreie Natriumhydroxyd- 
Losung wurde nach Sorensen vorbereitet und in Polylthy- 
lenflaschen unter StickstoffatmospMre aulbewahrt. Die 
Standardisation der Liisung wurde mit Kaliumbiphthalat 
durchgefuhrt. Eine 4M Losung der Essigslure wurde 
potentiometrisch mit Natriumhvdroxvd standardisiert. Alle 
verwendete Chemikalien waren von ;.a. Reinheit. 

Zwecks Untersuchungen der Cadmium- und Indium- 
Acetatkomplexe hatten wir die Bestimmung des Halbwel- 
lenpotentials beider Kationen in verschiedenen Acetathal- 
tigen Losungen vorgenommen. Die Ionenstlrke der 
Losungen betrug 0.1. Alle Losungen der Acetationen 
wurden so vorbereitet da13 bestimmte Volumen der stan- 
darden 1,2M Natriumacetat mit soviel 4M Essigs;iure ver- 
mischt wurden da13 sie 0,lM in Bezug auf Essigluregehalt 
waren. Die Saure wurde zugegeben urn Hydrolyse des 
Kations zu vermeiden. Die Ionenstarke wurde durch 
Zugabe von 2M Natriumperchlorat eingestellt. 

Fiir die polarographische Messungen wurden 24,70 ml 
der Grundlbsung und 0.30 ml O.OlM Cd(ClO,),. bzw. In- 
(ClO& vermengt. Sauerstoff wurde mittels Stickstoff aus 
der Losung verdrlngt. Urn die Reversibilitat der Reduktion 
zu priifen, ermittelten wir die Anzahl der Elektronen n 
durch folgende Gleichung: 

log& = 
I - id 

o+qE1,2 - E) (6) 

Die polarographisch erhaltene Daten bearbeiteten wir 
nach der Methode von DeFord und Hume:’ 

F,(A) = antilog 0.4343 R$(E: ,z - E:,s) + k 1 (7) 
!i 

Mit E;,, ist das Halbwellenpotential des Metallions in 
Abwesenheit von Liganden, mit E:,, das Halbwellenpoten- 
tial des Komplexes, mit I, und I, die entsprechende DitItr- 
sionskonstanten der freien und komplexen Ionen bezeich- 
net. 

In der Lijsung dre einen Uberschug des Liganden in 
Bezug auf das Metallion enth%lt, gilt bei konstanter 
1onenst;irke folgende Beziehung fur F,(A): 

F,(A) = 1 + &CA + /I& + PsC: + . . . + /I&f (8) 

wo pi, /&, . . . . /Ia die entsprechende Bruttostabilit;itskon- 
stanten, CA die Gleichgewichtskonzentration des Liganden 
in der Losung annahernd gleich der analytischen Kon- 
zentration bedeutet. Die Berechnung des /I,-Wertes aus 
dieser allgemeinen Gleichung wurde durch das Leden-Ver- 
fahren durchgeftihrt4’ 

Das ftir die Berechnung von F,(A) notwendige Halbwel- 
lenpotential E&2, konnten wir nicht experimentell bes- 
timmen weil diese Kationen in Abwesenheit von Acetaten 
irreversibel reduziert werden, darum bestimmten wir E”tiz 
durch Extrapolation der Gleichung E’;,, = f(C,) auf C, = 
0. Die Stromdiffusionskonstanten erhielten wir aus der 
Gleichung: 

wo c die Konzentration des Cd’+-, bzw. It?+-Ions, m die 
Geschwindigkeit des Quecksilberausflusses aus der Kapil- 
lare. t die Tropfzeit des Hg, id den Grenzdiffusionstrom 
m PA, welcher sich mit der Zusammensetzung der Grund- 
losung andert, bezeichnet. Die Kapillarkonstante hatte in 
Fall der Cadmium-Acetationen den Wert m2%’ ” = 2,50, 
bei den Indiumacetatkomplexen 2,55 mg2j3 set ’ ‘. Die 
Empfindhchkeit des Galvanometers war 5. 10e3 rlA/mm. 
Den Wert fur die Stromdiffusionskonstante in Abwesenheit 
von Acetaten, I,, bestimmten wir durch Extrapolation der 
Kurve I, =f(C,) auf CA = 0. 

Bei graph&her Darstellung von Fi (A) und F2 (A) (Abb. 
3) wurden Gerade erhalten die auf die Existenz von nur 
zwei Komplexen, Cd(CH,COO)’ und Cd(CH,COO), hin- 
zeigen. Durch Extrapolation der Kurven F(A) auf CA = 0 
wurden als Konstanten der Komplexe die Werte log b1 = 
1.49 und log pz = 2.42 erhalten. Ein Vergleich der erhalten 
und in der Literatur befindlichen Werten der Cadmiumace- 
tatkomplexe gibt Tabelle 1. 

Die F,,(A) Werte der Indiumacetatkomplexe in Funktion 
der Ligandenkonzentration sind in Abb. 4 und 5 geaeben. 
Es w&de gefunden da13 bei Acetatkonzentrationen 
Ca I O.lM sich fiinf Komnlexsnezien bilden: in Abb. 6 
s&d die Ionenfraktionen der In(III)-Ionen, gebunden in 
verschiedenen Komplexen. dargestellt. Die erhaltene Werte 
der Stabilit;itskonstanten der Indiumacetatkomplexen bei 
0 f 0.05” sind in der Tabelle 2 gegeben. 

DISKUSSION 

Von den Arbeiten, die ii&r die Zusammensetzung 
und Stabilitit der Cadmiumacetatkomplexe ber- 
ichten, sollte man nur die Ergebnisse vergleichen, die 



Stabilitit von Cd- und In-Acetatkomplexen 807 

Abb. 3. Werten ftir F,(A), F,(A) und F,(A) der Cadmiumacetatkomplexen als Funktion der 
Ligandenkonzentration. 

Tabelle 1. Stabilititskonstanten fdr Cadmiumacetatkomplexen 

Diese Arbeit: 
(a) curve-fitting 
(b) LGsung der Gleichung 
(c) polarographisch 
Bartham und Aditya4’ 
Yasuda et aL4’ 
Tanaka und Kato3’ 
Jacques43 
Ferrel et a1.44 
L.eden4’ 
Martin und Rossotti46 
Aditya und Prasad4’ 
Medved und Filipovic’29 

Ir: “C P 1% Pl 1% 82 1% Bs log 84 

0 0,l 
1,40 1.95 - - 
1,43 1,96 - 
1,48 2,42 - 

25” 0 1,7 - - - 
25” 0.1 1.50 - 
15” 0.2 1,43 - - - 
25” 0,5 2,O 2.70 3,30 - 
25” 0,s 1.7 - - - 
25” 3 1,3 2,28 2,42 2,20 
25” 3 1.33 2,19 
30 ? 1.75 2,75 - - 
25” 2 l&O 2,04 2,04 2,33 

Abb. 4. Werte ftir F,(A), F,(A) und F,(A) der Indiurnacetatkomplexen als Funktion 
Ligandenkonzentration. 

der 
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Abb. 5. Werte fur F,(A), F,(A) und F,(A) der Indiumacetatkomplexen als Funktion der 
Ligandenkonzentration. 

/* 
80 w’ 

I 
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\ /- 
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30 

Abb. 6. Ionenfraktione der Indiumazetatkomplexe als Funktion der Acetatkonzentration. 

sich auf Liisungen mit kleinen Molbriichen des Ace- 
tats und bei niedrigerer lonenstirke beziehen, da 
diese zwei Faktoren hervorragenden EinfluD auf die 
Zahl und Stabilitiit der gefundenen Komplexe 
au&en. 

Sunden4* hat das Indiu~~~tsystem ~tentiome- 
trisch untersucht und sechs Komplexe gefunden (siehe 
Tabelle 2). Die Tatsache, da0 wir einen Komplex 
weniger gefunden haben, kann durch die unterschied- 

lithe Konzentrationsbereiche erkkirt werden, da 
Sunden Acetatkonzentration von 2M verwendete. 

Durch Vergleichen dieser Ergebnisse von zwei un- 
terschiedlichen Verfahren, aber bei sehr Inlichen Bed- 
ingungen (b T) erhalt man den Eindruck, daB fit 
das ~drniu~~~~ys~~ bei der Papierelektro- 
phoreses die Komplexe weniger Stabil sind im Ver- 
gleich zu den polarographisch erhaltenen Gleichge- 
wichten. Eine von den miiglichen Erklairungen dieses 

Tabelle 2. StabilitZitskonstanten der Indium-acetatkomplexen 

Diese Arbeit: 
(a) curve-fitting elektrophor. 
(b) Losung der Gleichung 
(c) polarographisch 
Sunden4* potentiometrisch 

1: “C @ log Pi log B* log Bs log 84 log 85 1% 86 

0 0,l 
3,52 $93 7,91 9,00 
354 5,86 7.89 9,23 
3,54 5,95 7.95 9.04 11,15 

20 2 351 5.95 7,90 9,OS 9.30 10.3 
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verschiedenen Verhaltens der gleichen Systeme in 
L&sung (bei polarographischen Untersuchungen) und 
am Papier (bei der Elektrophorese), ist die Miiglich- 
keit einer schwacher Adsorption oder Bindung an 
die Papier~s~dteil~ einer von der Spezien aus 
den System ~~~OOH-CHOCK--H’-Me(CH~- 
COO),-Me”+, wodurch das Gleichgewicht zwischen 
den gebildeten Komplexionen gestort wird. Auch die 
Moglichkeit einer Wirkungsweise des Tragers (Papier) 
ist nicht ausgeschlossen. Durch Komplexbildung 
lindern sich die Griisse, Gestalt und Ladung der 
Ionen, such kann es zu verschiedenen ~nteraktionen 
zwischen den Komplexen und Papier kommen. 
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Summary-Methods for identifying and determining halo-nitroimidazoles appearing together during 
synthetic processes, regardless of the preparation methods, are proposed. Polarographic determination 
can be used in all synthetic processes when halo-nitroimidazoles have been obtained by nitration 
of the halo-imidazoles. When the halo-nitroimidazoles have been obtained from 5(4)-halo+)-nitroimi- 
dazoles by substitution of the imino hydrogen atom, and when only one N-substituted derivative 
has been obtained in a reaction mixture, simultaneous polarographic determination of both compounds 
is possible, but only when an alkaline medium is used as supporting electrolyte. In some cases, simul- 
taneous polarographic determination of all three compounds present in a reaction mixture during N-sub- 
stitution processes [one 5(4)-haloA(nitroimidazole and two N-substituted isomers] is also possible 
with alkaline supporting electrolyte. Explanations are given of the phenomena on which the simul- 
taneous polarographic determination is based. When simultaneous polarographic determination cannot 
be used to determine the amount of each polarographically-active compound present in a reaction 
mixture, the compounds can be separated chromatographically and then determined individually by 
polarography. 

In previous papers’s2 O.lM alkali was proposed as 
the medium for simultaneous polarographic deter- 
mination of nitroimidazoles or nitropyrazoles in reac- 
tion mixtures occurring during the N-substitution 
reactions. The method proposed was used to follow 
the alkylation of 4(5)-nitroimidazoles, N-unsubsti- 
tuted 2-nitroimidazoles, N-unsubstituted Cnitropyra- 
zoles and 3(5)-nitropyrazoles to give their N-substi- 
tuted derivatives. As the different alkyl substituents 
were without much influence on the E,,, values, we 
recommended the method even for mixtures of nitro- 
imidazoles or nitropyrazoles which had not yet been 
studied. 

However, halo-nitroimidazoles could not be deter- 
mined under the same experimental conditions because 
5-halo-4nitroimidazoles are reduced at two different 
half-wave potentials, and the more positive wave, in 
some cases, is at nearly the same potential as for the 
corresponding 4-halo-S-nitroimidazoles. Furthermore, 
the waves of 5(4)-halo-4(5)-nitroimidazoles are not al- 
ways well defined in alkaline medium. 

The main purpose of the present work was to find 
methods for following the syntheses of halo-nitroimid- 
azoles, regardless of the preparation methods. 
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In general, halo-nitroimidazoles can be prepared in 
three different ways: by nitration of halo-imida- 
zoles3-14 (Schemes l&c), by halogenation of nitro- 
imidazoles15-19 (Schemes 2a,b,c), and by substitution 
of the imino hydrogen atom of 5(4)-halo+)-nitroii- 
dazoles’0~‘2~16~18-20 (Scheme 3). 

EXPERIMENTAL. 

The substances studied were prepared in the research 
department for synthetic chemistry of the Pharmaceutical 
and Chemical Factory “Galenika”, Zemun. The physical 
properties of the substances corresponded to those given 
in the literature. Three newly synthesized bromo-nitroimi- 
dazoles were 2-isopropyl-5(4)-bromo-4(5)-nitroimidazole, 
white crystals, m.p. 220-221” (recrystallization from 
ethanol); 1-methyl-2-isopropyl-5-bromo-4_nitroimidazole, 

X 7-c 02 
- 

H-N /N 

Y 

.-;j;“’ 

Y 

f l 
S-Halo-4- nitroimidozoles 

N-Substitution 

XxNo2 

x&No2 

NY,, NYN-R 

5(4)-Halo-4(5)-nitroimidozoles 4-Halo-S-nitroimidazoles 

(X= halogen; R ond R’ = olkyl 1 

Scheme 3. 

white crystals, m.p. 82” (recrystallization from 50% aqueous 
ethanol); I -methyl-2-isopropyl-4-bromo-5nitroimidazole, 
white crystals, m.p. 49-50” (recrystallization from aqueous 
ethanol). The structures of the newly synthesized com- 
pounds were determined by infrared, NMR and mass spec- 
troscopy. 

Chromatographic separations 

For chromatographic separations of two compounds 
having the nitro-group in the same position in the mole- 
cule, five different developers were tested so that the best 
for a given purpose could be chosen, e.g., for a pair of 
4(5)-nitroimidazoles (Scheme 2a) developers 3, 4 and 5, 
especially 4, can be recommended. For 4-nitro compounds 
(Scheme 2b) developer 3 is the best, and developer 2 is 
recommended for 5-nitro compounds (Scheme 2~). For a 
mixture of three compounds (Scheme 3) developers 1 and 
2 are proposed. 

In Table 1, R, values are shown for the compounds in- 
vestigated. 

Procedure. Make a solution of the test compound in 
methanol (1% w/v), and place O.OlOml on a thin-layer 
plate. Let the spot dry, place the plate in the developing 
tank, and chromatograph at room temperature by the 
ascending technique (about 15 cm) run). Use unactivated 
0.25-mm thick layers of silica gel HF,,, in an atmosphere 
saturated with the vapour of the developer. After the separ- 
ation, air-dry the plate and use a needle to mark the pos- 
ition of the spot (visible under short-wave ultraviolet illu- 
mination, 254 mn). Spray the same plate with tin(I1) chlor- 
ide solution [ 1.5 ml of 15% tin(H) chloride solution mixed 
with 7.5 ml of cont. hydrochloric acid, and diluted with 
90 ml of water; this solution is freshly prepared before use], 
dry it with hot air and then spray it with p-dimethylamino- 
benzaldehyde solution (1 g of reagent dissolved in a mix- 
ture of 100 ml of ethanol and 3 ml of cont. hydrochloric 
acid). After drying, a coloured spot of the nitroimidazole 
or halo-nitroimidazole appears. All 4-nitro derivatives give 
a yellow colour, 4(5)- and 5-nitro compounds are yellow- 
red. This differentiation in colours is nrobablv due to dif- 
ferent diazo coupling reactions.” * _ 

This procedure is used only for the purpose of identifica- 
tion; the experimental conditions for analysis of mixtures 
will be given later. 

Polarography 

The polarographic behaviour of all the compounds was 
examined in 05M suluhuric acid. acetate buffer (DH 4.68). 
phosphate buffer (pH_6.85), borate buffer (pH 9.53). O.lG 
sodium hydroxide and Britton-Robinson buffers over the 
pH range 1.83-9.30. 

5(4)-Bromo-4(5)-nitroimidazoles, with a methyl, ethyl, 
propyl or isopropyl group in position 2, give two reduction 
waves in acidic media but only one in slightly acidic, neu- 
tral or alkaline media (Fig. 1). 5(4)-Bromo-4(5)-nitroimida- 
zole and 5(4)-chloro-4(5)-nitroimidazole, which have a hy- 
drogen atom in position 2, have a more intricate polar- 
ographic behaviour (Fig. 2). The 4-halo-5nitroimidazoles 
examined also give two reduction waves in acidic media. 
and only one wave in neutral and alkalme media (Fig. 
3). The 5-halo&nitroimidazoles give on wave in slightly 
acidic and neutral media. In alkaline media the main wave 
splits into two waves of different height, the sum of which 
equals the corresponding wave in net&al media (Fig. 4). 

The stock solutions (10-3M) of all comnounds studied 
were made with water.‘In some cases, especially when the 
solutions of 5(4)-halo-4(5)-nitroimidazoles were prepared, 
the water solution had to be moderately warm. All funda- 
mental measurements, except those designed to investigate 
the effect of concentration, were carried out with low con- 
centrations of the depolarizers (2 x 10e4M). The solutions 
examined were prepared by mixing 2 ml of aqueous stock 
solution (10m3M) with 8 ml of the buffer solution, or with 
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Compound 

RI values 
Developer 

1 2 3 4 5 

4(5)-Nitroimidazole 0-O 0.0 0.45 025 0.45 
5(4)-Bromo-4(5)-nitroimidazole 0.0 0.0 0.61 00 064 
5(4)-Chloro-4(5)-nitroimidazole @O 0.0 064 0.0 0.63 
2-Methyl-4(5)-nitroimidazole 0.0 0.0 040 0.53 060 
2-Methyl-5(4)-bromo-4(5)-nitroimidazole 0.0 0.0 065 016 0.71 
2-Isopropyl-4(5)-nitroimidazole 0.17 0.08 0.69 066 0.53 
2-Isopropyl-5(4)-bromoA(5)nitroimidazole 0.0 0.16 0.91 0.24 0.69 
I-Methyl-4-nitroimidazole 0.12 0.09 0.31 0.76 0.81 
I-Methyl-5-bromo-4nitroimidazole 0.24 016 045 0.86 0.91 
I-Methyl-5-chloro-4nitroimidazole 0.19 0.15 0.42 0.86 090 
1,2-Dimethyl-4nitroimidazole 0.21 0.12 0.40 0.80 0.70 
1,2-Dimethyl-5-bromo-4nitroimidazole 0.39 0.20 0.59 0.90 0.85 
I-Methyl-2-isopropyl4nitroimidazole 0.62 0.12 0.66 0.85 0.83 
I-Methyl-2-isopropyl-5-bromo4nitroimidazole 0.81 0.26 084 0.92 091 
I-MethyL5nitroimidazole 0.55 0.22 0.51 0.90 0.80 
I-Methyl-4bromo-5nitroimidazole 049 0.42 0.67 0.93 090 
1-Methyl-4-chloro-5nitroimidazole 0.46 0.42 067 0.93 @89 
1,2-DimethyL5nitroimidazole 0.67 0.21 060 0.92 077 
1,2-Dimethyl-4-bromo-5-nitroimidazole 0.59 0.41 0.75 093 087 
I-Methyl-2-isopropyl-5nitroimidazole 0.90 0.36 0.87 094 0.94 
I-Methyl-2-isopropyl4bromo-5nitroimidazole 0.89 0.64 0.93 0.94 0.93 

Developer 1, diethylamine. 
Developer 2, benzene-methanol (90: 5). 
Developer 3, benzene-diethyl ether-acetic acid-methanol (30:30:9:5). 
Developer 4, chloroform-methanol-ammonia solution (85:14:1). 
Developer 5, chloroform-methanol-formic acid (85 : 10: 5). 

I I 
14~ IO-‘A -0.20” 

15Gv 

flYJ” 

-0.32V -046V -066v . . _O.SV 

0 

2 3 4 5 

Fig. 1. Polarographic waves of 2-methyl-5(4)-bromo-4(5)-nitroimidazole at different pH values. 1-@5M 
H,SO,; 2-acetate buffer pH 4.68; J-phosphate buffer pH 6.85; 4-borate buffer pH 9.23; 5-0.1M NaOH. 
Concentration of the compound 2 x lo-%. Starting potential for curve 1 is +0.15 V vs. S.C.E.; 

for curves 2, 3, 4 it is 0 V us. S.C.E.; for curve 5 it is -0.15 V vs. S.C.E. 

I 2 3 4 5 

Fig. 2. Polarographic waves of 5(4)_bromo-4(5)-nitroimidazole at different pH values. Conditions as 
for Fig. 1. 
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Fig. 3. Polarographic waves of 1,2-dimethyl-4-bromo-5nitroimidazole at different pH values. Condi- 
tions as for Fig.1. 

3 ml of water and 5 ml of 1M sulphuric acid, or wrth 3 ml 
of water and 5 ml of 0.2M sodium hydroxide. 

The direct proportionality between wave height and the 
square root of effective mercury reservoir height, and the 
computed temperature coefficients, indicate that the reduc- 
tion waves of the compounds studied are predominantly 
diffusion-controlled over the pH range investigated. 

It was found for all halo-nitroimidazoles investigated 
that over the range from 5 x 10s5 to 5 x 10m4A4, the 
heights of the waves are a linear function of the concen- 
tration, at any pH value. 

The half-wave potentials of the nitroimidazoles and cor- 
responding halo-nitroimidazoles are shown in Table 2. 
From these data it can be seen that the E,,, values of 
5(4)-halo-4(5)-nitroimidazoles and 5-halo-4-nitroimidazoles 
are almost identical over the whole pH range, except in 
alkaline media, and they are only slightly more negative 
than those of 4-halo-5nitroimidazoles. 

When halo-nitroimidazoles have been obtained by nitra- 
tion of halo-imidazoles (Schemes la,b,c) polarographic 
determination of a halo-nitroimidazole in any one reaction 
mixture is possible, because in all these cases there are 
always only two compounds, of which the starting com- 
pound has no nitro group in its molecule and accordingly 
is not polarographically active. 

Since the synthetic reaction conditions and composition 
of the solutions are different in each case, the content of 
halo-nitroimidazole should be determined by the method 
of standard addition, instead from a calibration curve. 

Procedure. Weigh a sample of reaction mixture. dissolve 
it in distilled water, and make up to lOOm1, so that the 
concentration of the polarographically-active compound is 
about lo-“M or lower. Transfer a l-ml portion to a polaro- 
graphic cell, add water (2 ml) and a suitable buffer (7 ml). 
Deareate the solution with nitrogen for 5 min, and record 
the polarogram over a suitable voltage range, which 
depends on the buffer used. 

Transfer another l-ml portion of the sample solution 
to a polarographic cell. add 2 ml of 10s3M standard solu- 
non of the halo-nitroimidazole being determined, and 7 ml 
of the buffer solution, and proceed as before. Evaluate the 
polarograms by using the equation % = (lCOhc)/(h’w) 
where y0 = amount of the halo-nitroimidazole present in 
the mixture, h = wave-height for the sample, c = weight 
of the standard added (g), w = weight of the sample in 
the cell (g), h’ = wave-height for the standard (i.e., increase 
in the wave-height when standard is added). 

RESULTS AND DISCUSSION 

Simultaneous polarographic determination 

In reaction mixtures according to Scheme 3, three 
compounds can be expected. However, very often 
only two are found to be present: a S(4)-halo+)- 
nitroimidazole and the corresponding 4-halo-5-nitroi- 
midazole or S-halo-4nitroimidazole. In such cases, 
when it is chromatographically established that a 
reaction mixture contains only one N-substituted de- 
rivative besides the N-unsubstituted one, it is possible 
to determine both compounds simultaneously, using 
@lM sodium hydroxide as supporting electrolyte 
(Figs. 5 and 6). 

The possibility of simultaneous polarographic 
determination is based on the ability of 5(4)-halo-4(5)- 
nitroimidazoles to dissociate to the corresponding 
anions, the EllZ values of which are strongly shifted 
to more negative potentials. N-Substituted derivatives 
have no imino hydrogen atom and cannot be disso- 
ciated. This makes possible the simultaneous polar- 

Fig. 4. Polarographic waves of 1,2-dimethyl-5-bromo-4-nitroimidazole at different pH values. Condi- 
tions as for Fig. 1. 
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I +0,62V 

1 2 3 

Fig. 5. Polarographic waves of equimolar mixtures of 
2-methyl-5(4)-bromo-4(5)-nitroimidazole and 12dimethyl- 
4-bromo-5-nitroimidaole at different pH values. I-pH 
1.81; 2-7.04 (Britton-Robinson buffers; 3-O.M NaOH. 
Concentration of each compound 10s4M. Curves 1 and 
2 start at 0 V LIS. S.C.E. Curve 3 starts at -0.2 V vs. S.C.E. 

ographic determination of any pair of nitroazoles, one 
of which is an N-unsubstituted nitroazole and the 
other a corresponding N-substituted derivative. 

The strongly negative shift of the Eljz of 5(4)-halo- 
q5~nitro~i~zoles, when an alkaline medium is used 
as a supporting electrolyte, is due to their transforma- 
tion into the anions, which have to be represented, 
not as the usual form (I), but as a resonance hybrid 
(II), where the contribution of the last resonance 
structure is quite important. 

Resonance in 5(4)-haio-4f~)-nitroimidazole onions (II) 
f X = halogen; R’ = alkyl ) 

Only when the anions have been represented in this 
way can the shift of their E1,2 to more negative 
values, their light-absorption at longer wavelengths, 
and their stability in alkaline media be understood. 

As during the substitution of the Immo hydrogen 
atom three compounds can be present in a reaction 
mixture (Scheme 3), we shall examine and explain the 
possibilities for their simultaneous polarographic 
determination. 

From the Eli2 values of different nitroimidazoles’ 
and nitrop~~oles’ it follows that the ni~o-~oup’s 
electron density strongly depends upon the position 
of the group in the ring. The electron density of the 
nitro-group increases with proximity to the pyridine 
nitrogen atom. Thus, the electron density of the nitro- 
group in the ortho position to the pyridine nitrogen 

Fig. 6. Polarography of equimolar mixtures of 2-methyl- 
5(4)-bromo-4(5)-nitroimidazole and 1,2-dimethyl-5-bromo- 
4-nitroimidazole at different pH values. Conditions as for 

Fig. 5. 

atom (4 and 3 positions in imidazoles and pyrazoles, 
respectively) is greater than when it is in the meta 
position (position 5). This difference in the electron 
density of the nitro-group, together with the shift in 
E,,, on dissociation of 4(5)-nitroimidazoles and 3(5)- 
nitropyrazoles to the corresponding anions, makes 
possible the simultaneous polarographic determina- 
tion of three compounds [e.g., of a 4-, 5- and 4(5% 
nitroimidazole’ or a 3-, 5- and 3(S)-nitropyrazole’], 
but only when an alkaline medium is used as support- 
ing electrolyte. 

The halo-nitroimidazoles investigated behave simi- 
larly. From Table 2 it can be seen that the E,!, values 
of ~4~~Io-q5)-nitro~i~oles and corr~~ndi~ 
q5)-nitroimi~zoles are almost identical. The same 
holds for the 4-halo-5-nitroimidazoles and corre- 
sponding 5-nitroimidazoles. However, the 5-halo-4- 
nitroimidazoles do not show the same polarographic 
behaviour as the corresponding 4nitroimidazoles. In 
alkaline media S-halos-nitroimi~oles give two re- 
duction waves, but only the more negative wave 00 

curs at almost the same potential as that of the corre- 
sponding 4nitroimidazoles. The more positive wave 
of the 5-halo+nitroimidazoles is in some cases at 
nearly the same potential as that for the correspond- 
ing ~halo-5-nitroimid~oles. The difference (AE, ,J 
for a mixture of a 5-halos-nitro~i~zole (first reduc- 
tion wave) and a 4-halo-5-nitroimidazole is much 
smaller than the difference between the half-wave po- 
tentials for pure solutions of each separately (com- 
pared the E,/, values in Fig. 7 and in Table 2). Prob- 
ably the adsorption of depolarizer and/or the reduc- 
tion product must play an impo~ant role. This be- 
haviour of .5-halo-4-nitroimidazoles limits the possibi- 
lities of simultaneous polarographic determination. 

When the simultaneous polarographic determina- 
tion can be applied, the first and third reduction 
waves correspond to a 5-halo-4nitroimidazole, the 
second wave to a ~halo-5-ni~o~d~ole and the 
fourth to a ~4~halo-q5)-nitroimi~ole (Fig. 7). The 
procedure for this determination and for that when 
only one N-substituted derivative is present besides 
a 5(4)-halo-4(5) nitroimidazole in a reaction mixture, 
is as follows. 
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fL5ov A!.,,, 
-- 
l 2 

Fig. 7. Polarographic waves of equimolar mixtures of 
2-methyl-5(4)-bromo-4(5)-nitroimidazole. 1.2-dimethyl-5- 
bromo-4-nitroimidazole and 1,2-dimethyla-bromo-5- 
nitroimidazole (curve I ); 2-isopropyl-5(4)-bromo-4(5)-nitro- 
imidazole, 1-methyl-2-isopropyl-5-bromo-4nitroimidazole 
and I-methyl-2-isopropyl-4-bromo-5-nitroimidazole (curve 
2). Concentration of each compound 10m4M. Supporting 
electrolyte @lM NaOH. The curves start at -0.2 V us. 

S.C.E. 

Procedure. Weigh a sample from the reaction mixture, 
dissolve it in distilled water and make up to lOOm1, so 
that the concentration of all polarographically-active com- 
pounds is about 10m3M or lower. Transfer a 2-ml portion 
to a polarographic cell and add water (3ml) and 0.2M 
sodium hydroxide (5ml). Deaerate the solution with 
nitrogen for 5min and then record the polarogram over 
the range from -0.2 to - 1.4 V us. S.C.E. 

Transfer another 2-ml portion of sample solution to a 
polarographic cell, add 1 ml (or 1.5 ml if only two com- 
pounds are present) of 10w3M standard solution of each 
compound present in the sample examined, and 5 ml of 
0.2M sodium hydroxide, and proceed as before. From the 
polarograms obtained calculate the amount of each com- 
pound present in the reaction mixture. 

Chromatographic separation and polarographic deter- 
mination 

In N-substitution processes according to Scheme 
3, when the starting compound is 5(4)-bromo-4(S)- 
nitroimidazole or 5(4)-chloro-4(5)-nitroimidazole and 
three compounds are present in the reaction mixture, 
the components cannot be determined simul- 
taneously. 

Furthermore, when halo-nitroimidazoles are pre- 
pared by halogenation of nitroimidazoles (Schemes 
L&c) then in the reaction mixtures there are two 
polarographically-active substances with the nitro- 
group in the same position, and again the simul- 
taneous polarographic determination cannot be ap- 
plied. The substances with the nitro-group in the 
same position in the molecule have nearly the same 
E ,,2 regardless of the substituents in positions 1, 4 
and 5, which do not have the great influence on the 
electron density of the nitro-group that is needed for 
the simultaneous determination. 

In such cases, chromatographic separation followed 
by polarographic determination has proved very 
useful. 

Procedure. Weigh a sample from the reaction mixture, 
dissolve it in methanol and make up to lOm1, so that 
the concentration of all polarographically-active com- 
pounds is between 3 x low3 and lo-‘M. Put @lO- or 0.20- 
ml portions of this solution on the starting line of the 
thin-layer plate (10 x 20cm) in very close-set spots. After 
the chromatographic separation, locate the bands under 
short-wave ultraviolet illumination (254 nm) and mark 
them with a needle. Scrape off each band and some adja- 
cent silica gel with a razor blade, weigh each and put them 
into lo-ml standard flasks, add water (2 ml), mix for 
10 min, make up to 10 ml with a suitable buffer, mix again, 
transfer to a polarographic cell and record the polarogram. 
Compare the wave-height of the sample with that of a 
standard solution containing the same weight of silica gel 
as the test sample, and proceed as before. 

The criteria for distinction between N-unsubstituted 
halo-nitroimidazoles and their N-substituted derivatives 

N-Unsubstituted halo-nitroimidazoles, because of 
their pseudo-acidic character, have lower & values 
in a basic developer (diethylamine) than do the corre- 
sponding N-substituted derivatives. CHalo-5-nitro- 
imidazoles are stronger bases than the corresponding 
5halo4nitroimidazoles and hence have the highest 
R, values in the same developer. In all the developers 
tested, the 5-halo-4-nitroimidazoles studied here gave 
a yellow colour with tin(H) chloride and pdimethyl- 
aminobenzaldehyde reagent on silica gel thin-layers. 
Under the same treatment 5(4)-halo-4(5)-nitroimida- 
zoles and 4-halo-5-nitroimidazoles give a yellow, yel- 
low-red or red colour. 

5(4)-Halo-4(5)-nitroimidazoles in alkaline media 
(i.e., O.lM sodium hydroxide) show a strong negative 
shift of Eriz, compared with the corresponding N- 
substituted derivatives. 5(4)-Halo-4(5)-nitroimidazoles 
and 5-halo-4-nitroimidazoles have almost the same 
E,,, values over the whole pH range (except in alka- 
line media). The E,,, values of 4-halo-5-nitroimida- 
zoles are slightly more positive. 

N-Unsubstituted halo-nitroimidazoles do not de- 
compose on standing in 0.5M sodium hydroxide, 
whereas N-substituted ones do. 

All these facts also apply to the nitroimidazoles 
studied earlier.’ However, the rate of degradation of 
4-halo-5-nitroimidazoles in comparison with the 
degree of degradation of the corresponding isomers 
could not be used as a criterion for distinction 
between these isomers, as was proposed for the nitro- 
imidazoles.’ This is probably due to the degradation 
reactions of the N-substituted halo-nitroimidazoles 
being quite different. 
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DETERMINATION 
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and 

A. MUK and V. NIKOLI~ 
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~~~-The protonation constants of some l-, 3(5)-, 3-, 4- and 5aitropyrazoles have been deter- 
mined, and compared with those of nitroimidazoles. The effect of the position of the nitro group 
in the pyrazole and imidazole ring is discussed. The ortho effects of the nitro group in pyrazole and 
imidazole are compared and found to have identical values. The effect of the nitro group on protonation 
constants is greater when the nitro group is close to the pyridine nitrogen atom. This, together with 
the ability of N-unsubstituted nitropyrazoles to dissociate to give nitropyrazole anions, with an accom- 
panying shift of the spectra to longer wavelengths, permits the simultaneous s~~rophotome~ic deter- 
mination of ni~opyr~oles. 

In earlier investigations of the nitropyrazoles it has 
been shown that mixtures of different nitropyrazoles 
can be simultaneously analysed by polarography.’ 
The protonation constants of various nitro com- 
pounds, especially nitroimidazoles,2-5 are dependent 
on the position of the nitro group in the ring. Initially, 
only 4-nitro derivatives of pyrazole were investigated6 
because it was believed the nitro group could be only 
in position 4,‘-’ or l.‘O Subsequently a series of 
3(5~nitropyr~oles were synthes~~,11-16 and some 
of these have been used as the starting materials for 
the preparation of new 3- and .5-nitropyrazoles.17 

The introduction of a nitro group at different posi- 
tions in the pyrazole ring, strongly and differently de- 
creases the values of the protonation constants, and 
strongly but not differently I8 increases the dissocia- 
tion constants. As only ~-unsubstituted nitropyra- 
zoles can be dissociated and as these constants are 
almost identical for different nitropyrazoles, they 
probably cannot be used for correlations with the 
structure. For the reason given later, we decided to 
study the basicity of nitrop~~oles in preference to 
the acidity. Further, the basicity is a common charac- 
teristic of all nitropyrazole derivatives, N-unsubsti- 
tuted as well as N-substituted. Nitropyrazoles with 
the nitro group in every possible position for the pyr- 
azole ring [I, 3(5), 3,5,4 (N-unsubstituted and N-sub- 
stituted)], were available, so it was of interest to com- 
pare the influence of the different positions of the 
nitro group on the protonation constants, and com- 
pare the results with those found for nitroimidazoles.3 

The reason why the values of dissociation constants 
could not be used for correlation with structures, is 

their similarity, e.g., 3(5)-nitropyrazole 9.81,18 N-un- 
substituted 4nitropyrazole 9.67,‘s and 4(5)-nitroimi- 
dazoles, 920 for R and R’ = H;3 967 for R = H and 
R’ = CH3;” 9.61 for R = H and R’ = CH(CH3)2.19 
The almost identical values are the result of the trans- 
formation of N-unsubstituted nitroazoles into the cor- 
responding anions, during the process of dissociation. 
These anions can be regarded as resonance hybrids, 
where the contribution of the last resonance structure, 
for each hybrid, is quite blent. All these anions 

Resonance in 3 15) -nitropyrozo* onions 

Resonance in 4 -nitropyrazola anions 

t?asonance in 4(S)- nitrolmidozole anions 

t R and R’ = olkyl or oryl 1 

are similar, spatially as well as electronically, and this 
is the reason for the identical values of dissociation 
constants for such different compounds. As only the 

819 
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Table 1. Ultraviolet absorption data for nitropyrazoles (A,,,,,, in nm), E in 1. mole-’ .cm- ‘) 

Compound 

Pyrazole 
1 -Nitropyrazole 
4-Nitropyrazole 
1-Methyl~&nitropyrazole 
I-Ethyl-4-nitropyrazole 
3(5)-Nitropyrazole 
I-Methyl-3-nitropyrazole 
1-Ethyl-3nitropyrazole 
I-Methyl-5-mtropyrazole 
1-Ethyl-5-nitropyrazole 

Medium, A,,,,,,, 
log l BH+ for cation 

12.OM H2S04, 2153.76 
16OM H2S04, 216,3.81 
17.lM H,SO,, 234, 3.85 
171M H2S04, 242,3.90 
17.2M H,S04, 242,3.87 
17.lM H,SO,, 225,3.88 
17.W H,S04, 237,3.82 
17.0&f H,SO,, 242,3.86 
17.lM H2S04, 235, 3.88 
17.OM HISOd, 228, 3.99 

Medium, A,4x, log l B 
for neutral molecule 

pH = 6.1, 210, 3.61 
1M HzS04, 267, 3.91 
1M H,S04, 274. 3.89 
1M H,S04* 281, 3.97 
1M H,SO, 281, 3.96 
1M H,SO,, 258,3.83 
5M H2S04, 273, 3.83 
5M H,SO,, 274, 3.85 
1M H,SO.,, 275, 3.87 
1M HzS04, 277,3.91 

Medium, A,,,,,,, 
log q. for anion 

pH = 11.7. 320, 4.11 

pH = 11.5, 315, 3.87 

last resonance structures satisfy Htickel’s rule of aro- 
maticity, they have to be the major ones. Further- 
more, they best explain the stability of the anions, 
their absorption at longer wavelengths and their more 
negative values of EIiz. rSzo From the aforesaid it is 
clear that for correlations with the structure it is im- 
portant to know the values of the protonation con- 
stants of different nitropyrazoles. 

Compounds 

EXPERIMENTAL 

All nitropyrazoles studied were prepared in the Research 
Laboratory “Galenika”, Zemun. 1-Nitropyrazole, 4-nitro- 
pyrazole, 1-methyl-4nitropyrazole and 3(5)-nitropyra- 
zole had the melting points and properties reported in the 
literature. The newly synthesized compounds were lethyl- 
4nitropyrazole, white crystals, m.p. 64-64.5”; I-methyl-3- 
nitropyrazole, whilte crystals, m.p. 85-86”; 1-methyl-5- 
nitropyrazole, pale yellow liquid, b.p. 82”/12 mmHg, nA” 
1.5314; I-ethyl-3nitropyrazole, slightly creamy white crys- 
tals, m.p. 31-32”; I-ethyl-S-nitropyrazole. pale yellow 
liquid, b.p. 85”/12 mmHg, trio 1.5154. 

Apparatus 

Spectrophotometric measurements were carried out on 
a Beckman Model DK-IA, a Perkin-Elmer Model 402 and 
a Unicam Model SP-500. 

Procedure 

The values of the protonation constants, plan+, were 
calculated from the recorded spectra of nitropyrazoles by 

the standard spectrophotometric method.3*z’ The nitropyr- 
azoles were dissolved in appropriate sulphuric acid solu- 
tions, the acidities of which were expressed as Hammett 
functions H0.2’-z3 

RESULTS AND DISCUSSION 

The data for the absorption spectra of the nitropyr- 
azoles studied are reported in Table 1. The nitro 
group shifts the absorption maxima of the neutral 
molecules to longer wavelengths (by SS70nm). The 
nitro group also shifts the spectra of the protonated 
ionic forms of all nitropyrazoles to longer wave- 
lengths (by lO-30nm), with the exception of l-nitro- 
pyrazole, the maximum of which, at 216nm is very 
close to that of the pyrazole. 

The effects of each substituent, or a pair of substi- 
tuents, on the protonation constants (basic ionization 
constants) are shown in Table 2. This effect is 
expressed as a ratio between the protonation con- 
stants of the substituted pyrazole and that of pyrazole 
as the “zero” reagent [b = log (K/KO)an+]. Table 2 
presents our results for nitropyrazoles and the litera- 
ture data for nitroimidazoles3 The results obtained 
for the effect of substituents, pyrazoles us. imidazole, 
interpreted by the least-squares method, give equation 

(1) ~PYrAzole = 0~85b,,,d,,,I, -0.7 when all the results 
are used for calculation, and equation (2) bpyrJzole = 

0~g2hnnid~zole for the results without the effects of the 

Table 2. pKa~+ values of pyrazoles and imidazoles and effects of substituents on these values 

PKBH* 

Pyrazoles 

Substituent(s) 

Effect of 
substituent(s), 

b 

Imidazoles 
Effect of 

substituent(s), 
b Substituenns) PKBH+ 

2526 none 
2.0g6 1-CH, 
2.006 l-C2H, 

- l.966 4-NO2 
-2.21 4-NO*, l-CH3 
-2.16 4-NO,, l-&H, 
-2.38 5-N02, l-CHJ 
- 2.35 5-N02, l-C2Hs 
-421 I-NO2 
- 4.66 3(5)-NO, 
-464 3-NOz, I-CH, 
-4.78 3-N02. l-&H5 

-0.43 
-@52 
- 4.48 
-4.73 
-4.68 
- 4.90 
-4.87 
-673 
-7.18 
-7.16 
- 7.30 

030 
035 

-4.83 

none 
I-CH, 
I-C2Hs 
5-N02, I-CH, 

-7.11 4(5)_NO2 
- 7.53 4-N02, I-CH, 
- 7.76 2-NO2 
- 7.43 2-N02, I-CHs 
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Table 3. Effect of the nitro group in dependence on its 
position in the ring 

Pyrazoles Imidazoles 
Position Position 
of nitro Mean, Mean, of nitro 
group b b b b group 

4 - 4.48 -4.31 -5.13 5 
- 4.30 
-4.16 

5 - 4.47 -4.41 
-4.35 

1 -6.13 - I.47 -7.11 4 
-7.83 

3 -7.18 - 6.90 - 7.74 -7.16 2 
- 6.73 - 7.73 
-6.78 

methyl and ethyl groups. From equation (2) it can 
be seen that the slope of 0.92 (kO.08) is close to unity. 
The difference in the effects of I-CH, and l-&H5 
groups in pyrazole and imidazole can be explained 
by the different effect on the pyridine nitrogen atom 
when it is closer to an alkyl group (position 2 in 
pyrazole ring). 

From the values of the substituent effects, the 
values of the nitro group effects (the mean value) are 
calculated and are shown in Table 3. The effect of 
the nitro group depends on its position in the ring, 
being stronger when it is close to the pyridine 
nitrogen atom. go, in pyrazole, positions 1 and 3 are 
equivalent, with values -67 and -6.9, respectively. 
In other positions the effect of the nitro group is less 
strong but still significant (- 4.3 for Cnitro and -4.4 
for S-nitropyrazoles). 

The N-unsubstituted nitropyrazoles and nitroimi- 
dazoles with the nitro group in an asymmetric pos- 
ition with respect to both nitrogen atoms [3(S)-pos- 
ition in pyrazoles and 4(5)-position in imidazoles] are 
predominantly in the tautomeric form with the pro- 
ton on that hetero-atom which is most influenced by 
an electron withdrawing group (the nitro group). So, 
in solution, 3(5)-nitropyrazoles are predominantly in 
the 3-nitro-’ and 4(S)-nitroimidazoles in the 4-nitro 
forms.2*25 as is confirmed by the values of the pro- 
tonation constants in Table 2. Accordingly, mean 
value for the 3-nitro position in pyrazole includes the 
value of 3(5)-nitropyrazole, and mean value for the 
4-nitro position in imidazole includes the value of 
4(5)-nitroimidazole (Table 3). 

Certain positions in the pyrazole and imidazole 
rings can be considered as analogous, vis. positions 
4 and 5 in pyrazole and position 5 in imidazole; posi- 
tions 1 and 3 in pyrazole and positions 2 and 4 in 
imidazole. 

Additionally, from Table 3 it is possible to see the 
order of the nitro group effect: 

Pyrazole 4-NO, = 5-NO2 < l-NO2 < 3-NO, 

Imidazole 5-NO1 < 4-NO, < 2-NO, 

The orrho effect of the nitro group, defined as a 
difference in effect of the nitro substituent in ortho 

and meta position to the pyridine nitrogen atom, for 
pyrazoles and imidazole, can be calculated from the 
results given in Table 3. The ortho effect of the nitro 
group in pyrazoles, expressed as the difference 
between the values for a l- or 3-nitropyrazole and 
a 4- or 5-nitro derivative, is about -2.5. In the case 
of imidazole the orrho effect values, calculated from 
the data of Gallo et al.j is also about - 2.5 (the differ- 
ence between the values for a 2- or 4-nitroimidazole 
and a 5-nitroimidazole). These differences, together 
with the ability of N-unsubstituted nitropyrazoles to 
give nitropyrazole anions form the basis of a method 
for simultaneous spectrophotometric determination in 
the following cases. 

(a) In every reaction mixture containing only one 
N-substituted nitropyrazole together with an N- 
unsubstituted one (Schemes l-3) it is possible to 
determine both compounds simultaneously, at two 
different wavelengths, using a suitable alkaline me- 
dium. 

02N, ,R’ 

F=c\ 

R”/C\N,N‘” 

024 _ 3 

substituting agent /%-SC, 

R”/c&gN\R 

N -Unrubstituted 4-nitropyrazoles +Nitropyrazoirs 

( R, R’ and RI= any one rubrtituent) 

Scheme 1. 

” 4=sc\” F 

, \ .@$$so2N>;‘H 

HC4=$H 

“Mck;>N’N02 02NF&JN 

I-Nitropyrazole .- ic\;;t+;zole 

” Hd\ ,kH 
N 

N-Unsubstituted 4-nitropyrazoie 

Schemes 2, 3. 

(b) In the rearrangement process of 1-nitropyrazole 
to N-unsubstituted Cnitropyrazole (Scheme 3) the rate 
of the process can be followed, at two different wave- 
lengths, in two acidic media. This determination is 
based on the difference in protonation constants of 
I-nitropyrazole and N-unsubstituted Cnitropyrazole, 

PKBW - 4.21 and - 1.96, respectively. 
(c) In reaction mixtures obtained during the sub- 

stitution of the imino hydrogen atom (Scheme 4). all 
three compounds can be determined spectrophotome- 
&ally, or spectrophotometrically after chromat- 
ography. The determination is based on the different 
basicity of the 3- and 5-nitropyrazoles and the ability 
of 3(5)-nitropyrazoles to form corresponding anions, 
in a suitable alkaline medium, with absorption max- 
ima shifted to longer wavelengths. 



822 D. DUMANOV~. J. Crud, A. MUK and V. NIKOLI~ 

3-Nitropyrorolss 

11 
substituting ogsnt 

L + 

3 ~5)-Nitropyro2oies 5~Nitropyroz~es 

(R, R’ ond RN= ony one substituent) 

Scheme 4. 
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Summary-A buffer system composed of perchloric acid, citric acid and triethanolamine has been 
used for the successive determination of chloride, fluoride and sodium in a single sample of an ortho- 
phosphate mineral. The conventional sodium-sensitive glass electrode compares favourably with the 
more expensive Orion sodium-sensitive electrode. 

Following the introduction of the fluoride-sensitive 
electrode,’ a number of other ion-sensitive electrodes 
have been manufactured, including those sensitive to 
chloride and sodium. Many of these electrodes have 
a detector membrane composed of a crystalline 
matrix through which conduction occurs by an ionic- 
electronic mechanism,’ in contrast to the glass elec- 
trode where the species being determined develops 
a charge on the membrane surface. Although elec- 
trodes are finding widespread use, most of the pub- 
lished work relates to the determination of a single 
ionic species in a sample. Little attention has been 
paid to the determination of more than one ion in 
a single sample. 

We have recently described methods for the deter- 
mination of fluoride3 and chloride* in orthophos- 
phate samples, utilizing a buffer prepared from mixed 
perchloric and citric acids and triethanolamine (TEA) 
in which the acid used for dissolution formed an inte- 
gral part of the buffer solution. We have extended 
these methods to include the successive determination 
of chloride, fluoride and sodium in a single ortho- 
phosphate sample. The determination of an alkali 
metal ion precludes the use of alkali metal salts in 
the buffer solution, but TEA, and possibly other 
organic amines, will give adequate buffering action. 

EXPERIMENTAL 

Apparatus 

Radiometer PHM 52 digital pH-meter and Pye Dynacap 
pH meter. Orion 94.17A solid-state chloride-sensitive elec- 
trode. Orion 94.09A solid-state fluoride sensitive electrode. 
Orion 96-I l-00 combination solid-state sodium-sensitive 
electrode. E.I.L. 104% 1145 I sodium-sensitive glass elec- 
trode. Corning Glassworks 476200 “Monovalent Cation” 
electrode. Pye Ingold sodium-sensitive glass electrode. Pye 
Ingold E02 combination pH electrode. Cambridge Instru- 
ment Co. 42528 ceramic plug calomel reference electrode 
with a salt bridge of saturated potassium nitrate solution. 
Radiometer K601 ceramic plug mercurous sulphate refer- 

ence electrode, Orion 90-01 sleeve-type calomel reference 
electrode. Radiometer K401 ceramic plug calomel refer- 
ence electrode. 

Reagents 

All reagents were analytical grade except where stated. 
Demineralized water was used throughout. 

Dissolution acid. Citric acid (420g) dissolved in a mixture 
of 70-72x perchloric acid (83 ml) and water (700 ml) and 
the whole diluted to 1 litre. 

Solution for pH adjustment. General-purpose grade 
triethanolamine (266 ml) dissolved in water and diluted to 
I litre. This should be prepared daily in the quantities 
required. 

Standard solutions of sodium chloride and fluoride were 
prepared by appropriate dilution of 0.2M stock solutions. 

Procedure 

Weigh accurately about 200mg of the calcium ortho- 
phosphate to be analysed into a 100~ml polyethylene 
beaker. Add 5ml of dissolution acid and agitate gently 
until dissolved. Add 5 ml of demineralized water and 5 ml 
of TEA solution to give a pH near 25. Measure the e.m.f. 
of this solution with the chloride-sensitive electrode and 
the Cambridge 42528 or Radiometer K601 reference elec- 
trode. Remove the electrodes, add 1Oml of TEA solution 
to increase the pH to near 5.2 and measure the e.m.f. with 
the fluoride-sensitive electrode and the Orion 90-01 refer- 
ence electrode. Add another 10 ml of TEA solution to raise 
the pH to 8 and measure the e.m.f. with a sodium-sensitive 
electrode and the Orion 90-01 reference electrode, or the 
Orion 96- 1 I-00 sodium-sensitive combination electrode 
alone. Read the chloride, fluoride and sodium content of 
the samples from calibration curves prepared by using 
standard solutions in place of the 5 ml of demineralized 
water. The volume of reagents used may be reduced in 
proportion, provided that sufficient dissolution acid is 
present to dissolve the solid sample. 

RESULTS AND DISCUSSION 

Selection of optimum electrode conditions 

Because alkali metal salts may not be used in the 
buffer systems, TEA-based buffer systems developed 
for the individual determination of fluoride and chlo- 
ride appeal as a logical alternative. These solutions 
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are capable of giving the pH adjustment above 7 
required5 for the determination of sodium with a 
sodium-sensitive electrode. Their high buffer capacity 
is demonstrated by the fact that addition of 5 ml 
5M ammonia solution to the 30ml of perchloric 
acid/citric acidflEA buffer at pH 8.2 did not change 
the pH. The high pH needed to overcome hydrogen- 
ion interference6 in the sodium determination 
necessitates the presence of a calcium complexant to 
prevent the precipitation of a basic calcium ortho- 
phosphate. Citrate is effective for this purpose, and 
TEA serves as a complexant for transition metal ions’ 
such as iron and manganese as well as assisting with 
calcium complexing at neutral pH where the com- 
plexing action of citrate is poor. This buffer system 
also gives sensitivity and detection limits for fluoride 
(Table I) and chlorides which are generally compar- 
able with those obtained by using trisodium citrate 
for pH adjustment.3.4 A 0.33M perchloric acid/ 
0.33M citric acid/0+66M TEA solution was used to 
explore the possibility of carrying out all the deter- 
minations at pH 7. However, at calcium con- 
centrations >@OlM the amount of complexants 
present was insufficient to prevent precipitation and/ 
or complex formation between calcium and halide 
ions. The decision was therefore taken to use 5 ml 
of 1M perchloric acid/2M citric acid solution as the 
dissolution acid and to ascertain the optimum pH 
for the determination of each ion in TEA buffer. 

Ior? determirlatior~s 

Ckloridv determhutions. The optimum electrode re- 
sponse from the Orion 94-17A electrode was found 
to be in the pH range IQ-3.0. Below pH 1.5, electrode 
instability became serious: the most reproducible 
results were obtained at pH 2.5. Although the perch- 
loric acid used was free from chloride contamination, 
determinations carried out in direct sunlight showed 
a gradual change in e.m.f., which was not noticed in 
fuoride determinations. This change was attributed 
to the photochemical decomposition of perchloric 
acid or the light-sensitivity of the AgCl/Ag2S detector 
crystal.’ It is therefore desirable to use subdued light- 
ing during the measurements. 

Comparison of TEA and trisodium citrate buffer 
systems showed that at pH 2.5, linear near-Nernstian 

Table I. Uptake of fluoride by various orthophosphates 
after reaction with O.lM NaF: comparispn of 

citrate buffer and TEA buffer 

Sample 
F- found. % 

HCI/Na,c~trate HClOJc~tnc acid/TEA 

BaHPO, 
Co,(PO,h 8H,O 
CaHP04 
CddPO& 
FePOb 
MeHPO, 3H,O _ - 
MM’Od, 
N1.lP0.h 7H,O _, _,_ _ 
Sr,OH(PW, 
SnHPO, 
Zn,(PO,l, 4H,O 

0017 
0045 
0157 
0 736 
I.61 
242 
234 
0.078 
2 75 
206 
0 089 

0017 
0043 
0.158 
0 736 
160 
2 39 
2.31 
0 076 
268 
2 IO 
OG90 

response was obtained down to 3.3 x 10m4M and 
1.1 x 10m4M chloride respectively. The difference is 
relatively insignificant. Below these limits, a non- 
linear but reproducible response was obtained down 
to 5 x 10m5M chloride, although the time required 
to reach equilibrium was usually at least 15 min. The 
spectrophotometric comparison method” attempted 
suffered severe interference from orthophosphate 
ions and no comparisons could be made. 

Fluoride determinatiorz. The fluoride-sensitive elec- 
trode could be used in TEA-buffered solutions in the 
pH range 5.5-7.5: the optimum pH was 5.2. Linear 
near-Nernstian response was obtained down to 5.0 x 
10W6M fluoride with a reproducible but non-linear 
response below this limit. 

The response was similar at this pH in both TEA 
and trisodium citrate buffers. At other pH’s the lower 
limit of response in TEA buffer was 1.7 x 10m6M 
at pH 7. In trisodium citrate buffer, the corresponding 
limits were 2 x lO-‘j, 8.5 x lo-’ and 5 x 10e4M: 
these differences were considered insignificant except 
for determinations at very low fluoride con- 
centrations. 

Sodium determination. The oldest and possibly best 
known ion-sensitive electrode is the pH glass elec- 
trode. At high pH the electrodes are also sensitive 
to alkali metal ions. This sensitivity, the alkali error, 
has been utilized in the formulation of special glasses 
which enhance the error and permit the construction 
of glass electrodes sensitive to metal ions. The proper- 
ties of these electrodes have been described by Eisen- 
man” and they have found extensive use in the 
electrochemical determination of sodium and potas- 
sium. They are more or less non-selective for alkali 
metal ions, although the Orion sodium-sensitive com- 
bination electrode has a high selectivity for sodium 
relative to potassium (KN.,K = 1 x 10e3) and lithium 

I I I I I 
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E 
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Fig. 1. Response of various sodium sensitive electrodes in 
aqueous sodium chloride solution (---) and TEA buffer 

(--I 
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(KN.,t., = 2 x 10-j). This electrode is, however, very 
sensitive to silver (KNaAg = 350) and hydrogen ions 

(K N.,H = 100). 

TEA has been used previously as a pH-buffer in 
the determination of sodium:” its use has the disad- 
vantage of possibly introducing impurities which may 
account for the departure from linear response at 
sodium concentrations between 10e4 and 10m5M. All 
the sodium-sensitive electrodes used were pretreated 
by soaking in 1M sodium chloride solution for at 
least 72 hr before use, in order to obtain maximum 
sensitivity by ensuring that the membrane surfaces 
were saturated with sodium ions. Calibration curves 
for the electrodes used in this study are shown in 
Fig. 1 for aqueous unbuffered solutions and TEA- 
buffered solutions. The response times were fairly 
rapid at pH 7.3 or above (equilibrium reached in 
2 min) except for the Pye-Ingold electrode, which was 
sluggish, erratic and generally gave non-reproducible 
responses in TEA-buffered solutions. At pH below 
7.3, electrode response time was considerably above 
2 min, regardless of the sodium activity. 

The Orion 96- 1 I-00 combination electrode showed 
the fastest response time but the EIL electrode. at 
a quarter of the price (including a reference electrode), 
was almost as sensitive though slightly less selective. 
The Corning “Monovalent Cation” electrode was as 
sensitive as the EIL electrode but was badly affected 
by the presence of other univalent species, expecially 
potassium. The Orion and EIL electrodes gave a 
detection limit of 4 x 10m4M (10 ppm) in TEA buffer 
at pH 8.2, which was slightly above that expected from 
the manufacturers’ data. The electrode method is 
much less sensitive than flame emission spectroscopy; 
comparative analyses of samples of fluoroapatite 
C&F(PO,), [synthesized by the transformation of 
brushite (CaHP04.2Hz0) in sodium fluoride solu- 
tionsi3] by flame emission spectroscopy and by 
sodium-sensitive electrode gave results which agreed 
reasonably well (Table 2). Attempts were made to 
reduce the volume of the test solution by using 4M 
TEA in an effort to lower the detection limit but only 
half the volume specified in the procedure. Under 
these conditions, the response was linear down to 
only cu. 2 x 10W3M sodium. 

Interferences 

Fluoride-chloride interference. The possible mutual 
interference of fluoride and chloride was investigated 

Table 2. Comparison of mean sodium content (%, 6 repli- 
cates) of solid samples of fluoroapatite as determined by 
flame emission spectroscopy* and by an Orion sodium- 

selective electrode 

Sample I 2 3 4 
Na by flame emission 0.107 0.09 0120 0.117 
Na by electrode 0.115 0.097 0.108 0.102 

* Unicam SP 90 spectrophotometer with an SP 93 flame 
emission attachment. 

Table 3. Typical analytical data obtained by this method 
in a study of the synthesis of amorphous calcium phos- 

phate trihydrate in the presence of fluoride 

Time. hr 0 0.25 0.5 1 2 4 24 48 
3.72 3.80 3.75 3.69 360 3.62 3.72 3.68 

20.0 21.7 21.0 20.3 6.7 1.9 2.0 1.5 
0.33 0.33 032 0.32 0.32 0.31 027 0.25 

Results are average of 6 determinations. Relative stan- 
dard deviations: CY 1.1%; F- = 0.9%; Na+ = 3.3% 
(Orion). 2.0”/0 (EIL). 

by variation of the fluoride:chloride ratio from 2OO:l 
to 1: 200. No interferences were found. 

Calcium and orthophosphate interference. The low 
solubility of calcium orthophosphates except under 
very acid conditions requires the presence of a suit- 
able complexant for calcium, such as citrate14*‘5 to 
prevent precipitation. Even so, precipitation some- 
times occurs near neutral pH, which is prevented by 
the TEA. The citrate concentration at pH 8.2 is 
0286M, which completely inhibits precipitation when 
the calcium concentration is below 01M. Orthophos- 
phate showed no interference at a similar level. 

Interference with the chloride electrode. To 3 ml of 
standard chloride solution were added 2 ml of 1M 
solution of the nitrate or sulphate of the cation being 
compared for interference, and the e.m.f. measured 
after 3 min was compared with that of a solution con- 
taining 2ml of demineralized water in place of the 
2 ml of metal ion solution used. No interference was 
found from Mg, Sr, Ba, Cd, Mn(II), Fe(III), Co(II), 
Ni and Zn. Copper nitrate and sulphate both 
caused a decrease in the apparent chloride content 
(Fig. 2). This effect may be similar to the interference 
of chloride with the copper sensitive electrode.‘h*‘7 
The decreased sensitivity is caused by ,damage to the 
detector membrane. which may be repaired by soak- 
ing overnight in O.lM silver nitrate. 

Bromide also interferes if its molar ratio to chloride 
exceeds a certain value.s*‘* Attempts to remove this 
by nitric acid oxidation” were not successfuLs 

IM eusq oddnd. ml 

Fig. 2. Interference of copper@) in chloride determina- 
tion (5 ml of 0*334M NaCl, 5 ml of 1M HClO&M citric 
acid, 5 ml of 2M TEA plus x ml of 1M CuSO,). x --[Cl-] 

calculated; O-[Cl-] found. 
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0 IM Al’+ added. mC 

Fig. 3. Effect of A13+ on F- recovery. x-F- calculated; 
tF- found, TEA buffer; O-citrate buffer. 

although nitrate itself does not appear to interfere 
with the determination. 

Interference with the fluoride determination. The 
manufacturers’ literature states that the only interfer- 
ence with the fluoride ~~~iMtion is from the hyd- 
roxide ion. Whilst this may be true, many metal 
cations form stable fluoro-complexes in aqueous 
media, reducing the ionic fluoride concentration.20 
The use of citrate and TEA in the buffer solution 
reduces the number of species which complex; alu- 
minium probably causes the greatest interference, 
especially as the stability of AlF; and AIF:- is 
greater than that of mobt other aluminium com- 
plexes.’ ’ 

We have compared (Fig. 3) the interference of 
aluminium in the fluoride determination by our pres- 
ent method and by our citrate method. The results 
indicate that the citrate method is possibly the super- 
ior for dealing with aluminium ions, although neither 
method is particularly good. Possibly the best method 
for determining fluoride in the presence of aluminium 
is the g.1.c. method” where the fluoride is converted 
into the trimethylfluorosilane derivative and detected 
by either the ~~-ion~tion or the electron-capture 
method. Even this method gives up to Soy0 lower 
fluoride recoveries in the presence of aluminium. 

Interference with sodium determination. None of the 
metal ions tested for chloride interference affected the 
sodium determination when 2 ml of a 1M solution 

of the ion were added to 3 ml of O-OlM sodium solu- 
tion. 

Application 

The method was used to determine chloride, fluor- 
ide and sodium on ground human teeth. The results 
for chloride and sodium showed good agreement with 
the ranges quoted in the literature,23*24 but the 
sodium content (O-920/,) was very much higher than 
the @07x quoted by Jenkins.24 We also applied the 
method to the analysis of orthophosphates other than 

calcium after their equilibration in 0 1 M sodium fluo- 
ride at 80” for 1 month: the results obtained are indi- 
cated in Table 1. 

Conclusions 

The technique described enables chloride, fluoride 
and sodium to be rapidly determined on a single 
sample of an orthophosphate mineral. The use of a 
potassium or other alkali-metal cation-sensitive elec- 
trode would also appear to be feasible, but the use 
of bromide or iodide electrodes in place of the chlor- 
ide electrode in this buffer system is limited by the 
possibility of complexing of the silver halide mem- 
brane with the TEA in the buffer. The expensive 
Orion combination sodium electrode has few advan- 
tages over the cheaper EIL electrode except in the 
presence of moderate amounts of other alkali-metal 
cations. 
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Summary-A review is given of the methods of drying standard reference materials, and handling 
them after drying. The status of the Faraday as an international reference standard for titrimetric 
analysis is also discussed. 

Many chemicals and “pure” elements have been pro- 
posed and investigated as standard reference mater- 
ials for titrimetric analysis (SRMs). These materials 
should have properties such as high purity and homo- 
geneity, definite composition, ability to give a com- 
plete, simple and stoichiometric reaction with a 
titrant, and should be easy to dry and handle. The 
first group of properties are associated with the selec- 
tion of the materials and also depend on the manufac- 
turers. The drying and handling however, are the con- 
cern of the user. At every weighing of the materials, 
atmospheric moisture and water from other sources 
can influence the purity. Therefore, many procedures 
for drying the materials before weighing have been 
described in the literatures. However, we sometimes 
find great differences in the procedures, though the 
materials have high purities and crystalline structures. 
The hygroscopicity of materials, deplored by Lundell’ 
over forty years ago, is still an undissolved problem, 
even for the SRMs. Thus, if the SRM potassium di- 
chromate, for example, contains O-OS% of water, the 
concentration of a standard solution prepared from 
it will be low by @OS%; and so will the results of 
any application of the “dilute” standard solution. 

Recently, the Commission on Electroanalytical 
Chemistry, Analytical Chemistry Division of IUPAC, 
proposed the use of the Faraday constant as the in- 
ternational standard for analytical chemistry.* 
Although the constant is more suitable than stan- 
dard materials, its use does not mean there is no 
need for SRMs. They are the practical standards for 
use in laboratories and industry. 

This paper summarizes the drying conditions for 
SRMs given in the literature, and suggests the opti- 
mum conditions for the dehydration of each material. 
The status of the Faraday constant as the interna- 
tional standard for titrimetric analysis is also dis- 
cussed. 

DEHYDRATION AND WEIGHING OF SRMs 

State of water in solids 

According to Erdey3 there are six types of water 
in solids, as follows. 

(1) Loosely bound water 
(a) Water bound by adhesion or retained in holes. 

It can be removed by exposure in the ordinary atmos- 
phere. 

(b) Occluded water, usually contained in holes and 
cavities in the crystals and sometimes called decrepi- 
tation water. 

(c) Adsorbed water. The water simply adsorbed on 
the surface of materials may be removed by slight 
heating (10&130”). The water adsorbed in micro- 
scopic and submicroscopic cavities and channels can, 
however, be removed only by heating to dull redness 
(about 600”). 
(2) Strongly bound water 

(d) Crystalline water. This forms part of the stoi- 
chiometric composition. The SRMs containing water 
of this kind, e.g., borax, will be considered separately. 

(e) Structural water. This is the kind of water which 
is evolved by heating salts such as potassium hydro- 
gen sulphate or sodium hydrogen carbonate. 

v) Water contained in the molecular-sized channels 
of zeolitic compounds. This is the type of water con- 
tained in compounds such as activated alumina, silica 
gel and aluminium silicates. 

In view of the crystalline character of the SRMs 
discussed in this review, water of types (a), (e) and 
(f) will not be considered, because the methods and 
problems of determination of such kinds of water 
have been discussed and reviewed by Harris.4 

Adsorption of water on crystal surfaces is one of 
the most important sources of contamination of the 
materials. In many cases, this phenomenon is dis- 
cussed in contrast with the combined water in 
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solids.5,6 Langmuir’s adsorp tion theory (monolayer 
adsorption) is sometimes used for these discussions. 
The theory is, however, useful only for unwettable solids 
(benzoic acid for example). This kind of water may 
be removed very easily by heating the sample at 
about llo”, and so does not disturb the determina- 
tions. 

According to Yoshimori and Tanaka,’ however, the 
water on the surfaces of single crystals of sodium 
chloride grown from the molten salt (Stockberger’s 
process) amounted to 02-05 &cm2, an order of 
magnitude higher than the amount (about 0.05 pgj 
cm2) calculated for monolayer adsorption, indicating 
that the water was adsorbed not as a monolayer 
(Langmuir theory) but as polylayers [Brunauer- 
Emmett-Teller (B.E.T.) theory*]. In that case the 
adsorption curve should be shown not by curve 1 
but by curve 2 of Fig, 1. Curve 2 is the same as 
that of combined water,5*9 and indicates the difficulty 
of removing the water completely. Moreover, the ions 
or molecules in the first layer of the crystal surface 
may be in the hydrated form, and in some cases crys- 
talline water is also possible. Therefore, the water 
molecules of these types cannot be so easily removed, 
though sometimes they may be removed by heating 
the sample to much higher temperature than 110”. 
The removal of water from sodium carbonate, by pre- 
heating at 105”. cooling in a desiccator. then heating 
at 250 .I” indicates the possibility of the presence of 
this kind of water. 

The occluded and adsorbed water in microscopic 
and submicroscopic cavities and channels may cause 
very serious difficulties in drying some SRMs. For 
example, Knoeck and Diehl” state that the difference 
between their results of coulometric assay of potas- 
sium dichromate and lOOGXlo/, depends largely on 
the occluded water. Although the microscopically 
visible cavities in large crystals may be removed by 
cutting the crystals into small pieces,12 water in the 
ultramicroscopic cavities and channels cannot be 
dealt with so easily. Melting of the stable SRMs may 
be the most effective method to remove this water. 

Pressure of gas 

Fig. 1. Adsorption of a gas on a solid surface. 

Occluded water in fine crystals or in SRMs which 
decompose on heating cannot be removed completely 
by these methods. 

Heating temperatures for various SRMs 

Obviously the chosen heating temperature for an 
SRM should be as high as possible, and the SRM 
should be pulverized before heating, if it was purified 
by recrystallization. As shown by Nelson and 
Hulett,‘” prolonged heating at relatively lower tem- 
perature does not give better-dehydrated materials. 
Therefore, the heating temperatures given in the 
literature will be reviewed and discussed. 

Arsenic trioxide. This can be highly purified by sub- 
limation and dried at 105llo”.‘“” Sometimes the 
sublimed reagent is collected in a porcelain dish and 
cooled in a desiccator containing calcium chloride.’ * 
Dehydration of the reagent in a vacuum desiccator 
for 24 hr14,15,‘9 or over sulphuric acid2’ has also 
been recommended. 

When the reagent is dissolved in alkali, it usually first 
floats on the surface of the solution. This pheno- 
menon indicates that the oxide may adsorb some 
gases on its surface and thus be protected from mois- 
ture. According to Hillebrand et al.14 the oxide 
adsorbed only 00140/, of water during storage in an 
atmosphere of 90% relative humidity for 2 weeks, and 
could be weighed in an open container. Kolthoff et 
al.” and Laitinen” recommend this r&gent for the 
standardization of various standard solutions, 
because of the simple reaction with permanganate 
and ease of drying. The only disadvantage of the 
reagent is its poisonous nature. 

Benzoic acid. Although the acid needs alcohol for 
its dissolution and the solution creeps up the wall 
of the container, it has been used for a long time 
as a standard. Since the acid is not so hygro- 
scopic. 23*24,27 the drying methods shown in the litera- 
ture are rather simple and in good agreement. Two 
methods are usually preferred, one being drying in 
a vacuum desiccator for 48-72 hr25 and the other 
being melting the acid at 130-140”, decanting the melt 
into a platinum dish, crushing the cooled melt and 
storing it in a desiccator. 23-26 Weaver2’ showed that 
the acid had adsorbed only 0070/, of water after stor- 
age in a glass bottle for more than a year. According 
to Yoshimori and Matsubara’s coulometric investiga- 
tion 25 the pure reagent (used in Japan as the stan- 
dard for the calorie) has a purity higher than 99.99% 
and may be dried either in a vacuum desiccator or 
by the melting method. 

Potassium dichromate. Although this is a useful 
standard for titrimetric analyses, the drying pro- 
cedures shown in the literature differ very appreci- 
ably. Melting of the reagent is sometimes recom- 
mended,2s-30 but nearly all authors warn about the 
formation of a green compound [chromium(III) 
oxide]. Drying at temperatures above 150” is pre- 
ferred by many authors. For example 300”:’ 260”,3’ 
200”29*33 and 15%200”34,35 have been recommended, 
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and l&150” has also been used.36-40 The reagent is 
usually pulverized in an agate mortar before heating. 
These recommendations indicate the presence of the 
occluded water in the crystals of the reagent. Mar- 
inenko et al. dried the reagent by two different 
methods for their coulometric assay: (a) heating at 
130” for 6 hr then cooling over phosphorus pentox- 
ide41 (b) heating at 110” for 24 hr and cooling over 
magnesium perchlorate. Knoeck and Diehl” used 
method (b) and made the comment quoted earlier. 
Heating at 120” has also been used.43*44 According 
to Japanese Industrial Standards (JIS), Yoshimori et 
al. dried the compound at 120” for 3 hr and assayed 
the Japanese SRM by precise coulometric titration,45 
coming to the same opinion as Knoeck and Diehl. 
Yoshimori et al. also purified the reagent by zone- 
refining;46 this will be discussed later. 

Water in the reagent has sometimes been deter- 
mined. For example, Sappenfield et al. found 0018% 
of occluded water by heating the SRM (NBS 1361~) 
at 260”.32 Knoeck and Diehl found 0.019% of water 
after heating the same reagent for 10 days at the same 
temperature.” Schwab and Withers found 0027 and 
0.021% of water by the vacuum extraction method.47 
According to the specification of SRM 136~ (NBS), 
a weight loss of OQO5% may be found on heating 
at 105” for several hours and about 0.01% loss on 
longer heating. Yoshimori and Sakaguchi” deter- 
mined the water content of the SRM after heating 
it at various temperatures and indicated that the re- 
agent may be dried by melting it at about 400”, and 
then cooled over magnesium perchlorate, if the re- 
agent is completely free from organic matter. The 
water content of the weighed out SRM may be de- 
creased to less than 0.005% if it is heated to higher 
than 250” for more than 3 hr in good ventilation and 
then cooled in a desiccator over magnesium perchlor- 
ate. 

Potassium hydrogen phthalate. This has been used 
for a long time as a standard acid-base titration and 
pH. The heating temperatures shown in the literature 
are in rather good agreement, lOO- 
125”.11~19~23~25~26~48~57 Heating time is in the range 
t-24 hr. Pulverizing the reagent before drying is also 
advisable, to remove the occluded water. Decomposi- 
tion of the reagent occurs at temperatures over 
125”,51 or on prolonged heating.57 It was shown that 
the dried reagent did not contain more than 0003% 
of water.51*53 

Sodium carbonate. Recently the Society for Analyti- 
cal Chemistry58 and IUPACs9 recommended this re- 
agent as a primary standard. The wide variety of dry- 
ing procedures for this is summarized by Laitinen.60 
The reagent can be completely dehydrated by melting 
it at about 850” in an atmosphere of carbon dioxide. 
On cooling the melt, the atmosphere should be gradu- 
ally changed to one of air.60 The carbonate is some- 
times dried by heating at 50&650”‘6 or 350-400”48 
in a platinum dish, but contamination by sulphurous 
gases must then carefully be prevented. According to 

Yoshimori and Sakaguchi, the reagent may be dried 
nearly completely by heating it at 600” under good 
ventilation.” On the other hand, Smith and Croad 
warned that there was more than 1% decomposition 
of the reagent if it was heated at 310-315061 and Hil- 
lebrand et al. also stated that it could decompose at 
temperatures above 270”.62 According to Newkirk 
and Aliferis, however, this decomposition is caused 
by reaction of the reagent with siliceous materials 
present as impurity or with the container.63 
IUPAC,59 the Society for Analytical Chemistry58 and 
Woodward and Redman recommended heating it 
at 270 + lo” in platinumware. A temperature of 260- 
300” has been recommended by many 
authors.62,“5-73 Balis et al. prefered 240”.74 On the 
other hand, Kolthoff warned that the dried reagent 
adsorbed OOs-Ol% of water during cooling and 
weighing.75 

The reagent is usually purified as the bicarbonate, 
which is then converted into the carbonate by heat- 
ing. The decomposition of the bicarbonate may be 
completed at a temperature higher than 160”.76*77 
Pulverizing of the reagent in an agate mortar is also 
recommendable. Yoshimori and Sakaguchi showed” 
that the reagent contained less than 0005% of water 
when it was dried at above 250” and cooled in air 
over magnesium perchlorate. If sulphuric acid was 
used as the desiccant, the water content was higher, 
and use of the acid is not recommended as suitable. 
Heating at lower than 200” is always unsatisfactory. 

The major problem with this standard is the choice 
of indicator for the titration, and the present author 
feels he cannot recommend this reagent as a primary 
standard. 

Sodium chloride. This salt may be dried at above 
500”,16,78,79 Melting in platinumware and in an elec- 
tric furnace is also recommended.80-82 Sorensen indi- 
cated that heating at below 300” for more than 24 hr 
was not enough to remove the water completely and 
recommended heating at 380” for much longer than 
12 hr.83 Marinenko and Taylor found that the 
amount of impurities in the salt was less than 
OO04”/,.82 They also dried the finely pulverized salt 
at 130” or 200” for 18 hr in their study of coulometric 
assay of the salt.84 All the procedures indicate the 
presence of water in the cavities of the crystals. There- 
fore, heating at about 110°8’ is not enough. A tem- 
perature higher than 400” is preferable. The use of 
a single crystal of the salt7 is advisable for practical 
purposes (see later). 

Sodium oxalate. According to the investigations by 
Sorensen86 and the NBS,87 this reagent is stable up 
to 240-250” and begins to decompose at above 25& 
270”.87 Although the weight loss of the reagent (NBS 
SRM) amounted to 00008% and @009x on heating 
at 105” for 74 hr and at 240” for 24hr respectively, 
it may be dried in practice by heating at 105” for 
2hr.87 On the other hand, Sorensen found that the 
reagent contained 0.1, 0.033, 002 and less than 0.01% 
of water after heating at 125”, 180-200”, 200-210” and 
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240” respectively. 83*88 According to the NBS investi- 
gation, small crystals of the reagent dried at 240” 
took up O-01% of water when exposed to an atmos- 
phere of 70% relative humidity.87 

The present author considers that the pulverized 
reagent may be dried rather completely at somewhat 
higher temperature than 200”. Because of the complex 
nature of the reaction between oxalate and permanga- 
nate, Kolthoff et al.*’ and Laitinen” prefer arsenic 
trioxide to this reagent, and the present author has 
the same opinion. 

Decomposition of the reagent to sodium carbonate 
may be completed at the melting point of sodium 
carbonate.“*” 

Sulphamic acid. This was recommended by Butler, 
Smith and Audriethg’ as the acid standard, but has 
sometimes been considered as a secondary standard 
because its purity was not certified.g0~p2 A few years 
ago, IUPAC5’ and the Society for Analytical Chem- 
istryp3 recommended the acid as a primary stan- 
dard, and gave methods for its purification and dry- 
ing. Since the acid reacts with moisture at above 60”, 
dehydration in a vacuum desiccator at room tempera- 
ture is recommended.16~5p*g3~g4 

Using the appreciable crystal growth of the acid, 
Yoshimori and Tanaka prepared some large crystals 
(10-16 g) and determined their purities by precise cou- 
lometric titration: the purities, however, were some- 
what (O-02405%) less than 1ooO/,.12 

Problem in selecting the heating conditions 

The differences between the heating procedures 
given in the literature for a reagent may have various 
causes. First, the method of preparation of the reagent 
is important. For example, fine crystals have a large 
amount of adsorbed water and a small amount of 
occluded water and may be dried at rather lower tem- 
perature. On the other hand, coarse crystals contain 
much water in their cavities and must be heated at 
higher temperature. This is why a pulverized reagent 
is usually recommended and there is better agreement 
about the drying conditions. Secondly, the effects of 
impurities should be considered. For example, if 
potassium dichromate contains traces of organic mat- 
ter, it cannot be dried at high temperature, but other- 
wise may be dried by melting at 400”. Thirdly, the 
heating conditions are of practical importance. The 
uniformity of the temperature4 and the ventilation in 
the heating apparatus affect the heating time. Harris4 
stated that good ventilation decreased the necessary 
heating time by about 60-70x. Heating time may also 
be influenced by other factors such as amount of 
sample, heat capacity of the container, rate of heating 
and thickness of the reagent layer through which the 
vapour passes. In many cases these conditions are not 
shown in detail. Thus, the disagreement about drying 
conditions is not unusual. 

Generally speaking, the heating temperature should 
be as high as possible’0~‘3~p5 when the reagents are 
stable on heating. However, the decomposition tem- 

perature indicated by a thermobalance is usually too 
high. For example, Duval showedp6 that potassium 
dichromate began to decompose on the thermoba- 
lance at 650”. According to the experience of the pres- 
ent author, however, the reagent decomposes appre- 
ciably at 500” under static heating conditions. Wend- 
landt stated” “the use of the thermobalance has 
only contributed to this confusion”. The problem may 
be caused by the rate of heatingp7-pp and the lack 
of the sensitivity of the balance.“’ 

Conditioning of hydrated reagents 

Oxalic acid and borax are of practical importance. 
Oxalic acid is stable in an atmosphere of 5-95x rela- 
tive humidity,26 and may be stored in a desiccator 
containing a saturated solution of sodium bromide. 
According to Schoorl,’ O1 the recrystallized acid con- 
tains 0.243% of occluded water, and he proposed 
a method for its purification. First the recrystallized 
acid is dehydrated completely over phosphorus pen- 
toxide and then rehydrated over a saturated solution 
of sodium bromide. The condensed water amounts 
to about 0~01%.26~‘o’ Since the acid has a relatively 
low molecular weight, some authors do not recom- 
mend it as a primary standard. 

Borax has a high equivalent weight and is a useful 
standard even though a certified reagent is not 
obtainable. The decahydrate is neither deliquescent 
nor efflorescent in an atmosphere of 3999% relative 
humidity. lo2 Menzel recommended storage over a 
saturated solution of sodium chloride and sucrose (RH 
700/,).‘03 Storage over a saturated solution of sodium 
bromide may also be used.“* The use of this reagent 
as a standard substance is highly recommended by 
Kolthoff et al.“* 

METALLIC STANDARDS 

Pure metals are sometimes used as primary stan- 
dards. For example, the Society for Analytical Chem- 
istry recommended the I.C.I. scheme for using silver 
as the ultimate standard for titrimetric analysis.‘04~105 
Although a beautiful system for standardizing various 
solutions was developed, the error of the titration 
may be increased as more steps are introduced in 
the chain of standardizations. The other problem in 
the use of silver is its purity, which is certified only 
on the basis of determination of the impurities. 
Woodward and Redman stated that their standard 
silver (99.999% pure, Johnson Matthey) contained 
nearly SOppm of gaseous impurities.‘06 Here, we 
have to remember the opinion of Barnard.“’ He 
stated that the sum of analytical results of 0.001 and 
000020/, is OOOl%, not OQO12o/, when we consider 
the precision of their measurements. Thus, the present 
author considers that strict proof of a purity higher 
than 99.999% is impossible. 

The effect of surface contamination may sometimes 
be a very important source of decrease in the purity 
of a metal. For example, Hashitani et al.“’ showed 
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that the oxygen on the surface of high-purity uranium 
increased by about 30 ppm after exposure of the metal 
to air for 30 min. Kammori et ~1.“~ and Goto et 

al. ‘lo measured the amounts of oxygen on the surface 
of various metals and Yoshimori et al. measured the 
amounts of water. 1 1 1 More comprehensive informa- 
tion on this problem is obtainable from the mono- 
graph edited by Melnick et al.’ l2 The results indicate 
that the amounts of surface contaminants depend lar- 
gely on the treatment of the surface, i.e., the nature 
of the oxide film of the metal, roughness of the sur- 
face, and the method of polishing. In particular conta- 
mination from polishing materials (alumina powder 
for example) was shown by Kammori et aLlo to be 
practically important, because it may be caused acci- 
dentally. 

PROBLEMS IN COOLING AND WEIGHING 
PROCEDURES 

Desiccants and desiccators 

The appreciable discrepancies in the vapour pres- 
sures of various desiccants reported in the litera- 
ture113”14 indicate the difficulties in the evaluation 
of heterogeneous reaction rates. The surface area and 
the state of the water adsorbed on the surface 
of a desiccant may be quite different for each reagent 
and method of practical use. For instance, we cannot 
always obtain the best drying conditions over phos- 
phorus pentoxide, because a film of meta- or poly- 
phosphates is formed on its surface. 

In a recent study, Yoshimori and Sakaguchi 
showed that there is not much difference between 
magnesium perchlorate (commercial, not completely 
dehydrated) and concentrated sulphuric acid, and also 
pointed out the disadvantage of the latter as the desic- 
cant for alkaline material (sodium carbonate).1° The 
vapour pressure of the concentrated acid should also 
be considered.’ ’ ’ 

According to the literature, silica gel has very low 
water vapour pressure. This pressure, however, can- 
not be held for a long time, and also may vary from 
products to products. Above all, we must not forget 
that the blue colour of the indicator in the gel does 
not strictly indicate its condition. In the author’s 
experience, the blue gel does not turn pink in a cal- 
cium chloride desiccator, and it may be possible that 
anhydrous calcium chloride is a better desiccant than 
silica gel. 

In the author’s opinion, heated SRMs should be 
cooled over magnesium perchlorate. The heating con- 
ditions (discussed above) and the practical handling 
of the desiccator for cooling are more important than 
the choice of desiccant in obtaining a drier SRM. 

Since moist air is lighter than dry, the atmosphere 
in a desiccator does not reach equilibrium immedi- 
ately the lid is closed. Booth et al.' I6 showed that 
equilibrium was attained only about 2 hr after closing 
the lid. Hempel’ ” proposed about 80 yr ago a desic- 
cator in which the desiccant was kept over the 

sample. King”’ and Harris4 proposed desiccators in 
which a desiccant was placed either round the sides 
and beneath a sample, or above and below a sample 
respectively. However, Strouts et a1.‘19 stated that the 
desiccant in a desiccator is useless for cooling the 
heated sample to be weighed. Peck”’ combined four 
small desiccators into one block, each of them con- 
taining only one crucible. 

Although the power of a desiccant is very impor- 
tant in dehydration of a sample at room temperature, 
it is not so essential when a heated sample is being 
cooled. The following conclusion may be drawn. 

(a) The required amount of sample should be put 
in a weighing bottle before dehydration. 

(b) Heated material should be cooled in its own 
desiccator containing a good desiccant (magnesium 
perchlorate). 

(c) The dried sample should be weighed as fast as 
possible. 

(d) Subdivision of large samples after the 
dehydration should be avoided. 

METHOD OF WEIGHING 

An SRM is usually dehydrated and weighed in the 
same container. Therefore, we cannot forget the con- 
siderations about the condition of the container. The 
hygroscopicities of some container materials pro- 
posed in the literature6 have been measured at room 
temperature. Yoshimori et al.“’ measured the water 
evolved when various glasses that had been washed 
and dried at 105” and then stored in hygrostats for 
several hours were heated at 300”. The results are 
shown in Table 1, and indicate that the Langmuir 
theory is applicable only to fused quartz and that 
the B.E.T. theory is preferable for borosilicate and 
hard glasses (also for platinum and stainless 
steels).111*‘21 Soft glasses evolved much water on 
heating. Since soft glass has least tendency to become 
electrostatically charged, some authors recommend 
this as the material of a weighing bottle,122 but it 
should be avoided for the most precise work. 

The use of a counterpoise consisting of an empty 
container of the same size, shape and material, nearly 

Table I. Determination of the water evolved from various 
glasses by heating at 300°C”’ 

Relative 
Kind of glass humidity,* % 

Quartz 53 
68 

Hard glass 53 
68 

Pyrex glass 53 
68 

Soft glass 53 
68 

Vycor glass 58 

* Approximate values. 

Water found, 
&cm2 

0.03 
0.05 
0.16 
0.19 
0.20 
0.24 
4.1 
7.1 
@27 
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the same weight and treated in the same way as the 
sample-container, is advisable to decrease the effect 
of adsorption of moisture on the surface of the bot- 
tles. “J 5,46*99 A single-pan substitution balance is not 
recommended for the most precise work. 

THE USE OF SINGLE CRYSTALS* 

As early as a 100 yr ago, a single crystal of Iceland 
spar was already recommended as a primary standard 
for titrimetric analysis. 123 The preparation and use 
of single crystals have, however, been tried only 
recently. Bates et a1.124 at NBS prepared single crys- 
tals of bcnzoic acid and compared their purities with 
those of potassium hydrogen phthalate (SRM) and 
dehydrated pure oxalic acid. More recently, Mar- 
inenko and Taylor’ 2 5 evaluated the Faraday constant 
by using single crystals of benzoic and oxalic acids 
coulometrically, and compared the results with those 
previously obtained. Madej and Rokosz126 prepared 
crystals of potassium hydrogen phthalate, borax. cad- 
mium sulphate, etc., but the crystals have not yet 
been assayed. In the author’s laboratory, single crys- 
tals of sodium chloride7 and sulphamic acid12 were 
prepared and assayed, and the surface water or the 
weight loss during the dehydration process was also 
measured. Saito et al. also prepared single crystals 
of arsenic trioxide and assayed them.127 They also 
zone-refined potassium dichromate.46 All their assays 
were done by precise coulometric titration. With only 
one exception (arsenic trioxide lOOGO & 0@09%), 
these single-crystal samples were not completely pure, 
though purer than 99.95%. The surface water of the 
crystals measured did not exceed 0003%. 

The results shown above indicate that a single crys- 
tal is not the purest material, and that the purity may 
differ from crystal to crystal. The main source of the 
difference may be water occluded in crystals grown 
from solution, or impurities in crystals grown from 
a melt. Therefore, single crystals may be useful, not 
as the ultimate and international standards, but as 
the practical or working standards, without the pro- 
blems of drying. 

THE FARADAY CONSTANT AS THE 
INTERNATIONAL ST/;k$;; FOR VOLUMETRIC 

The experimental results and opinions cited above 
indicate that no materials obtainable at present are 
completely pure, and that in most cases they cannot 
be weighed without contamination by atmospheric 
moisture. Therefore, it is much better to abandon the 
use of a “material” as the ultimate and international 
standard for analytical chemistry. Even if an ultimate 
standard material should be selected by international 
consensus, it could not be held permanently, because 

* Strictly speaking, in this review the words “single crys- 
tal” mean transparent and sometimes microscopically clear 
crystals. 

it must be consumed for the standardization of other 
standards. 

The idea of using the Faraday constant as the inter- 
national standard was first proposed by TutundZiE, 
and recently proposed again by the Commission on 
Electroanalytical Chemistry of IUPAC.’ The history 
of the proposal and the many advantages of the Fara- 
day are discussed in that report. The present author 
gives here some experimental results and discussions 
that are not in the report. 

Strictly speaking, the fundamentals of gravimetric 
and titrimetric analysis are different. In gravimetric 
methods, the content of a material in a sample is 
calculated more or less directly by using the atomic 
weights of the elements concerned. Therefore, the 
results obtained may be referred to the basic SI units 
if the isotopic composition of the elements concerned 
is known. On the other hand, the concentration of 
a standard solution must be determined in terms of 
the SRM used for either the preparation or the stan- 
dardization of the solution. Therefore the results of 
any titrimetric analysis always include a factor corre- 
sponding to the purity of the SRM used. The isotopic 
composition of the elements concerned also affects 
the results. Thus, the results of titrimetric analysis and 
of many instrumental methods using calibration 
curves cannot be referred directly to the SI units. If 
we select one material (for example, silver prepared 
by the method of Richards12a) as the primary and 
ultimate standard, we are deciding on the prototype 
of titrimetric analysis, and the atomic weight of the 
material (the silver) should be known with highest 
precision. However, the accuracy of any derived stan- 
dard must be somewhat lower. In contrast to a proto- 
type, the Faraday constant is useful not only for the 
direct assay of SRMs for practical use but also for 
the direct standardization of many standard solutions 
without use of SRMs. Therefore, the accuracy of titri- 
metric analysis should become better. Lingane’29 has 
already pointed this out, and Yoshimori et a1.45 have 

tried the direct standardizations successfully. Some 
other results obtained in the author’s laboratory will 
be shown here. 

The Industrial Inspection Institute of Japan certifies 
the purities of many SRMs, by comparison with their 
own standard materials and also cross-checking 
against the SRMs from NBS. Several Japanese SRMs 
and one SRM from NBS were assayed by precise cou- 
lometric titration in the author’s laboratory, and the 
results obtained are summarized in Table 2. From 
these results, there appear to be no problems in using 
the Faraday constant as the international standard 
for titrimetric analysis. 

The effect on commercially important standard 
reference materials if the Faraday is used must also 
be considered. In addition to the results referred to 
in the IUPAC report,2 some precise coulometric 
results obtained in the author’s laboratory may pro- 
vide support for the proposal of the Committee. They 
include measurements of the purities of single crystals 
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Table 2. Summary of the results obtained in the author’s 
laboratory by precise coulometric titration 

Certified Results by 
Sample value,* % coulometry, % s, y0 Refs. 

NaCl 99.99 99.986 0.037 52 
K&r,07 (al 99.99 99.983 0@08 45 

(bl 99.99 99.985 0.006 
H,NSO,OH 99.90 99.918 0.016 52 

99.91 99.929 0.017 
NarCO, 99.99 99.991 0.044 52 
C,H,COOHt - 99.99 1 0.010 25 

- 99993 t&o09 
KHCsH,Oe 100@0 99.999 OQo8 25 
KHCsO,O, 

(Fg;” 99.999 0007 25 

* Certified in the Industrial Inspection Institute of Japan, 
t Standard for the calorie. 

of sodium chloride7 and sulphamic acid,12 of zone- 
refined potassium dichromate,46 assays of commercial 
tin metals13o and of high-purity uranium131 and also 
the precise determination of total iron in several iron 

ores.132 Many of these results were compared with 
those obtained by analysis for impu~ti~, or with the 
certified values for the samples, and indicated that 
the method is useful not only for the analysis of 
SRMs but also for the analysis of the samples of prac- 
tical importance. 

In order to be referred to the system of basic SI 
units, the Faraday constant should be defined as the 
electric charge of one mole of electrons. This has not 
been emphasized in the IUPAC report. By this defini- 
tion, however, the international standard for titri- 
metric analysis becomes permanent and is freed from 
such variables as the atomic weight of silver, the iso- 
topic ~m~sitions of all elements, the unavoi~ble 
troubles discussed in the earlier sections of this 
review, and so on, 

Most of the results of chemical analysis are calcu- 
lated not as a molar fraction (mole %) but as a weight 
fraction (% w/w). If the Faraday is used as the ultimate 
reference, the amount of an element determined by 
coulometric analysis is connected with a basic SI unit, 
the mole. However, the mole concept is scarcely 
applicable to mixtures of unknown composition, and 
is strictly applicable only to absolutely pure single 
substances. Thus, the content of a material must be 
calculated by using the atomic weights of the elements 
concerned, and cannot be more precise than the 
values of the International Atomic Weights. In the 
most careful gravimetric work the precision is some 
tens of ppmlos and the results are based on another 
basic SI unit (the kilogram): this degree of precision 
is comparable to that of some atomic weights and 
of the present value of the Faraday.‘33 

For these reasons, the status of the Faraday con- 
stant in the field of analytical chemistry should be 
the same as that of the table of International Atomic 
Weights. Thus, the results of titrimetric and some in- 
strumental methods of analysis should have the same 

international standing as those of gravimetric 
methods. 

CONTUSION 

The Faraday constant, which is defined as the elec- 
tric charge of one mole of electrons should be used 
as the ultimate and international standard for titri- 
metric and some instrumental analyses. However, the 
usefulness of the SRMs at present available will be 
unchang~ because they are necessary as the practi- 
cal working standards in all laboratories and indus- 
tries. 
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Summary-A method for determining up to about 6% of tungsten in ores and mill products is de- 
scribed. It is based on the extraction of the yellow tungsten(Vtthiocyanate+liantipyrylmethane ion- 
association complex into chloroform from a 2.4M sulphuric acid-7.8M hydrochloric acid medium 
containing ammonium hydrogen fluoride as masking agent for niobium. The molar absorptivity of 
the complex is 1510 l.mole-‘.mm-’ at 404nm, the wavelength of maximum absorption. Moderate 
amounts of molybdenum and selenium may be present in the sample solution without causing appreci- 
able error in the result. Interference from large amounts is avoided by separating these elements from 
tungsten by chloroform extraction of their xanthate complexes. Large amounts of copper interfere 
during the extraction of tungsten because of the precipitation of cuprous thiocyanate. Common ions, 
including uranium, vanadium, cobalt, titanium, arsenic and tellurium, do not interfere. The proposed 
method is also applicable to steel. 

The preparation and characterization of certified 
reference ores is a continuing facet of the Canadian 
Certified Reference Materials Project. As part of this 
project, the author was asked to participate in the 
interlaboratory programme for the certification of 
three tungsten ores CT-l, BH-1 and TLG-1. In pre- 
liminary work, a modification’ of a spectrophoto- 
metric thiocyanate method developed by Freund et 
al.’ was investigated. In this method, tungsten is 
reduced to the quinquevalent state with stannous 
chloride, in a 3.6M sulphuric acid-58M hydrochloric 
acid medium, and the absorbance of the anionic tung- 
sten(V)-thiocyanate complex is measured directly in 
an aqueous medium’ or after extraction of the com- 
plex into an organic solvent (isopropyl ether or n- 
amyl alcohol).’ However, this method did not yield 
consistent results for the ores when measurement was 
made both in aqueous media and after extraction of 
the complex. It is known that thiocyanate methods 
based on the formation of the anionic tungsten com- 
plex are subject to interference from coloured ions 
and from molybdenum, vanadium, niobium, titanium 
and cobalt when measurement is made in an aqueous 
medium, and to even greater interference from molyb- 
denum, vanadium, niobium and titanium after extrac- 
tion of the complex. 3*4 Consequently, a method was 
sought that would be more specific and reliable and 
would be applicable to the determination of both 
small and moderate amounts of tungsten in ores. 

8 

Recently, a more specific and sensitive thiocyanate 
method was described for the determination of 
tungsten in stee15-’ and steel-making materials.8 It 
involves chloroform extraction of the neutral ion-as- 
sociation complex formed between tungsten(V)-thio- 
cyanate and tetraphenylarsonium chloride from an 
8M hydrochloric acid medium and subsequent photo- 
metric measurement of the extract. Of the interfering 
elements mentioned above, only niobium and moder- 
ate amounts of molybdenum interfere. Interference 
from niobium is obviated by washing the tungsten 
extract with ammonium hydrogen fluoride solu- 
tion’-’ or by extracting tungsten from a fluoride 
medium.* Because of its relative specificity, this 
method was considered in the present work. However, 
preliminary experiments carried out with tetraphenyl- 
arsonium chloride and a widely used analogous com- 
pound, diantipyryhnethane,‘*” showed that the latter 
functioned equally well for formation of an ion-as- 
sociation compound with the anionic tungsten-thio- 
cyanate complex. Moreover, the tungsten-thio- 
cyanate-diantipyrylmethane complex is more soluble 
in chloroform than the corresponding tetraphenylar- 
sonium chloride complex. Consequently, this reagent 
was utilized in the present work, which describes the 
successful determination of tungsten in ores, mill pro- 
ducts and steel. Interference from large amounts of 
molybdenum is avoided by separating it from 
tungsten by chloroform extraction of its purple-red 
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xanthate complex,‘1-‘4 and from niobium by mask- 
ing with ammonium hydrogen fluoride. 

EXPERIMENTAL 

Apparatus 

Funnels for filtering the extracts were made from broken 
20-ml pipettes by cutting the bulb in half. 

Reagents 

Standard tungsten solution, 25 us/ml. Dissolve 0.8973 g of 
sodium tungstate dihydrate in water and dilute to 500ml. 
Dilute 5ml of this stock solution to 2OOml with water. 
Prepare fresh as needed. 

diantipyrylmethane, 1% solution in Zoo/, hydrochloric acid. 
Dissolve 0.5a of 4.4’-methvlenediantinvrene in 25 ml of 
water contaiiing l&l of concentrated~hydrochloric acid 
and dilute to 50ml with water. Prepare fresh every 2 days. 

Stannous chloride, 45% w/v solution. Dissolve 22.5 g of 
stannous chloride dihydrate in concentrated hydrochloric 
acid and dilute to 5Oml with the same acid. Prepare fresh 
as required. 

Potassium thiocyanate, 20% w/v solution. Prepare fresh 
every seven days. 

Potassium ethyl xanthate, 200/, w/v solution. Prepare fresh 
as required. 

Ammonium hydrogen jluoride, 10% w/v solution. 
Tartaric acid, 7.5% and SPA w/v solutions. 
Sodium hydroxide, 50% w/v solution. 
Hydrochloric acid, 8M. 
Chloroform, analytical reagent grade, containing 1% of 

thioglycollic acid. Prepare fresh as required. Pure chloro- 
form is also needed. 

Procedures 

Calibration curve. By burette, add 1, 2, 4, 6, 8 and 12ml 
of standard 25 &ml tungsten solution to six 125~ml Erlen- 
meyer flasks and dilute each solution to approximately 
15ml with water. Add 15ml of water to a seventh flask; 
this constitutes the blank. Add 1Oml of concentrated sul- 
phuric acid, 20ml of concentrated hydrochloric acid and 
5 ml of 45% stannous chloride solution to each flask, mix- 
ing thoroughly after each addition, then place the flask 
in a boiling water-bath for 30 min. Remove the flask and 
cool the solution to lG15” in an ice-bath. 

Transfer each solution to a 125-ml polypropylene separ- 
atory funnel, marked at approximately 75m1, and wash 
the flask three times with cold concentrated hydrochloric 
acid contained in a plastic wash-bottle. Add the washings 
to the funnel and dilute the resulting solution to the mark 
with cold concentrated hydrochloric acid. Add 10 ml of 
10% ammonium hydrogen fluoride solution, 1Oml of 20% 
potassium thiocyanate solution (Note 1) and 2ml of 1% 
hiantipyryhnethane solution to each funnel, stopper and 
mix thorouahlv. Add 10 ml of chloroform containing 1% 
thioglycollic acid, stopper tightly and shake for 2-m& 
Allow several min for the layers to separate, then drain 
the chloroform layer into a 60-ml glass separatory funnel. 
Extract twice more. by shaking for 2 min, using 05 ml 
of diantipyrylmethane solution each time, and 5- and 3-ml 
portions of chloroform, respectively (Note 2). Wash the 
aqueous phase by shaking it for 30 set with 3 ml of chloro- 
form. Combine the extracts, add 1Oml of 8M hydrochloric 
acid and shake for approximately 30 sec. Allow several 
min for the layers to separate, then filter the chloroform 
extract through a thick wad of cotton-wool into a dry 
25-ml volumetric flask. Wash the aqueous layer twice with 
2-3-ml portions of chloroform containing thioglycollic 
acid, filter the washings into the volumetric flask and dilute 
to volume with chloroform containing thioglycollic acid 

(Note 3). Determine the absorbance of the blank and each 
of the first four tungsten extracts, at 404nm, against a 
reference solution of chloroform containing thioglycollic 
acid, using 20-mm cells. Determine the absorbance of the 
blank and each of the last five tungsten extracts in a similar 
manner, using lo-mm cells. Correct the absorbance value 
obtained for each tungsten-thiocyanate-diantipyrylmeth- 
ane extract by subtracting that obtained for the blank. Plot 
pg of tungsten vs. absorbance for each series of measure- 
ments. 

Ores and mill products. Depending on the expected 
tungsten content, transfer 0.2-lg of powdered sample to 
a 50-ml Vycor crucible, add 5 g of fused sodium bisulphate 
(Note 4) and mix. Cover the crucible and fuse the mixture 
over a low flame for 34 min to ensure the complete 
decomposition of tungsten minerals. Allow the melt to cool 
for 3-4 min, then transfer the crucible and cover to a 
covered 400-ml beaker containing 100 ml of 7.5% tartaric 
acid solution. Heat gently until the dissolution of the melt 
is complete, remove the crucible and cover after washing 
them thoroughly with 7.5% tartaric acid solution, and eva- 
norate the solution to 140-150 ml. Filter the hot solution 
*hatman No. 40 paper) into a 200-ml volumetric flask 
and wash the beaker, paper and residue thoroughly with 
7.5% tartaric acid solution. Discard the paper and residue. 
Cool the filtrate to room temperature and dilute to volume 
with 7.5% tartaric acid solution. Run a blank determina- 
tion through the whole procedure. 

Transfer a suitable aliquot (up to 10 ml) of both the 
blank and sample solutions, containing not more than 
0.25mg of molybdenum, to 125-ml Erlenmeyer flasks. 
Dilute to approximately 15 ml with water and proceed with 
the determination of tungsten as described above. 

If the aliquot taken for analysis contains more than 0.25 
mg of molybdenum, transfer identical aliquots of the blank 
and sample solutions to 60-ml separatory funnels, add 4.5 ml 
of 8M hydrochloric acid and dilute to approximately 25 ml 
with water. Add 2ml of 20% potassium ethyl xanthate 
solution, mix thoroughly, then add 1Oml of chloroform 
and shake for 1 min. Allow the layers to separate, then 
drain off and discard the chloroform layer. Repeat the 
extraction, using 0.3-0.5 ml of xanthate solution and 5 ml 
of chloroform each time, until the chloroform layer is col- 
ourless (Note 5). Transfer the aqueous layer to a 125-ml 
Erlenmeyer flask and heat gently to remove residual 
chloroform. Evaporate the solution to approximately 
15ml, then proceed with the reduction and subsequent 
determination of tungsten as described above. 

Steel. Transfer 0.2-l g of sample to a 400-ml beaker, add 
20ml of concentrated hydrochloric acid, cover and heat 
gently until the sample has dissolved. Add 5 ml of concen- 
trated nitric acid, heat until the destruction of carbides 
is complete, then remove the cover, add 3 or 4 drops of 
concentrated hydrofluoric acid and evaporate the solution 
to dryness to remove nitric acid. Add 5 ml of concentrated 
hydrochloric acid and approximately 25 ml of water to the 
residue and heat to dissolve the salts. Add 30ml of 50% 
tartaric acid solution, cool the solution to room tempera- 
ture and carefully add 25ml of 50% sodium hydroxide 
solution. Cool the resulting solution to room temperature, 
transfer to a 200-ml volumetric flask and dilute to volume 
with water (Note 6). Run a blank determination. 

If the separation of molybdenum is not necessary (i.e., 
less than 0.25mg), transfer suitable aliquots of both the 
blank and sample solutions (Note 7) to 125-ml Erlenmeyer 
flasks and proceed with the reduction and subsequent 
determination of tungsten. 

If the separation of molybdenum is necessary, transfer 
suitable aliquots of both the blank and sample solutions 
to 60-ml separatory funnels, add 5.5 ml of 8M hydrochloric 
acid, dilute to 25 ml with water and proceed with the xan- 
thate-chloroform extraction (Note 8) and subsequent 
determination of tungsten as described above. 
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Notes 

1. Sodium thiocyanate cannot be used in place of potas- 
sium thiocyanate, because a dense white precipitate of 
sodium sulphate forms in the solution. 

2. Because of the high acid content of the solution, some 
salts may precipitate during extraction; this does not inter- 
fere with the extraction of tungsten. 

3. If the blank or tungsten extracts are slightly opales- 
cent, or become opalescent on standing, filter a suitable 
portion of the extract through two dry Whatman No. 42 
filter papers before the spectrophotometric measurement. 

4. Potassium pyrosulphate is not recommended for 
fusion of the sample because of the insolubility of potas- 
sium tartrate, which crystallizes from the final solution on 
cooling and standing. This can cause low results for 
tungsten because of occlusion. 

5. A three-stage extraction with a total volume of 4ml 
of 20% potassium ethyl xanthate solution is sufficient for 
the separation of 5 mg of molybdenum (also 5 mg of 
arsenic, selenium or tellurium). 

6. If a precipitate of hydrous oxides is present, allow 
the suspension to settle before an aliquot is taken for the 
tungsten determination. 

7. If the sample is a high-tungsten steel, further dilution 
will be necessary before an aliquot is taken for the tungsten 
determination. In this case, transfer a suitable aliquot of 
the blank and sample solutions to lOO-ml volumetric 
flasks, add 5ml of 50% sodium hydroxide solution, dilute 
to volume with 75% tartaric acid solution, then proceed 
as described. 

8. If the sample contains nickel, vanadium or cobalt, 
a colourless extract will not be obtained after the complete 
separation of molybdenum. These elements are partly co- 
extracted as xanthates which continue to colour the 
extract. 

RESULTS 

Extraction of the tungsten( V~thiocyanate-diantipyryl- 
methane complex 

Previous investigators 5*6 found that an approxi- 
mately 7M or more hydrochloric acid medium is 
necessary for the efficient extraction of tungsten-thio- 
cyanate ion-association complexes into chloroform, 
following the reduction of tungsten in concentrated 
(12M) hydrochloric acid media with stannous chlor- 
ide’ or with a mixture of stannous and titanous chlor- 
ides6 Because the reduction of tungsten in a more 
dilute acid medium was considered more suitable for 
analytical purposes, preliminary experiments were 
carried out to determine the feasibility of extracting 
the tungsten-thiocyanate-diantipyryhnethane com- 
plex from a sulphuric-hydrochloric acid medium, fol- 
lowing the reduction of tungsten with stannous chlor- 
ide in a 3.6M sulphuric acid-58M hydrochloric acid 
medium, according to the method described by 
Freund et al2 In these tests, thioglycollic acid, which 
is soluble in chloroform, rather than quinol dissolved 
in ethyl alcohol,‘j was added to the chloroform to 
reduce interfering organic peroxides that would re- 
oxidize the tungsten complex. The results of these 
tests, which were carried out in a fluoride medium, 
showed that up to at least 3OOpg of tungsten could 
be quantitatively extracted, in three stages, from an 
approximately 8M hydrochloric acid medium con- 
taining the volume of sulphuric acid recommended 

for reduction by Freund et a1.,2 with 2, 05 and 0.5ml 
of 1% diantipyryhnethane solution. However, the 
extracts become turbid almost immediately after 
filtration and dilution to volume with chloroform 
containing thioglycollic acid. Ethyl alcohol could not 
be used to clarify the extracts because of the instabi- 
lity of the complex in chlorofo=thyl alcohol 
media. It was subsequently found that turbidity can 
be avoided by washing the extracts with 8M hydro- 
chloric acid. Beer’s law is obeyed over the range in- 
vestigated. The absorbance of the complex remains 
constant for at least 24 hr. The molar absorptivity of 
the complex is 1510 l.mole-‘.mm-’ at 404 nm, the 
wavelength of maximum absorption. 

Reduction of tungsten 

Although Freund et aL2 claimed that in 3.6M sul- 
phuric acid-5.8M hydrochloric acid media a 5-min 
heating period at loo” was sufficient for the complete 
reduction of tungsten in pure tungsten solutions, later 
investigators’ found that 3&60 min may be required 
when an appreciable amount of phosphate is present 
in the sample solution. In the present work, approxi- 
mately 30 min are required for solutions containing 
tartaric acid and matrix elements. 

Separation of molybdenum by extraction of its xanthate 
complex 

The interference of molybdenum in the determina- 
tion of tungsten by the thiocyanate method is known 
to be greater in the presence of iron because of an 
interelement effect.1*6*7 To reduce this effect, iron can 
be separated from molybdenum by extraction of its 
chloro-complex into methyl isobutyl ketone7 or iso- 
propyl ether’ before the formation of the tungsten- 
thiocyanate complex. Both molybdenum and tungsten 
can also be separated from iron by chloroform extrac- 
tion of their cc-benzoinoxime complexes.7 In the pres- 
ent work, it was considered that the complete removal 
of molybdenum from tungsten would result in a more 
reliable method, and published data1’-14 on the 
extraction of molybdenum(V) xanthate indicated that 
this method might provide a simple and effective 
means of separating moderately large amounts of 
molybdenum from tungsten. 

Preliminary experiments with tungsten solutions 
(1000 pg) containing tartaric acid showed that at least 
1Omg of molybdenum, depending on the amount of 
potassium ethyl xanthate employed, can be readily 
extracted into chloroform, in three successive stages, 
from 0+3M hydrochloric acid. Extraction at lower 
and higher acidities was not investigated. Complete 
recovery of the added tungsten was obtained in all 
the tests and analysis of the final solutions showed 
that less than 3Opg of molybdenum remained in the 
aqueous phase after extraction. Subsequent work 
showed that, in the range of acid concentration (l+- 
2M) chosen, cobalt, nickel and vanadium are partly 
extracted and arsenic, selenium and tellurium are 
completely extracted as the xanthates. Copper forms 
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Table 1. Effect of diverse ions on the extraction of tungsten 
(200 Pg) 

Dwerse ion taken, W found, Dwerse ton taken. W found. 

me M mg PS 

Fejlii) 50 200 U(w) 10 196 

Mow) 2 213 Nt0’) 10 196 

Mo(Vi) 05 + Fe(II1) 50 220 Zn(lI) 20 197 
Mo(V1) 035 + Fe(lI1) 50 213 Cu(l1) 10 196 

Mo(V1) 030 + Fe(III) 50 206 N@I) 10 199 

Mo(V1) 0 25 + Fe(III) 50 200 Bi(III) 10 198 

Mo(VI) 5 19st Sb(V) 10 199 

Mo(V1) 5 + FefIII) SO 19st A&III) IO 196 

S$IV) 10% 60 Mn(II) 10 200 

Sew) 2 128 Tt(IV) 10 205 

SqVl I f53 zrfrvt 10 I96 

Se(IV) a5 187 Cd(U) 10 197 

S&IV) 0.25 198 Cr(VX) 10 202 

SHIV) 5 2w As(III) 10’ 199 

Co(H) 10 197 Te(IV) IO* 197 

V(V) 10 202 P(V) 10 196 

*Removed, in elemental state, by filtration through 
glass-wool before extraction of tungsten. 

t After x~that~hioroform extraction. 

a bright yellow precipitate, which is insoluble in 
chloroform and remains above the chloroform layer, 
but is decomposed completely during evaporation 
and boiling of the aqueous layer to destroy excess 
of xanthate. 

Effect of diverse ions 

Tests carried out with moderate amounts of col- 
outed ions, common ions and ions that are known 
to interfere in tungsten thiocyanate colourimetric 
methods by forming coloured extractable thiocyanate 
complexes, showed that, for the quantity of each ion 
tested (Table l), none, except molybdenum and 
selenium, interfered in the extraction and subsequent 
determination of tungsten by the proposed method. 
However, up to approximately O-25mg of molyb- 
denum and selenium can be present in the aliquot 
taken for extraction without causing appreciable 
error. It is not known how selenium interferes but 
interference from larger amounts can be avoided by 
separating it from tungsten by xanthate-chloroform 
extraction. Although arsenic and tellurium (also 

selenium) are reduced to the elemental state during 
the reduction of tungsten, interference from these pre- 
cipitated elements during the extraction procedure 
can be avoided by removing the precipitates by 
filtration of the solution through glass-wool before 

Table 2. Recovery of tungsten from synthetic tungsten ore 
samples 

W found, % 

Total W present, In presence After separation 
% of MO of MO 

0.119 0.172 0.168 
0.329 0.326 0.322 
0.579 0.584 0.572 
1.079 1.064 1.056 
2.079 2.040 2.064 
4079 4.064 4+BO 

Ten determinations of tungsten in the ore (TLG-1) by 
the proposed method gave an average result of 0.079% 
(cf: Table 3). 

the extraction of ~n~ten. Large amount of copper 
interfere during extraction because of the precipi- 
tation of cuprous thiocyanate. 

Applications 

The proposed method was applied to the analysis 
of a series of synthetic mixtures of a scheelite ore 
to which 0.5% of molybdenum was added and in 
which the tungsten varied from 0.10 to 4.00%. The 
standard tungsten solution was added to the samples 
just before dissolution of the sodium bisulphate melt. 
It was also applied to standard reference steel samples 
and to the three tungsten ores, CT-l, BH-1 and TLG- 
1, currently undergoing certification for tungsten. For 
each of these ores, tungsten was determined according 
to the directives of the Mines Branch’s Canadian Cer- 
tified Reference Materials Project, i.e., by using five 
subsamples from each of two bottles. The results of 
these analyses are given in Tables 2-4. 

DISCUSSION 

Table 2 shows that the results obtained for the syn- 
thetic scheelite ore samples, containing @5X, added 
molybdenum, agree favourably with the total calcu- 
lated amount of tungsten present, both when tun~ten 
was determined in the presence of molybdenum and 
after its separation by xanthate-chloroform extrac- 
tion. The results obtained (Table 3) for the reference 
ores are in reasonably good agreement with the aver- 

Table 3. ~terminatlon of tun~ten in standard reference ores 

Laboratory At Laboratory Bt Laboratory Ct Ths work 

Sample” 

Average value Standard Average value Standard Average value Standard Average value Standard 

and range. devlatlon, and range, deviation, and range, dwatlon, and range, devtatwn. 

46 w % %W % %W % %W % 

CT-1 
s&e&e ore 

BH-1 
woifram1te ore 

TLC&l 
Scheeltte ore 

1056 (I 019-1~078) 0 020 1018 (@98-i 04) 0023 I.038 (1.01-1~05) OGl5 1041 (1.02.&I 056) Ow9 

0 409 (0.3811)444) 0.018 0,416 (Q412-0420) OGO4 0.439 (0 42-O 46) @OiO a410 (0404-@414) 0.003 

@077 (0069-0~086) OGO6 0.084 (0 077-0089) 0003 0079 (0~07‘&0~082) 0,003 

* The molybdenum contents of CT-I, BH-1 and TLC-1 are 0.032, 0.023 and OO02°/0, respectively. 
t Tungsten determined by a thiocyanate method involving measurement of the anionic complex in aqueous media. 

The average value is the arithmetic mean of 10 values. 
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Table 4. Determination of tungsten in N.B.S. and B.C.S. steels 
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Sample 
Nominal composition, MO, Certified value and W found, 

% % range, % W % 

NBS-5Oa Chromium-tungsten 
steel 

NBS-SOB Tungsten-chromium- 
vanadium steel 

NBS 1OlE Chromium-nickel 
steel 

NBS-123a Chromium-nickel 
steel (niobium-bearing) 

NBS-123b Niobium-tantalum 
stabilized stainless steel 

NBS-134A Molybdenum-tungsten 
high-speed steel 

NBS-153 Cobalt-molybdenum- 
tungsten steel 

NBS-155 Chromium-tungsten 
steel 

BCS-220/l Tungsten- 
molybdenum high-speed steel 

BCS-246 Niobium-molybdenum 
18/12 stainless steel 

BCS-271 Mild steel 
BCS-273 Mild steel 
BCS-281 Low-tungsten steel 
BCS-282 Low-tungsten steel 

0.3 Mn, 0.5 Si, 3.5 Cr, 1.0 V, 
0.1 Cu, 0.1 Ni, 0.04 As 
0.3 Mn, 0.3 Si, 0.1 Cu, 0.1 Ni, 
4.1 Cr, 1.0 V, 0.04 As 
1.8 Mn, 0.4 Si, 0.4 Cu, 9.5 Ni, 
18.0 Cr, 004 V. 0.2 Co 
0.8 Nb, 0.04 V, 0.5 Si, 18.1 Cr 

0.8 Nb, 0.2 Ta, 0.5 Si, 0.05 V 

0.2 Mn, 0.3 Si, 0.1 Cu, 0.1 Ni, 
3.7 Cr, 1.3 V 
0.2 Mn, 0.2 Si, 0.1 Cu, O-1 Ni, 
4.1 Cr, 2.0 V, 8.5 Co 
1.2 &In, 0.3 Si, 0.1 Cu, 0.1 Ni, 
0.5 Cr, 0.02 V 
5.1 Cr, 2.1 V, 01 Co, 0.2 Si, 
0.3 Mn, 0.2 Ni, 0.2 Cu, 0.03 As 
0.8 Nb, 18.8 Cr, 12.1 Ni, 
0.1 cu 
0.1 Cr, 0.1 Sn 
0.1 Cr, 0.2 Cu, 0.1 Sn, 0.05 V 
0.1 Si, 0.1 Mn 
0.1 Si, 0.1 Mn, 0.1 Cr, 0.02 V 

0009 18.25 (18.16-18.34) 18.2 

0401 18.05 (17.95-18.14) 17.9 

0.426 0.056 0.054t 

0.12 0.11* 0.108 

0.17 0.18* 0.182 

8.35 200 (1.97-2.05) 2.03t 

8.38 1.58 (1.54-1.61) 1.55t 

0.039 0.517 (0.508-0.526) 0.517 

5.20 6.86 (6.78-7.00) 6.78 

2.89 022 (0.19-023) 0.223t 

0.19, 0.01, (0~0130019) 0.016 
0.045 0.2g0 (0.271-0.282) 0.287 
0.02 0.70 (0.6&0.73) 0.696 
0.02 1.30 (1.28-1.32) 1.29 

* N.B.S. provisional result. 
t Molybdenum removed by xanthate-chloroform extraction. 

age results hitherto reported in the interlaboratory 2. H. Freund, M. L. Wright and R. K. Brookshier, Anal. 

programme of certification. Also, those obtained for Chem., 1951, 23, 781. 

the National Bureau of Standards and British Chemi- 
3. A. G. Fogg, D. R. Marriott and D. T. Burns, Analyst, 

cal Standards samples of steel are in good agree- 
1970, 95, 848. 

ment with the certified values. The precision of the 
4. W. T. Elwell and D. F. Wood, Analytical Chemistry 

of Molybdenum and YRmgsten, p. 103. Pergamon, New 

results for the ores CT-l, BH-1 and TLG-1 (Table York, 1971. 

3) is superior, in most cases, to that for sets of results 5. H. E. Affsprung and J. W. Murphy, Anal. Chim. Acta, 

obtained by using thiocyanate methods based on 
1964, 30, 501. 

measurement of the anionic tungsten complex. 
6. A. G. Fogg, D. R. Marriott and D. T. Burns, Analyst, 

1970, 95, 854. 
The proposed method is suitable for samples con- 7. A. G. Fogg, T. J. Jarvis, D. R. Marriott and D. T. 

Burns, ibid., 1971. 96. 475. taining up to approximately 6% of tungiten but 
material containing larger amounts can also IX ana- 

8. 

lysed with reasonable accuracy. It is more sensitive 9. 

than the thiocyanate methods mentioned above, con- 
siderably more selective, and reasonably specific as 
far as common ions are concerned. 
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Summary-Potentiometric titration of phenols with sodium methoxide in dimethylformamide, with 
a glass-calomel electrode system, is limited to monohydric phenols substituted with electron-attracting 
groups and dihydric phenols in which the two -OH groups are substituted in isolated bemrene rings. 
Brilliant Orange has proved to be a suitable indicator in the titration of all types of mono- and 
dihydric phenols. Titan Yellow is recommended as indicator for the titration of carboxylic acids. Simul- 
taneous visual titration of --OH and -COOH groups is also described. A detailed study with 62 
structurally different compounds covering the various groups is reported, and a suitable procedure 
for the microdetermination of each class of these compounds with an error of +@2% absolute or 
less is presented. 

Titration of weak acids in dimethylforrnamide (DMF) 
is usually performed potentiometrically owing to the 
lack of a suitable indicator.le3 However, Azo Violet 
and Thyrnol Blue .have been recommended as indi- 
cators for the visual titration of irnides and oom- 
pounds containing active methylene,4 while dithi- 
azanine iodide5 and Bromophenol Red6 have been 
advocated for some phenols and aryl arsenic acids, 
respectively. 

The present investigation was undertaken because 
potentiometric titration with methoxide in DMF is 
not successful with all types of phenolic compounds 
and many of the known indicators, including those 
mentioned above, are not suitable to detect the end- 
points for the various types of phenolic compounds. 
In addition, little is known about the titration of 
dihydric phenols and phenolic acids in non-aqueous 
solvents. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical grade unless otherwise 
specified. Standard sodium methoxide solution (O+IlM), 
was prepared as previously described6 and was standar- 
dized by titration with different weights (4-8 mg) of benzoic 
acid in 20ml of anhydrous neutral dimethylformamide, 
with Brilliant Orange or Titan Yellow as indicator. Meth- 
anolic solutions (0.3% w/v) of the indicators were used. 
Methanol, isopropyl alcohol, and t-butyl alcohol were dis- 
tilled over barium oxide. Benzene and dioxan were kept 
over sodium metal and pyridine over sodium hydroxide 
pellets for 24 hours before distillation under ordinary pres- 
sure. Chloroform was used without purification. DMF is 
commercially available of sufficient purity to require no 
further purification. The solvent is neutralized by the addi- 
tion of 004M sodium methoxide solution to loO_ml ali- 
quots of the solvent until the Brilliant Orange or Titan 
Yellow used as indicator changes its colour (0.3-0.7 ml of 

the methoxide solution is usually needed per 1OOml of 
DMF). 

All phenolic, carboxylic and phenolic acid samples used 
ivere provided as standard compounds with purity not less 
than 98x, and those of unknown purity were purified by 
crystallization repeated several times. 

Apparatus 

Potentiometric titrations were done with a Radiometer 
PHM 22r pa-meter, Radiometer GK 282C/O calomel elec- 
trode filled with saturated potassium chloride in absolute 
methanol, and Radiometer G 202B glass electrode. The 
microtitration vessel and automatic microburette were 
similar to those described by Maurmeyer et aL4 The ion- 
exchange column (25 x 1.2 cm) was made of Dowex 5OW- 
X8 (100-200 mesh) in the hydrogen form. The exchange 
capacity was 1.7m equiv/ml of the wet resin. The column 
was washed with several 20-ml portions of DlM hydro- 
chloric acid followed bv double-distilled water until no 
chloride ion was detected in the effluent and finally by 
20 ml of anhydrous neutral dimethylformamide. 

Procedures 

Determination of phenols and carboxylic acids. Weigh ac- 
curately 3-8 mg of the sample, transfer it to the reaction 
vessel and dissolve it in 10 ml of neutral anhvdrous dimeth- 
ylformamide. Adjust the flow of nitrogen to about 100 bub- 
bles/min. Add 2 drops of Brilliant Orange indicator for 
uhenols or Titan Yellow for carboxvlic acids. Titrate with 
b@U4 sodium methoxide until the colour of Brilliant 
Orange changes from yellow to violet or that of Titan 
Yellow from yellow to orange. 

Both the carboxylic and the phenolic groups in phenolic 
acids are determined concurrently by using Brilliant 
Orange as indicator in one run to determine both types 
of group, and Titan Yellow in a second run to determine 
the carboxyl group. 

Alternatively, use 20 ml of DMF and titrate potentio- 
metrically, with passage of nitrogen during the titration. 
The electrodes should be at least 2mm below the surface 
and about 5 mm apart. 

Simultaneous determination of phenolic ana’ carboxylic 
groups. Weigh accurately 3-8 mg of the sample and transfer 
it to the titration vessel. Dissolve it in 10 ml of anhydrous 
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DMF and add 2 drops of Titan Yellow indicator. Titrate 
with sodium methoxide solution until the indicator 
changes colour. Pass the solution through the cation- 
exchange column and elute with lOm1 of DMF added in 
portions. Add 2 drops of Brilliant Orange indicator to the 
effluent and titrate again with the methoxide solution until 
a violet colour appears. Carry out a blank and calculate 
the --COOH and -OH contents according to the eqna- 
tions: 

%-cOOH=VrxMx45xlOO/W, 

%--OH=(i$--P,)xMx 17x 100/W 

where V, and V, are the volumes of sodium methoxide 
solution consumed in the first and second titrations, re- 
spectively, M is the molarity of the methoxide solution 
and W is the weight of sample in milligrams. 

RESULTS AND DISCUSSION 

Fotentiometric titration. The titration curves for un- 
substituted phenols and those substituted with elec- 
tron-donating groups have no clear inflection at the 
equivalence points (Fig. 1). Phenols substituted with 
electron-attracting groups give titration curves similar 
to those for carboxylic acids (Fig. 2). The shape of 
the curves appears to be related to the acidic beha- 
viour of these phenols. Determination of trinitro- 
phenol, 2,4dmitrophenol, 3,5dinitro+hydroxy-6- 
methoxyquinoline, 2,4,6_tribromophenol, o-nitro- 
phenol, and 1-nitroso-2-naphthol by titration with 
sodium methoxide in DMF, with a gIass-calomel 
electrode system, shows results accurate to +@l% 
with an average recovery of 988%. 

A relationship between the shift in half-neutrahza- 
tion potential and degree of neutralization of these 
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Fig. 1. Potentiometric titrations of: 0 o-aminophenol, 0 
p-chlorophenol, Cl /I-naphthol, l p-benzylphenol and fL 
g-hydroxyquinoline in dimethylformamide with sodium 

methoxide (glass-calomel electrode system). 
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Fig. 2. Potentiometric titrations of: l picric acid, II 2,4- 
dinitrophenol, A 3,5-dinitro-4-hydroxy-Gmethoxyquino- 
Iinc. A 2,4,4-tribromopheno1, 0 o-nitrophenol and 0 l- 
Nitro~-2-naphthol in dimethylfo~amide with sodium 

methoxide (glass-calomel electrode system). 

phenols was obtained by the procedure suggested by 
Streuli7 The half-neutralization potential (HNP) of 
benzoic acid was arbitrarily assigned a value of zero 
and the HNP values of phenols were referred to it 
to obtain AHNP values. This relation illustrates the 
relative acidities of phenols with respect to benzoic 
acid in dimethylformamide. A considerable enhance- 
ment of the acidity of the phenols in DMF is clear. 
There is a linear relationship between pK, (in 
aqueous m~ium) and AHNP values for the phenols 
in DMF. The slope of this line, 6OmV/pK, unit, can 
be used to determine the resolving power of DMF 
as a solvent.* 

Brilliant Orange has a transition interval of SOO- 
65OmV and is suitable for phenols or acids with 
pK, > 3; Titan Yellow has its transition interval at 
35~5~rnV and is suitable for pK, < 5. 

Visual titration. p-Benzylphenol and p-hydroxydi- 
phenyl were titrated in various solvents with sodium 
methoxide, and a great variety of indicators covering 
a wide range of pH. The results obtained show that 
pyridine, dioxan, d~e~ylfo~~ide, isopropyl alco- 
hol, t-butyl alcohol, benzene and c~oroform are not 
suitable as solvents with Thymol Blue, Titan Yellow, 
phenolphthalein, thymolphthalein and Diphenol Pur- 
ple as indicators. However, quantitative neutraliza- 
tion is detected by using DMF as a solvent and Bril- 
liant Orange as indicator. 

To confirm the appli~bility of this indicator, 10- 
50 wale of 20 phenohc compounds of different 
nature were determined and the results are quoted 
in Table 1. The results show an average recovery of 
998% and a mean absolute error of t_O*l%. l- 
Nitroso-2-naphthol, p-aminophenol, m- and p-nitro- 
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Table 1. Microdetermination of some monohydric phenols 
by titration with sodium methoxide in DMF, using Bril- 

liant Orange indicator 

-OH. % 

Sample Calculated Found Recovery. % 

Phenol IN9 

eTetralo1 I I 49 

%-Naphthol II 81 

p-Naphthol 11~81 

p-Chlorophenol 1322 

2.4,6-Tnbromophenol 5 14 

5.7.Dlbromo-S-hydroxyqulnollne 561 

CBromosabcaldehyde 846 

4-Bromophenol 9.83 

o-lcdophenol 7 73 

m-Hydroxybenzaldehyde 13.93 

p-Hydroxybenzaldehyde 1393 

Saltcylaldoxune 1241 

8.Hydroxyqumolme I I.72 

p-Hydroxydlphenyl lOa 

p-Benzylphenol 9 24 

0-C~.%01 1574 

pFluoropheno1 15.17 

2,CDichlorophenol 1049 

Hydroxytenzthmphene I I.33 

I80 99 5 
180 99.5 
II4 99 2 
I I.5 1001 
117 99. I 
118 99.9 
II 8 999 
II.8 999 
132 998 
13.2 99.8 
51 99 2 
51 99.2 
56 99.8 
5.6 99 8 
8.4 99.3 
85 100.5 
97 98 7 
97 98 7 
7.7 99.6 
77 996 

13.8 99 I 
14.0 100.5 
14.0 lOa5 
140 1005 
12.3 991 
12.4 99.9 
Il.6 990 
II 7 998 
9.9 990 
9.9 990 
9.2 996 
9.2 996 

I57 997 
15.7 99 7 
15 I 995 
I52 1002 
I04 991 
104 99 1 
II 3 99 7 
II 3 99 7 

phenols and 2,4-dinitrophenol develop a colour in 
DMF and cannot be determined under these condi- 
tions. o-Hydroxyacetophenone and o-hydroxybenzal- 
dehyde do not show a clear end-point. 

Determination of dihydric phenols 

Potentiometric titration. Curves with practically no 
inflection (jump not exceeding 1OmV) at the equiva- 
lence point are obtained with dihydric phenols in 
which the two -OH groups are in the same benzene 
nucleus or in two benzene rings fused together (e.g., 
catechol, resorcinol and 2,6-dihydroxynaphthalene). 
However, the potentiometric curves of dihydric 
phenols in which the two -OH groups are substi- 
tuted in two isolated benzene rings (e.g., 4,4’dihyd- 
roxybenzophenone, 2,2’dihydroxy-6,6’-dinaphthyldi- 
sulphide, 2,2’dihydroxy4methoxybenzophenone and 
2,2’dihydroxydiphenyl) exhibit one sharp inllection 
point with a jump of 30-3OOmV, corresponding to 
the consumption of one mole of titrant per mole of 
compound. On this basis, determination of lO- 
SOpmole of these compounds gives results with an 
average recovery of 98.9% and a mean absolute error 
of +0.2x. 

Visual titration. Structurally different dihydric 
phenols were titrated with sodium methoxide in 

DMF, with Brilliant Orange as indicator. Com- 
pounds containing two --OH groups in the same 
benzene nucleus (e.g., catechol, resorcinol, 3,5-dihyd- 
roxytoluene, 2,4-dihydroxyquinoline and 2,4-dihyd- 
roxyacetophenone) and those containing two -OH 
groups in two adjacent fused aromatic rings (e.g., 
dihydroxynaphthalene derivatives) quantitatively con- 
sume one mole of methoxide per mole of compound. 
In addition, compounds containing two -OH groups 
in two isolated systems and engaged in intramolecular 
hydrogen bonding (e.g., 2,2’-dihydroxydiphenyl and 
di+naphthol) behave similarly. Results accurate to 
*0.1x absolute with a mean recovery of 99*S% are 
obtained (Table 2). The potentials at half-neutraliza- 
tion (i.e., for titration of one phenol group) fall within 
the transition range for Brilliant Orange. 

These results show that one of the two hydroxyl 
groups in these compounds is active and the other 
one is too weak to be titrated quantitatively in DMF. 
This is in agreement with the finding of other workers 
that compounds having two or more ionizable hy- 
droxyl groups often show a marked difference in their 
degree of ionization;’ one hydroxyl group is lo4 times 
more acidic than the other, as confirmed by methyla- 
tion, and their potentiometric curves are similar to 
those associated with monohydric phenols.7 

However, compounds containing two -OH groups 
which are in two isolated aromatic systems but not 
involved in hydrogen bonding (e.g., 4,4’-dihydroxydi- 
phenyl, 44’dihydroxybenzophenone and 2,2’dihyd- 

Table 2. Microdetermination of some dihydric phenols by 
titration with sodium methoxide in DMF, using Brilliant 

Orange indicator 

-OH. % 

SaIllple Calculated Found* Recovery. % 

Catechol 

3,5-Dahydroxytoluene 
monohydrate 

2,4-Dihydroxyqulnollne 

L4-Dlhydroxybenzophenone 

1.5-Dlhydroxynaphthalene 

2.6-Dlhydroxynaphthalene 

Chromotroplc and 
(dlsodium salt) 

2.2’.Dihydroxydiphenyl 

DI-/J-naphthol 

2.2’-Dlhydroxy-6 : I-. 
dmaphthyldlsulphlde 

4.4’-Dlhydroxyblphenyl 

4,4’-Dlhydroxybenzophenone 

3091 

3091 

23 94 

2086 

16.35 

2125 

21 25 

2125 

9 34 

1828 

I I 89 

971 

IS.28 

1635 

30.7 993 
30-S 996 
309 1000 
309 IcoO 
23 8 994 
23.9 99.8 
207 99.2 
20.8 99.7 
163 99.7 
163 99.7 
21 I 99.3 
21.2 998 
21.2 998 
212 998 
212 99 8 
21.2 99.8 

9.3 99.6 
9.3 996 

18 I 99.0 
182 99.6 
II 8 992 
I I.8 99.2 
97 99.9 
97 999 

182 99.6 
182 99.6 
16.3 99.7 
163 99.7 

*Based on the consumption of one mole of sodium 
methoxide per mole of compound, except the last three 
compounds which cOnstime two moles of methoxide per 
mole of compound. 
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Table 3. Microdetermination of some mono- and dicarboxylic acids by titration with sodium methoxide in 
dimethylformamide 

Actd Calculated 

-COOH. ‘X 
Found. ” 

Thymol Titan Brdbant Drphenol 

Potentiometrtc Bllle Y&W Orange Phenolphth~etn ~~olphthaietn PUIpk 

Benzmc 

o.Methoxybenzos 

p-Chlorobenzox 

BCLIZihC 

3-Nit~phth~lc 

SUCCltX 

M&C 

Tartara, 
monohydrate 

36 89 

29 61 

28.74 

1974 

42.65 

76 27 

67 16 

54 22 

366 
36.7 

29.3 
294 
28 s 

760 
66.9 

669 
53 8 
54, I 

366 367 
36.9 370 
29 3 29 5 
294 29 7 
28 5 28.5 
286 286 
197 196 
198 197 
425 42.7 
426 42-8 

75 8 762 
76 2 765 
67.2 669 
67 2 67 I 
540 54.3 
54 1 54.2 

369 

369 
29.5 
29.6 
28.8 
288 

198 
198 
42.7 
427 

76 I 
763 
670 
67 3 
54. I 
542 

36.9 
370 
29.4 
29.6 

286 
28.7 
199 

I99 
426 
42.7 

758 
76.0 
67 I 
67 I 
54 I 
542 

36.7 367 

36.9 367 

29 8 294 

298 29 5 

28.6 28.5 

28.8 28 6 

196 19.7 

197 19.8 

42.8 425 

426 42.6 

76 I 76-3 

764 76.3 

670 66.9 

67.1 67 2 

539 54.0 

54.0 54.0 

roxy-6,6’-dinaphthyl disulphide) consume two moles 
of titrant per mole of compound, probably because 
these compounds behave as two separate units, owing 
to free rotation around the single bond connecting 
the two isolated systems. The results obtained (Table 
2) show an average recovery of 999% with a mean 
absolute error of &O.l%. Phenolic compounds having 
coloured salts (e.g., hydroquinone, chlorohydro- 
quinone, 1,4-, 1,5-, and l$dihydroxyanthraquinones) 
are not easily titrated under these conditions. 

Potentiometric titration. Titrations of some carbox- 
ylic acids with sodium methoxide in DMF, with 
glass-calomel and platinum-calomel electrode sys- 
tems, show sharp and clear inflections at the equiva- 
lence points with the former electrode system. Dicar- 
boxylic acids show two clearly resolved inflections. 
Determination of some carboxylic acids, with a glass- 
calomel electrode system, shows an average recovery 
of 994% and a mean absolute error of +02x (Table 

3). 
Visual titration. Thymol Blue, Titan Yellow, 

phenolphthalein, thymolphth~ein, and B~lliant 
Orange are suitable indicators for the titration of all 
types of carboxylic acids with sodium methoxide in 
DMF, dioxan, benzene or chloroform, but end-points 
are not detectable when Titan Yellow is used with 
benzene media or Diphenol Purple is used with 
dioxan, benzene or chloroform. Because the salts of 
many carboxylic acids are insoluble in dioxan, hen- 
zene and chloroform, these solvents are excluded and 
DMF is recommended. Determination of some acids 
in DMF, with various indicators, are shown in Table 
3. Titan Yellow is the best indicator for the neutraliz- 
ation point of the -COOH group without interfer- 
ences from the phenolic group. 

Determination of phenolic acids 

Potentiometric titration. Compounds containing 
both carboxylic and phenolic groups (e.g., l-hydroxy- 

2-naphthoic acid, m- and p-hydroxybenzoic acids and 
3,4_dihydroxybenzoic acid) show titration curves simi- 
lar to those of the corresponding carboxylic acids. 
The neutralization of the phenolic group is not indi- 
cated in these curves. Titration of these phenolic acids 
as mono~r~xylic acids shows an average recovery 
of 99.3% and a mean absolute error of &O-2%. 

Visual titration. Because Brilliant Orange proved to 
be a suitable indicator for the neutralization points 
of both -COOH and phenolic -OH groups and 
Titan Yellow for that of the --COOH group, 
attempts were made to determine phenolic acids by 
sequential titration in DMF, using these indicators. 
The results obtained with Brilliant Orange show that 
(i) o-hydroxybenzoic acid consumes one equivalent of 
titrant per mole, probably because of intramolecular 
hydrogen bonding; (ii) m- and p-hydroxybenzoic acids 
consume two equivalents of t&ant per mole, prob- 
ably because the --COOH and ---OH groups are not 
engaged in hydrogen bonding; (iii) 2,3-, 3,4-, and 3,5- 
dihydroxybenzoic acids consume two moles of titrant 
per mole, because of the difficulty in obtaining two 

Table 4. Titration of some phenolic acids with sodium 
methoxide in dimethylformamide, using Brilliant Orange 

and Titan Yellow indicators 

Moles of sodium methoxlde 
consumed pet mole of compound 

Acrd Bdbant Orange Titan Yeflow 

m-Hydroxybenzorc 2w2 loD2 
2ctO3 I #2 

p-Hydroxybenzotc I .998 1003 

2ow? loo0 
2.3sDlhydroxyknzolc 2GO4 0.994 

2w2 0.999 

3,4-Dlhydroxybenzoic I995 I+05 
2-003 I -007 

3.5-5lhydroxy~nzolc 

o.Hydroxybenzotc 

I-Hydroxy-2-naphthotc 

2-Hydroxy-l-naphtholc 

I 989 loo0 
1999 1005 
I.002 it?05 
IGXI IO01 
0.998 0.990 
0 996 0 995 
0993 0 999 
0 989 0 993 
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Table 5. Simultaneous microdetermination of the carboxylic and hydroxylic groups in some phenolic acids by visual 
titration with sodium methoxide in dimethylformamide 

Aad* 

p-Hydroxybenzm 

Calculated, % 

32.61 

XOOH 

Found, % 

32 5 
32.6 

32 5 

Recovery. % 

99.7 
1000 

991 

Calculated, % 

1232 

-OH 

Found, % 

123 
123 

12.3 

Recovery, % 

994 
99.8 

994 

m-Hydroxybenmc 3261 
32 5 997 

326 1000 
32 7 loo3 

12.32 
I22 
12.3 
12.3 

99.0 

998 
998 

29 2 999 220 996 

2,3-Dlhydroxybenzor 29 22 292 999 22 08 22.0 99.6 
29.3 loo3 22 I INI. 

29 I 996 220 99.6 

3,5-Dthydroxybenzoic 2922 29 2 99.9 22.08 22. I loo.1 

29.3 I003 22 2 100.5 

*Two moles of sodium methoxide are consumed per mole of these compounds when Brilliant Orange is used as 
indicator and 1 mole per mole with Titan Yellow as indrcator. 

phenate groups on the same benzene nucleus. On the 
other hand, Titan Yellow does not indicate neutrali- 
zation of the phenolic -OH group (Table 4). 

It is possible, therefore, to determine phenolic acids 
by titration with sodium methoxide in DMF, using 
Brilliant Orange to detect the end-point of the reac- 
tion of both -COOH and -OH groups in one run, 
and Titan Yellow to detect the end-point for the 
-COOH group in another run. 

Trials were also made of determination of the 
--COOH and -OH groups in some phenolic acids 
simultaneously in one run. It was found that this 
could not be done by titrating first with Titan Yellow 
as indicator and then with Brilliant Orange added 
after the first end-point, because the Brilliant Orange 
formed a deep red compound with the alkaline form 
of the Titan Yellow indicator, probably from a coup- 
ling reaction with the latter. It was found, however, 
that addition of a mineral acid to Titan Yellow, or 
passage of the indicator in the alkaline form through 
a cation-exchanger in the hydrogen form produced 
a rearrangement of the indicator” to a form that 
did not interact with Brilliant Orange. The determina- 
tion was thus finally achieved by titrating the 
-COOH group with sodium methoxide in DMF, 
using Titan Yellow as indicator. The reaction mixture 

was then passed through a cation-exchange column 
in the hydrogen form and eluted with DMF. The 
phenolic -OH and -COOH groups were titrated 
in the effluent, with Brilliant Orange as indicator. The 
results quoted in Table 5 show an average recovery 
of 99.9% for both functions in some hydroxybenzoic 
acid derivatives. This procedure, however, is not 
applicable to o-hydroxy acids or phenolic acids hav- 
ing salts which are insoluble in DMF (e.g., 3,4dihyd- 
roxybenzoic acid). 
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Summary-The determination of various 1,Cbenzodiazepines and their metabolites by differential pulse 
polarography is reviewed and compared with that by other methods, and the general applicability of 
the polarographic methods, in terms of simplicity and flexibility, is demonstrated. 

Since the introduction of LibriumTM*, chlordiazepox- 
ide hydrochloride, in 1960, a large number of 1,4- 
bcnzodiazcpine compounds have been investigated as 
tranquili~rs, anti-depres~ts, and sedatives. The 1,4- 
~~~i~~ines sre usually present in trace amounts 
following therapeutic administration because they un- 
dergo extensive biotransformation and/or tissue dis- 
tribution. Many sophisticated analytical procedures 
have been developed,‘-3 such as electron-capture gas 
c~o~to~aphy (E.C.-G.L.C.), ra~o~unoas~y 
(R.I.A.) and s~trofluor~et~, for the detestation 
of these drugs in biological fluids in order to study 
their metabolism and pharmacokinetics. More 
recently polarography has been used to determine the 
l&benzodiazepines in biological fluids. These assays 
are based on the ease of polarographic reduction of 
the 4,5-~ometh~e functional group colon to all 
1Jbenzodiazepines. This polarographic activity was 
first documented by 0elschlager4 and Senkowski et 
cd5 The mechanism of the polarographic reduction 
of this series of compounds has recently been veri- 
fied.6q 

The renaissance of polaro~aphy for the determina- 
tion of drugs in biological fluids is due to the advent 
of commercial instrumentation capable of performing 
sophisticated techniques such as differential pulse 
polarography (D.P.P.) which has superior sensitivity 
and selectivity to dc. polarography.” With D.P.P., 
easily interpretable gaussian peaks are obtained for 
the reduction of the 4,5-~ome~ine group, which can 
be used to determine the compounds with a wn- 
centration limit of 5(rlOOng/ml. In addition, many 
of the 1,Cbenzodiazepines possess other functional 
groups capable of undergoing polarographic reduc- 
tion. Each of the functional groups is reduced at a 
particular potential, depending upon the various sub- 
stituents in the compound and these potentials can 
be used as an aid in identification of metabolites and 

* TM signifies registered trademark. 

to ensure selectivity in an analytical method. The 
technique is suitable for determining blood or plasma 
levels of chlordiazepoxide and its metabolites” fol- 
lowing therapeutic a~inis~ation, and of diazepam 
and its Ndesmethyl metabolite’D following repeated 
administration. D.P.P. can also be used to assay the 
urinary excretion of most l&benzodiazepines follow- 
ing therapeutic or repeated administration. The 
analysis of blood or plasma for all l+benzodiaz- 
epines and their metabolites at levels below 50 ng/ml 
can typically only be performed by employing EC- 
GLCiS3 or RIAi2 . . . . . . 

When concentration is not a limiting factor (i.e., 
it is 2 100 ng/ml) the polarographic determination of 
the intact l+benzodiazepines is usually preferred to 
other more complicated assays which require deriva- 
tive formation. e.g., the s~tro~uo~e~ic determina- 
tions of flt~azepam’~ and chlordiazepoxide14~15 and 
their metabolites. Since polarographic assays are rela- 
tively easy to develop, they can also be used as “inter- 
mediate” blood-level assays in monitoring prelimi- 
nary pharmacokinetic studies on various animal spe- 
cies where doses are typically as high as 5--lOmg/kg 
of body weight, while the more difficult and sensitive 
EC.-G.L.C. or R.I.A. procedures are being developed. 

Polarographic investigations performed on ten 1,4- 
benzodiazepines (Fig. 1, Compounds [I][II-C], [IQ, 
and [w[XJ) have primarily dealt with the mechan: 
ism of polaro~aphic reduction and its apportions to 
the determination of the compound in pharmaceut- 
ical formulations.~g~‘“33 Applications dealing with 
their determination in blood or plasma have for the 
most part not been sufficiently sensitive to measure the 
drug after therapeutic or repeated doses nor capable 
of measuring toxicological levels of the drug unless 
exceedingly large saniples were employed.“~28*34~3s 
Assays for diazepam by D.P.P.36 and cathode ray 
polarography, 37 though of high sensitivity, are not 
able to distinguish between the parent compound and 
its Ndesmethyl metabolite. More recently D.P.P. 

849 
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Fig. 1. l+Benzodiazepines reported in the polarographic literature. 

assays have been reported which are capable of tivity to analyse for the compound following thera- 
determining low levels of chlordiazepoxide and its peutic administration. Spectrofluorimetric assays’4*‘5 
metabolites in plasma, l1 diazepam and N-desmethyl- employing selective extraction, hydrolysis and photo- 
diazepam in plasma, lo lorazepam in urine, 3* and bro- chemical rearrangement to yield fluorescent deriva- 
mazepam,j’ flurazepam4’ and their major metabo- tives have been used to assay chlordiazepoxide and 
lites in urine. An assay has also been proposed for the its two metabolites with a sensitivity of 01-02 @g/ml, 
determination of clonazepam4i following repeated using a 2-ml specimen of plasma. The assay’ 5 is quite 
administration. complicated in that after initial selective extractions, 

This paper will review those polarographic assays 
reported for the determination of the l,Cbenzodiaze- 
pines in biological fluids and will discuss the advan- 
tages and disadvantages of each, compared to other 
methods of analysis. 

Chlordiazepoxide 

Chlordiazepoxide hydrochloride, 7-chloro-2-methyl- 
amino-5-phenyl-3H-l,4-benzodiazepine-4-oxide-hyd~ 
rochloride, [I], marketed as LibriumTM, is extensively 
used as an anti-anxiety drug. The compound is 
metabolized in man to form two major biotransfor- 
mation products detectable in blood, viz. N-desmeth- 
ylchlordiazepoxide [I-A] and demoxepam [I-B] (Fig. 
21. 13,14,42 

Calorimetric assays employing the Bratton- 
Marshall chromophore43A7 and an ultraviolet 
spectrophotometric assay4s have insufficient sensi- 

N-Desmethyldmzewm Demoxepom 

[II-AI Cl-81 

Fig. 2. Metabolism of chlordiazepoxide in man. 
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Table 1. Plasma levels of chlordiazepoxide and its metabo- 
lites following a single 30-mg oral dose 

N-Desmethyl- 
Tune, Chlordiazepoxrde chlordtazepox~de Demoxepam [I-B). 

br cu. !4?w [GA), w;ml w/ml 

1 I.55 005 .m* 
I5 2.39 018 “Ill 
2 212 0.29 nm 
3 I 07 015 ” m. 
4 I 28 026 n m. 
6 1 19 @39 “LTI 
8 097 056 nm 

I2 075 I339 nm. 
24 0 16 a33 nm 
30 Oil 032 
48 006 0 I3 Z+ 
72 ” m. “Ill. 008t 

* n.m. = co.05 /rg/ml for [I] and [I-A], ~0.1 pg/ml for 
[I-B], in a 2-ml sample. 

t Estimated concentration (peak height < 1.0 cm). 

three- separate fractions must be processed simul- 
taneously through different analytical procedures. The 
determination is somewhat cumbersome in that the 
concentration of chlordiazepoxide is calculated from 
the difference between measurements of the sum of 
chlordiazepide and its N-desmethyl metabolite 
and of the ~desmethyl metabolite itself. Electron- 
capture gas chromatography can be used to assay 
chlordiizepoxide and its two major metabolites 
viQ acid hydrolysis to the corresponding benzo- 
phenone,49 and chlordiazepoxide as the intact 
drug. So The latter assay,50 sensitive to levels as low 
as 05 q/ml for chlordi~e~xide in plasma, can 
determine the levels of chlordiazepoxide that follow 
a single 5-mg dose, but does not determine the two 
major metabolites. Studies dealing with the 
mechanism of polarographic reduction4,6*7,9~16-1 * 
and the determination of the compound in pharma- 
ceutical fo~u~tionsz9 have been reported. 

Toxicological assays employing d.c. polarography 
which either determine chlordiazepoxide in an extract 
from 10 ml of sample (blood, urine or gastric con- 
tents) at a sensitivity of 1.0&ml,34 or directly in 
serum diluted with OIM sulphuric acid, at a sensi- 

* Standard deviation. 

tivity of 13 I*g/ml, I7 have been reported. However, 
neither assay can distinguish the parent drug from 
metabolites present. 

A D.P.P. assay” with a sensitivity of O-05-01 fig,’ 
ml and using a 2-ml sample has been employed to 
determine levels of chlordiazepoxide and its metabo- 
lites in plasma following 3@mg single and repeated 
oral doses (Tables 1 and 2). The assay involves selec- 
tive extraction of the compounds into diethyl ether 
from plasma buffered to pH 9.0, followed by thin- 
layer chro~to~aphic separation. The compounds 
are eluted from the thin-layer chromatogram with 
methanol, after evaporation of which the residues are 
dissolved in O.lN sulphuric acid and analysed by 
D.P.P. for the 4,5-azomethine (see Table 3). The over- 
all recovery of chlordiazepoxide and its metabolites 
is 62 f 4”/, (SD.*). The assay is selective by virtue 
of the TLC separation and by the fact that each com- 
pound may be identified by its distinctive peak poten- 
tial (E,). More specific information can be obtained 
by analysis of a full D.P.P. scan (from 00 to - 1.3 
V US. S.C.E.) which shows additional reduction peaks 
for the N,-oxide in all three compounds, and the 1,2- 
~omethine group in c~ordi~epoxide and N-des- 
methylchlordiazepoxide (see Fig. 3). The D.P.P. assay 
has the distinct advantage over the fluorometric 
assay ’ ’ of being able to determine the three com- 
pounds as such without photochemical conversion 
into analytically useful derivatives, and of determining 
each indi~d~lly and thus avoiding the cumbersome 
calculations of the fluorescence assay. 

D.P.P. can also measure diazepam [III and its 
major blood metabolite N-desmethyldiazepam [II-A] 
which are well resolved by TLC from each other and 
from chlordiazepoxide and its two major blood meta- 
bolites [I-A, I-B] (see Table 3). ~-~~ethyldiaze- 
pam [II-A] has recently been identified as a minor 
blood metabolite of chlordiazepoxide, with steady- 
state levels of about @2,ug/ml after continued oral 
administration of 30mg of Librium’rM.51 The simul- 
taneous assay of these five compounds is useful in 
toxicological analysis when the ingestion of both 
LibriumTM and ValiumTM is suspected. 

Table 2. Plasma levels (&ml) of chlordiazepoxide and its metabolites following repeated administration* 

Interval Chlordiazepoxide N-Desmethylchlordiazepoxide Demoxepam 
Day after dose, I31 U-AI WI 
No. hr D.P.P. Fluor. D.P.P. Fluor. D.P.P. Fluor. 

22 1 1.65 1.42 0.41 0.33 0.43 0.42 
22 2 l-63 1.46 0.41 0.29 0.46 042 
26 1 1.45 1.36 0.40 0.32 0.50 0.48 
26 2 1.28 1.18 0.33 0.26 0.53 049 
30 1 I.57 1.48 0.35 0.33 0.49 0.48 
30 2 1.58 l-3.5 @37 0.32 0.50 055 
34 1 1.43 150 0.31 0.26 a43 052 
34 2 1.33 1.35 0.41 O-27 0.46 0.47 
36 : 1.34 1.41 0.36 0.28 0.40 @48 
36 1.23 1.23 0.37 0.27 0.41 0.62 

*The subject received lo-mg oral doses three times a day for 21 days, and a single 30-mg oral dose once a day 
thereafter. Plasma was obtained 1 hour and 2 hours after the dose. 
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Table 3. T.L.C. and D.P.P. parameters for the assay of 1,4-benzodiazepines 

Designation Compound T.L C system Rf 

supportmg E,. V us. S C.E 
electrolyte (4.5.azomethme) 

PI 
R-AI 
8-W 
UII 

[II-A] 

f:::;; 

[II-C] 

‘,::‘; 

[VII-C] 

[VII-D] 

[VII-E] 

Chlordiipoxide 

N-Desmethykhlordtszepoxide 

Dcmoxepsm 
D~azepam 
N-Dwncthyldiazepam 

N-Desmethyldmzepam 

3.Hydroxydwepam 
OX8Zepam 

Lorazcpam 
7-Ckloro-1,3dihydro-5-j2’-chlorophenyl>2H-I. 

4-~~~~pi~-2~n~ 

Bromazepam 

3-Hydroxybromazepam 
Z-Ammo-5-bromobenzoylpyrKllne 

3.Hydroxy-S-bromobenoylpyridlne 

Flurazepam 
Monodaethylflurazepam 
Didesetkylflurazepam 
Hyd~xyctkylBur~epam 

N-~~~yl~ur~~rn 
N-Desalkyl-3-hydroxyflurazepam 
N-I-Flurazepam-acetic and 

Cl0WUepalll 
3-Hydroxyclonazepam 
7.Amino-5-(Z-chlorophenyl)-l,3-dikydro-ZH-1,4- 

benzodtazepm-2.one 
3-Hydroxy-7-ammo-S-(2-cklorophenyl)_1.3-dthydro- 

ZH-l,~~~~iazep~n-Z~one 
7-Aaiam~do-5-(2-chlorophenyl~lJ-dtkydro-2H-l, 

4-benzcdlazepm-z-one 
3-Hyd~xy-7-acetam~do-S~(2-chlorophenyl)-l,3- 

dihydro-2H-l.4-benzodlazepin-2-one 

(1) 
(1) 
11) 
(1) 
(1) 

(2) 
(2) 
(2) 
- 

- 
- 

(3) 
(4 
(3? 
(3) 

(3) 
(31 
- 

(4) 
(4) 

(4) 

f4) 

(4) 

(4) 

020 
0.05 
032 

057 
0.44 

044 
0.56 
@33 

049 
023 

a34 
0.75 

081 
066 
- 

068 
0.26 

048 

0 I5 

O-32 

008 

T.L.C. systems 
(1) Quantum Q4F chromatoplate; CHCl,:acetone (60:40). 
(2) Brinkman Silica Gel 60 chromatoplate; CHCl,:CHsOH (90:10). 
(3) Quantum Q4F chromatoplate; (a) benzeneCH,OH:HAc (9O:lO:lO~ 

(b) a~ton~NH~OH (cone.} (100:0~5). 
(4) Brinkman Silica Gel G chromatoplate; benzene:n-propranol:NH,OH (cow.) (80:20:1). 

Supporting electrolytes 
(1) O.lN HaSO,. 
(2) O.lN HCl. 
(3) 1M phosphate buffer @H 55). 
(4) 1M phosphate buffer (pH 4.0). 

ChlordtOzePOxfd 

11) 
(1) 
(1) 
(1) 
(1) 

(1) 
(1) 
(1) 

(2) 

V-1 

(3 
(3) 
(3) 
(3) 

(4) 

(4) 
(4) 
(4) 

(4) 
(4) 

(4) 

(2) 
(2) 

(2) 

(2) 

(2) 

(2) 

-06CKt 

-0590 
-0640 

-0640 
-0645 

-0.645 
-0665 
-0-660 

- 0.620 

-0645 

-0535 

-&55S 
-0630 
-0635 

-0800 
-@780 
-0785 
-0815 

-0.785 
-@830 

-0825 

-0 575 

-0 57s 

-0580 

-0580 

-0640 

-1362.5 

I I I 1 I I I I I I I , I 1 
0 -0 200 -0 400 -0 600 -o+oo -I a00 -1.200 

Potential, Volts vs. SCE. 

Fig. 3. D.P.P. of chlordiazepoxide and its metabolites in 0.1 N H#&. 
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Diazepam 

Diazepam, 7-chloro-lJ-dihydro-1-methyl5phenyl- 
2H-I$benzodiazepin-2-one, [II], is a psychothera- 
peutic agent which is the active ingredient in 
ValiumTM. The major metabolic pathways are 
demethylation and hydroxylation, yielding N-des- 
methyldiazepam, [II-A], a major blood metabolite, 
and glucuronides of N-desmethyldiazepam, 3-hydroxy- 
diazepam (temazepam), [II-B], and oxazepam, [II- 
C], the major urinary metabolites (Fig. 4).52 

Gas chromatographic assays for the determination 
of diazepam and its N-desmethyl metabolite in blood 
have been reported, the flame-ionization detector 
being used for toxicological analysis” and the elec- 
tron-capture detector for measuring therapeutic levels 
following single and repeated administration.49*5”56 
E.C.-G.L.C.49*54 and R.I.A.” are the only methods 
capable of determining both diazepam (the peak 
levels of which range from 01 to @2,uglml) and the 
N-desmethyl metabolite (the steady-state levels of 
which are less than 0.03 pg/ml) in blood following 
therapeutic administration.57 

Studies dealing with the polarographic reduction 
mechanism”9*19*20 and the determination of diaze- 
pam in pharmaceutical dosage forms29*30 have been 
reported. Toxicological assays employing d.c. polaro- 
graphy with sensitivity limits of 1 &ml for lo-ml 
samples of blood,34 and with a sensitivity limit of 
2O&ml for cadaver blood diluted with supporting 
electrolyte35 have been reported. Assays employing 
D.P.P.36 and cathode ray polarography3’ which are 
capable of determining diazepam levels as low as 
0~02~05clg/ml have also been reported. However, 
neither assay determines the N-desmethyl metabolite, 
which is only extracted to a small extent by the non- 
polar solvents employed (benzene3’j and petroleum 
ether3’). It is present in significant quantities several 
hours after single oral administration and in approxi- 
mately equal concentration to diazepam itself (Ol- 
@2 pg/ml) after repeated administration.57 In toxi- 
cology, it is important to assay this metabolite, the 

D~ozepom till N-DesmethyldlozspamtD-bll 

3-Hydroxydlazepam[U-Bl 

Fig. 4. Metabolism of diazepam in man. 

Table 4. Plasma levels of diazepam and its major metabo- 
lite determined by differential pulse polarography follow- 
ing the suspected ingestion of about l.Og (one hundred 

lo-mg ValiumTM tablets) of the drug 

Date 
Diazepam, 

&nl 

N-Desmethyl 
metabolite, 

&ml 

21 October 7.0 1.2 
22 October 3.4 1.4 
23 October 3.6 1.7 
24 October 3.0 1.9 
25 October 3.0 3.1 
26 October 2.3 2.8 
27 October 1.3 2.0 
28 October 0.4 1.6 
29 October 0.4 1.2 

concentration of which may be several times that of 
the parent compound, depending on the time interval 
between ingestion and sampling. Therefore, even if 
analysis shows therapeutic quantities of diazepam, an 
overdose is still a possibility, because most of the N- 
desmethyl metabolite will not be extracted.36,37 

A D.P.P. assay which determines both diazepam 
and its N-desmethyl metabolite in blood with a sensi- 
tivity of approximately O-4 &ml and employs extrac- 
tion with a more polar solvent and a thin-layer chro- 
matographic separation, has been reported.” Recent 
work has indicated that by use of plasma and the 
assay described for chlordiazepoxide” (see Table 3) 
a much cleaner extract is obtained, resulting in an 
increased sensitivity limit of O-050*1 &ml for each 
compound. Thus the assay is capable of determining 
the levels of diazepam arising after lO-mg single 
administration, and of both the parent drug and the 
metabolite with the necessary selectivity for toxicolo- 
gical or therapeutic examination. The overall recovery 
is 80 f 5.0% (SD.). The utility of the assay was 
demonstrated in the determination of levels of diaze- 
pam and N-desmethyldiazepam in a subject who was 
suspected of having ingested about 1.0 g of diazepam 
(one hundred lO-mg ValiumTM tablets), see Table 4. 
The assay is rapid and relatively easy to perform. 
However, therapeutic levels following single or 
repeated administration are determined, the levels of 
drug and metabolite approach the sensitivity limit of 
the assay and it is therefore preferable to use the more 
sensitive E.C.-G.L.Cs4 or R.1.A.” 

A modification of the spectrophotometric assay for 
chlordiazepoxide 43 has been used for determining uri- 
nary levels of oxazepam [II-C], N-desmethyldiaze- 
pam [II-A] and 3-hydroxydiazepam conjugates [II- 
B] following administration of diazepam. These three 
metabolites account for approximately 25-300/, of the 
dose administered.52 

A D.P.P. assay using a TLC separation step can 
be employed to determine oxazepam, N-desmethyl- 
diazepam and 3-hydroxydiazepam after they have 
been split off from their conjugates. The assay in- 
volves incubation of a urine sample at pH 5.3 with 
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Fig. 5. Metabolism of compound [IV] to lorazepam and its further metabolism in man.63 

the enzyme glusulase, adjustment of the pH to 9.0, 
extraction of the three compounds into ethyl acetate, 
and TLC. The compounds are eluted with 95% meth- 
anol, the solution is evaporated to dryness and the 
~orn~un~ are dissolved in 2ml of @lN sulphuric 
acid and determined by D.P.P. for reduction of the 
4,Sazomethine group (see Table 3). The recovery of 
oxazepam and Ndesmethyldiazepam is approxi- 
mately 90”/ whereas the recovery of 3-hydroxydiaze- 
pam is approximately 60%. The assay has a sensitivity 
limit of approxi~~ly O=ZW50 @g/ml (I-ml sample), 
and can be used to monitor the urinary excretion 
of the three compounds following therapeutic doses 
of diazepam. 

Two recent papers have reported use of polarogra- 
phy for studying the urinary metabolism of diazepam 
in mai?* and to identify and determine the biliary 
metabolites of diazepam in the rat.59 In both assays 
the urinary metabolites are converted into their res- 
pective aminochloro- and methylaminochlorobenzo- 
phenones and their sum is determined polarographi- 
tally via the total benzophenone peak. The results 
are comparable to those obtained by analysing the 
separated benzophenones by gas chromatography 
with a flame-ionization detector.” 

Oxazepam 

Oxazepam, 7 - chloro - 1,3 - dihydro - 3 - hydroxy - 5 - 
phenyl-~-l,4-~~odi~ep~-2-o~e [II-C] (as a glu- 
curonide), is the major urinary metabolite of diaze- 
pam (Fig. 4). Oxazepam possesses anti-anxiety acti- 
vity and is the active ingredient in SeraxTM. The 
determination of oxazepam in blood involves E.C.- 
G.L.C. determination of its acid hydrolysis product, 
2-amino-5~hloro~nzophenone.40,6’ 

A modified spectrophotome~ic assay43 can be used 
to determine oxazepam glucuronide following 
administration of oxazepam. A D.P.P. assay similar 
to that previously described for the analysis of the 
urinary excretion of diazepam, but excluding TLC 
separation, can be used for the determination of OX- 
azepam in urine. 

brazepam 

Lorazepam [III] (Fig. 5), the 5-(o-chlorophenyl) 
analogue of oxazepam, is a sedative which is effective 
at relatively low doses. It is also the major urinary 

metabolite of the compound 7-chloro-1,3-dihydro-5- 
@‘-chlorophenyl)-2H-1,4-benzodiazepin-2-one ([IV], 
Fig. 5).‘j3 Blood levels of compound DV]38,62 and 
lorazepam 63 following therapeutic a~inis~ation can 
only be determined by E.C.-G.L.C. Lorazepam glu- 
curonide is the major urinary metabolite in man after 
the oral administration of either compound. A spec- 
trophotometric assay has also been employed to 
determine lorazepam in the dog after the 
adm~istration of compound [IV& with a sensitivity 
of @5 pg/ml.62 

The mechanism of polarographic reduction of lor- 
azepam has heen studied6 and polarography used for 
automated determination of lorazepam in pharma- 
ceutical dosage forms. 33 A D.P.P. assay has been 

I I>C;N,-1 
HO.620 

I 

Potent~al:volts vs fCE, 

Fig. 6. D.P.P. of lorazepam in O*lN HCl supporting elec- 
trolyte. (A) control urine blank, (B) authentic reference 
standard, (C) authentic standard recovered from urine, 
(D) patient’s urine fraction taken in first 6 hr after dosing. 
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Table 5. Urinary levels of [IV] and its metabolite, lorazepam glucuronide, in man 
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Excretion 
period, 

hr 

Subject 1 Subject 2 

Total Total Total Total 
excreted as excreted as excreted as excreted as 
WI*, KY mt, KY cIVl*. W Cwt~ w 

Subject 3 

Total Total 
excreted as excreted as 
cw+> i4I cmt, KI 

M 1.94 16.5 1.01 14.8 1.49 30.8 
6-12 1.86 27.2 2.46 35.0 0.79 44.1 

12-24 2.95 75.5 3.54 81.6 0.99 41.8 

* Determined by E.C.-G.L.C. as free or directly extractable drug. 
t Determined by differential pulse polarography after hydrolysis with glucuronidase-sulphatase. 

reported which can determine urinary lorazepam glu- 
curonide in the range of 1.50-200 ng, in a 5-ml sample, 
after oral administration of [I], with an overall recov- 
ery of 65 + 50% (S.D.). 3* The urine specimen is 
extracted at pH 9.0 with diethyl ether to remove com- 
pound [IV] and free lorazepam, which are then deter- 
mined by E.C.-G.L.C. The specimen is then incubated 
with glusulase to split off lorazepam as described for 
diazepam. Lorazepam is extracted into diethyl ether 
at pH 9.0, the ether evaporated off, the residue dis- 
solved in 100 ~1 of methanol, mixed with 2 ml of OlM 
hydrochloric acid, and analysed by D.P.P. for reduc- 
tion of the 4,5azomethine group (Table 3 and Fig. 
6). The assay has higher sensitivity and selectivity 
than the spectrophotometric assay,62 since it does not 
require formation of a derivative (the Bratton-Mar- 
shall chromophore). It was used to analyse the uri- 
nary excretion in man of lorazepam glucuronide fol- 
lowing a 4-mg oral dose of compound [IV] (Table 

5). 

Bromazepam 

Bromazepam, 7-bromo-1,3-dihydro-5-(2-pyridyl)- 
2H-1,4-benzodiazepin-2-one (Fig. 7, Compound p]), 

is of clinical interest as an anti-anxiety agent. Meta- 
bolic studies6”66 showed that the compound was 
transformed via hydroxylation and hydrolysis into 2- 
amino-5-bromobenzoylpyridine F-B] and glucur- 
onides of 3-hydroxybromazepam F-A] and of 2- 
amino-3-hydroxy-5-bromobenzoylpyridine IT-Cl. 
Blood levels of bromazepam were determined by 
E.C.-G.L.C. with a sensitivity of $lOng/ml of blood 
following the administration of a 12-mg oral dose.39 
The analysis of the urinary excretion is more compli- 
cated, measurable levels of bromazepam, 3-hydroxy- 
bromazepam and the two benzoylpyridines requiring 
differential extraction procedures to separate the un- 
bound from the bound fractions. 

D.P.P. of bromazepam in pH 5.5 phosphate buffer 
gives three reduction peaks at -0565, - 1.280, and 
- 1.350 V vs. S.C.E., the first due to the reduction 
of the 4,5azomethine group and the other two to 
reductions of the pyridyl substituents. An assay was 
reported39 which determines the urinary excretion of 
bromazepam and its metabolites by using the reduc- 
tion peaks of the 4,5-azomethine group of bromaze- 
pam and 3-hydroxybromazepam, and that of the car- 
bony1 group of the two benzoylpyridines. The assay 

Hydroxylotion 

Bromorepam [VI 

I 

Enzymatic hydrolysis 

(Glucuronlde) N-AI 

Enzymot~c 

I 

hydrolysis 

?H 

Br Hydroxylation 

CV-BJ (Glucuronide) [V-Cl 

Fig. 7. Metabolism of bromazepam in man and in dog. 
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Fig. 8. Differential pulse polarograms of (a) bromazepam [V], and the aminobromobenzoylpyridine 
metabolite [V-B], and (b) the 3-hydroxy metabolites [V-A] and [V-C] obtained in l.OM pH-55 phos- 
phate buffer as the supporting electrolyte. (A) Control urine blank, (B) authentic standard mixture, 

(C) authentic compounds recovered from urine. 

employs selective extraction of bromazepam and fl- 
B] with diethyl ether from urine buffered to pH 9.0, 
followed by incubation with glusulase at pH 55 to 
split off 3-hydroxybromazepam and 2-amino-3-hyd- 
roxy-5-bromobenzoylpyridine from their conjugates. 
The pH of the sample is then adjusted to 7.75 and 
these two compounds are extracted into diethyl ether. 
The residues from evaporation of the respective 
diethyl ether extracts are dissolved in l@f phosphate 
buffer (pH 5.5) and analysed by D.P.P., which yields 
two distinct peaks for the 1,4-benzodiazepin-2-one 
and the benzoylpyridine component in each fraction 
(see Table 3 and Fig. 8). The overall recovery of bro- 
mazepam and F-B] is 80 + 5% with sensitivity limits 
of 100 and 50ng/ml of urine, respectively, while the 
recovery of 3-hydroxybromazepam and 2-amino-3- 
hydroxy-5-bromobenzoylpyridine is 45 f 5% with 
sensitivity limits of 100 ng/5 ml of urine analysed. The 
assay was employed to analyse urinary excretion fol- 
lowing the administration of single 12-mg oral doses 
(Table 6). The assay is not sufficiently sensitive to 
determine blood levels after the same dose. 

Flurazepm 

Flurazepam hydrochloride, 7chloro-1-(2-diethyl- 
aminoethyl)-5-(2’-fluorophenyl)-1,3-dihydro-2H- 1,4- 
benzodiazepin-2-one-dihydrochloride, WI], the active 
ingredient in DahnaneTM, is a hypnotic used for the 
treatment of insomnia. Studies on the biotransforma- 
tion of flurazepam6’ showed that it was extensively 
metabolized in man to the desethyl PI-A] and dides- 
ethyl [VI-B] metabolites, the hydroxyethyl [VI-C], 
N-desalkyl PI-D] and the N-desalkyl-3-hydroxy 
PI-E] metabolites (Fig. 9). In addition, both com- 
pounds PI] and PI-C] were metabolized exten- 

sively in the dog to an acidic compound PI-F] by 
the oxidation of the alcohol side-chain to a carboxylic 
acid. 

A spectrofluorimetric methodi for assaying blood 
levels and urinary excretion of flurazepam and its 
metabolites which involves selective extraction, acid 
hydrolysis and cyclization to form highly fluorescent 
9-acridanone derivatives has been reported. The assay 
has a sensitivity limit of 3-long/ml for each com- 
pound (in a 4-ml blood sample) and higher sensitivity 
limits in urine, which are sufficient to measure blood 
levels and urinary excretion following therapeutic 
administration. The assay, however, is time-consum- 
ing and complicated. 

An EC.-G.L.C. assay has recently been reported,40 
which determines flurazepam and its major blood 
metabolites (hydroxyethyl-, N-desalkyl- and N-des- 
alkyl-3-hydroxy-flurazepam) following therapeutic 
administration. These two assays13v4’ are the only 
procedures reported capable of determining the low 
levels of flurazepam and its metabolites (250 ng), 
which are typical after single and repeated oral 
administration of flurazepam. Two D.P.P. assays are 
also described;40 the first for the analysis of urinary 

Table 6. Bromazepam and its major urinary metabolites 
in man, determined by differential pulse polarography 

Fractmn of dose, %. 
excreted m 12 hr as Recovery 

Subject [VI [V-A] [V-B] [V-C] mg 9: of dose’ 

I 25 226 035 46.6 8.65 72 I 
19 27 8 075 299 6.9 I 576 
18 34.8 0.21 39.5 9 19 766 

* Dose was 12mg. 
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Fig. 9. Flurazepam and its major biotransformation products in man and dog. 

excretion of flurazepam following therapeutic 

administration, and the second for toxicological 

studies. 
The toxicological assay which determines “total” 

henzodiazepines is a rapid diagnostic tool for the con- 
firmation of drug ingestion and to obtain an estimate 
of the amount of drug ingested. In this assay, 01 ml 
of urine. is diluted with 19Oml of 1M phosphate 
buffer (pH 7*0), and analysed by D.P.P. for the reduc- 
tion of the 4,5azomethine group. The peak for total 
benzodiazepines [at (- p955 V us. S.C.E.] is measured 
and gives a sensitivity of 5 &ml of urine. This sensi- 
tivity is sufficient to confirm the ingestion of fluraze- 
pam, since 3WA of the dose is usually excreted 
in the urine in the first 24hr excretion period.‘3*67 

The specific determination of the urinary metabo- 
lites of flurazepam by D.P.P. analysis employs a 5-ml 
urine sample which is extracted with diethyl ether at 
pH 11 to remove the free metabolites PI-VI-C]. The 
urine sample is then incubated with glusulase to split 
the glucuronide of the hydroxyethyl metabolite FI- 

C] (the major urinary metabolite), and the PI-Cl 
is then extracted into diethyl ether after pH adjust- 
ment to 9.0. The metabolites in the first extract are 
separated by TLC, dissolved out with 95% methanol, 
and the residues from evaporation are analysed by 
D.P.P. in 1M phosphate medium at pH 4 (see Table 
3). The residue from evaporation of the second diethyl 
ether extract containing the hydroxyethyl metabolite 
is dissolved in pH 4Q buffer (1M phosphate) and ana- 
lysed directly by D.P.P. The assay was applied to 
determine the urinary excretion of flurazepam in man 
following a single 90-mg oral dose (Table 7). Results 
indicated that the desethyl PI-A] and didesethyl 
PI-B] metabolites were the major components in the 
non-conjugate fraction, accounting for 415% of the 
dose, and that flurazepam and metabolites PI-Q 
PI-D] and PI-E] accounted for less than 0.5% of 
the dose. The hydroxyethyl metabolite PI-C] in the 
conjugate fraction accounted for approximately 30”/, 
of the dose. The data are in good agreement with 
14C studies.67 The D.P.P. assay has an advantage 

Table 7. Urinary excretion of flurazepam and its major metabolites in 24 hr by humans who received single oral 
90-mg doses of DalmaneTM [ = 75.8 mg of flurazepam (free base)] 

SubJeCt 
Compound 
measured 

Eqwalent amount 
of Rurazepam, mg 

Fractron of 
dose 

excreted 70 
Dwect assay for 

total benzcdiazepines % 

I Free [VI-A] @I7 035 
[VI-B] I.14 2.75 

COllJUgate [VI-C] 9.30 22 s 

2 Free [VI-A] I.83 226 
[VI-B] 6.57 8.78 

CO,,JU@te !?I-Cl 18 1 24.3 

3 Free [VI-A] 2.14 I73 
W-W II.4 995 

COtlJU@3te [VI-C] 258 226 

03 
3.6 

29;1 
Total 33.8 42 2 

3.0 
II6 
&I 

Total 46.7 502 
23 

13.1 
m 

Total 452 

The sum of the amounts of flurazepam [VI] and metabolites [VI-C], lJ’I-D] and l’VI-E] in the directly extractable 
(non-conjugate) fractions yielded a total of 0440/ 0.36% and 0.54% for subjects 1, 2 and 3, respectively. 
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Fig. 10. Metabolism of clonazepam in man. 

over the spectrofluorimetric assay13 in being able to 
determine flurazepam and its metabolites as the 1,4- 
benzodiazepines themselves without time-consuming 
conversion into derivatives. The D.P.P. assay can also 
determine the desethyl and didesethyl metabolites of 
flurazepam which could not be determined by the 
spectrotluorimetric assay because of non-reproducible 
derivative formation. 

Clonazepam 

This compound, 7-nitro-5-(2_chlorophenyl)-1,3- 
dihydro-(2H)-1,4-benzodiazepin-2-one, PII], is under 
investigation as an antiepileptic drug for the control 
of minor motor seizures, at doses of l-2mg daily. 
Clonazepam undergoes biotransformation via reduc- 
tion, acetylation and hydroxylation to yield five meta- 
bolites68 (see Fig. 10). E.C.-G.L.C. assays which mea- 
sure the clonazepam as such,69 as its benzo- 
phenone,41 and as its N-l-methyl derivative7’ have 
been reported. These assays all give sensitivities of 
1 rig/ml of blood. 

A D.P.P. assay4r was proposed for the determina- 
tion of clonazepam and its five metabolites in urine, 
based on the ease of reduction of the 4.5azomethine 
group (Fig. 11). Clonazepam and 3-hydroxyclonaze- 
pam (Fig. 10, Compound VII-A) also yield additional 
peaks for the reduction of the nitro-group. The meta- 
bolites, which are found mainly in the unbound form, 
are directly extracted into ethyl acetate from urine 
buffered to pH 9.0. The residue from evaporation of 
the ethyl acetate extract is separated by TLC and 
eluted into methanol. and the residue from evapo- 
ration of this solution is dissolved in 4ml of @lM 
hydrochloric acid and analysed by D.P.P. reduction 
of the 4,Sazomethine group (Table 3). The sensitivity 
limit of the assay is O~S0.75 &ml for each com- 
ponent (5ml of urine analysed). The assay was 
applied to the determination of urinary excretion of 
clonazepam following a single 2-mg oral dose. How- 

ever, metabolites PII-B], PII-C], [VII-D] and 
FII-E], which were detectable on the TLC plate (un- 
der short-wavelength ultraviolet light), could not be 
determined, because they were present in con- 
centrations below the sensitivity limit of the assay. 
With use of the modtied polarographic cell of smaller 
volume1o and with elution solvents containing 5% 
water, such as used in the flurazepam assay,40 it is 
expected that the sensitivity limit can be lowered to 
0.1 pg/ml and that the levels found after 2-mg oral 
doses will be measurable. 

i\ 
Cone Spg/mlof DIN HCI 

, \ 
=25pg of compound 

Ronge*5fiAfull scale 

-0,100 -0300 -0.600 -0900 -I~lCO 

Potentlol. volts “S !iCE 

Fig. 11. D.P.P. of clonazepam and its metabolites in 0.1 
N HCl. 
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Nitrazepam Conclusion 

Nitrazepam (Fig. l), 1,3-dihydro-7-nitro-5-phenyl- 
2H-l+benzodiazepin-2-one, yVIII], is a hypnotic and 
sedative which is the active ingredient in MogadonrM 
and is marketed in Europe. Calorimetric” and spec- 
trophotometric72 assays have been reported but are 
only adequate when high levels of the drug are pres- 
ent. A highly sensitive and specific spectrofluorimetric 
assay capable of determining levels of nitrazepam and 
its two major metabolites with a sensitivity of 001s 
O-025 lug/ml of plasma or urine has been reported.73 
E.C.-G.L.C. analysis has been used to determine 
blood levels of nitrazepam in the OQO1-O%J5 @ml 
range, employing hydrolysis to the 2-amino-5-nitro- 
benzophenone74 and the formation of the N-l-meth- 
ylnitrazepam derivative.70,75 These methods of 
assay 70,73-75 are the only ones sufficiently sensitive 
for determination of the drug following therapeutic 
administration. 

Polarographic studies on the reduction mechanism 
of nitrazepam5s6,g*2”28 and its metabolites7~g,76 and 
on the determination of nitrazepam in pharmaceutical 
formulations26 have been reported. Polarography 
has also been used to determine nitrazepam and its 
metabolites following TLC separation.76 A d.c. polar- 
ographic method has been employed to analyse levels 
of nitrazepam in the range O+SO~g/ml directly in 
serum.28 The half-wave potential was -051 V us. Ag/ 
AgCI. The assay cannot determine therapeutic levels 
of the drug, but may be useful for the analysis of 
“total” benzodiazepines (nitrazepam and metabolites) 
in toxicological situations. A D.P.P. assay has not 
been reported, the blood levels following therapeutic 
administration being too low to be determined by 
this technique, but urinary excretion may be deter- 
mined by using the assay described for clonazepam.41 

Polarography and, in particular, differential pulse 
polarography, has been demonstrated to be an excel- 
lent analytical method for the determination of 1,4- 
benzodiazepines in biological fluids. Polarography is 
of clinical utility because it possesses greater sensi- 
tivity than spectrophotometric assays, and compar- 
able sensitivity to most spectrofluorimetric methods 
and gas-chromatographic assays based on use of the 
flame-ionization detector. The method does not, how- 
ever, possess comparable sensitivity to electroncap- 
ture gas chromatography or radioimmunoassay. The 
technique in its present stage of development is ex- 
tremely useful for simple and rapid measurement of 
urinary excretion of all the marketed 1,4-benzodiaze- 
pines. It is extremely useful when blood or plasma 
levels of the 1Pbenzodiazepines and their metabolites 
are in the range 50-lOOng/ml or higher as in toxico- 
logical situations. It is particularly useful in preclini- 
cal studies on animal species where relatively high 
doses (> 1 mg/kg of body weight) are usually adminis- 
tered, and also as an ancillary technique in metabolite 
identification. 
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Medazepam 

Medazepam (Fig. l), 7-chloro-2,3-dihydro-l- 
methyl-5-phenyl-lH-l+benzodiazepine, [IX], is mar- 
keted in Europe as NobriumTM, an anti-anxiety agent. 
Blood and urine levels of the parent compound and 
its metaboiites N-desmethyhnedazepam, diazepam, 
and N-desmethyldiazepam77 are determined by E.C.- 
G.L.C. assays4 with a sensitivity limit of 40-50 r&ml, 
which is sufficient to monitor the drug after thera- 
peutic administration. Polarographic investigations 
have dealt with the mechanism of reduction and the 
determination in pharmaceutical dosage forms.24 
Since the urinary excretion is similar to that after 
the administration of diazepam, the D.P.P. assay pre- 
viously described can be employed. 
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Prazepam 

Prazepam LX] (Fig. l), which is an N-l-cyclopro- 
pyhnethyl substituted analogue of diazepam is pre- 
sently under study. 78 An investigation dealing with 
its polarographic reduction mechanism and the deter- 
mination of the compound in pharmaceutical formu- 
lations has been reported.22 
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PYRIDINE THIOCYANATE COMPLEX AND 
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CHROMIUM AND ALUMINIUM 
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Summary-A simple method is described for the extraction of V(I1) as its pyridine thiocyanate complex. 
Vanadate is reduced to V(I1) in l-2N sulphuric acid by zinc amalgam. Thiocyanate and pyridine 
are added, the solution is adjusted to pH 5.2-5.5 and the complex extracted with chloroform. The 
vanadium is back-extracted with peroxide solution. Zinc from the reductant accompanies the vanadium 
but alkali and alkaline earth metal ions, titanium uranium, chromium and aluminium are separated, 
besides those ions reduced to the elements by zinc amalgam. The method takes about 20min and 
is applicable to microgram as well as milligram amounts of vanadium. 

Analysis for trace or higher amounts of vanadium 
is required when these are present along with 
titanium and/or aluminium in clays, bauxite, rutile, 
ilmenite, titanium slags, aircraft alloys; with uranium 
in uraninite, carnotite, reactor alloys; with chromium 
in chromemagnetite refractories, fast-cutting 
tungsten steels to mention but a few examples in 
each case.‘*’ The three elements titanium, chromium 
and uranium interfere in all the titrimetric methods 
except the ferrous sulphate reduction method.3 Even 
here, chromium interferes unless the less sharp end- 
point at room temperature is used, and requires sep- 
aration for more than 2”% and blank correction for 
less.” These three elements and aluminium also inter- 
fere in most of the spectrophotometric methods for 
vanadimn3 In the peroxide method, titanium inter- 
feres, though moderate amounts can be masked by 
fluoride (to the detriment of the calorimetric cells). 
Chromium in large amounts also interferes5 and in 
small amounts has to be compensated for, at the cost 
of accuracy. In the phosphotungstovanadate method, 
titanium, chromium and uranium interfere5 when 
present in more than traces. 

Likewise, vanadium interfere@ in most methods for 
aluminium, titanium, chromium, and uranium. Analy- 
sis for traces of vanadium requires its concentration 
from metals and oxides of these four elements, and 
for traces of these four elements, removal of vanadium 
from materials rich in it.7 Thus, separation of vana- 
dium from these elements is often required. 

The few existing separation methods394b generally 
handle microgram amounts of vanadium and separate 
them from only one or two of the elements, alu- 
minium, titanium, chromium, uranium, which must 
be present in comparable amounts to the vanadium. 

Bivalent vanadium has not so far been quantitati- 
vely extracted. Like the other transition metal ions,*yg 

it might be expected to give an extractable pyridine 
thiocyanate complex. The present paper describes a 
simple method for extraction of such a complex and 
separation of vanadium even in macro amounts from 
large amounts of aluminium, titanium, chromium and 
uranium. 

EXPERIMENTAL 

Reagents and solutions 

Vanadium vrlrffion. A stock solution (10 mg of V/ml) was 
prepared from sodium metavanadate and standardized by 
the oxine method;3 suitable dilution gave 100- and lO- 
pg/ml vanadium solutions. 

Zinc amalgam,” 2% w/w. 
Pyridine. Used without further purification. 
Solutions of other elements. Prepared by dissolving their 

soluble salts in water or dilute sulphuric acid to give 10 
or 20 mg of element per ml. 

Chloroform and other solvents were distilled before use. 
Other chemicals were of C.P. grade. 

Separation procedure 

Extraction of uanudium. To 15 ml of zinc amalgam in 
a 150-ml separating funnel, 5 ml of vanadate solution con- 
taining between 1OOpg and 1Omg of vanadium, 2 ml of 
10N sulphuric acid and 2 ml of 1M ammonium thio- 
cyanate were added. Air in the funnel was displaced by 
carbon dioxide generated by addition of 0.3 g of sodium 
carbonate. The funnel was stoppered and shaken at moder- 
ate rate for at least 3 min. The stopper was removed and 
immediately a pinch of solid ammonium carbonate was 
added (to maintain the atmosphere of carbon dioxide) 
quickly followed by 1 ml of pyridine. The funnel was stop- 
pered and swirled gently to mix in the pyridine. By addi- 
tion of ammonium carbonate, initially pinches of solid and 
towards the end saturated solution drop by drop, the pH 
of the solution was adjusted to 5.2-5.5, tiny droplets (taken 
out with a thin glass rod) being tested periodically with 
short-range indicator paper. The solution was then shaken 
without delay for 5-10 set with 10 ml of chloroform poured 
over the thin glass rod and the stopper, washing down 
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into the funnel any yellow or brown complex sticking to 
them. 

The zinc amalgam was run off into a conical flask and 
kept under 1M hydrochloric acid till required again. The 
chloroform extract of the V(I1) complex was run off into 
another 150-ml separating funnel. The aqueous phase was 
shaken with 05ml of pyridine and extracted with two 
further S-ml portions of chloroform. The chloroform layers 
were separated and added to the main chloroform extract 
in the separating funnel. 

Back-extraction of vanadium. The organic phase was 
shaken for 1 min with an equal volume of water and 3 ml 
of 6”/, hydrogen peroxide. The chloroform was run off into 
another separating funnel and the bank-extraction was 
repeated with half the volume of water. The combined 
extracts were made just alkaline and the pyridine was 
removed by extracting with 10 ml of chloroform. The solu- 
tion was then treated with 0.5 ml of 7M alkali and boiled 
with 10 ml of 6% hydrogen peroxide for 6 min to oxidize 
the vanadium and thiocyanate.” The excess of peroxide 
was decomposed by acidification and continuing the boil- 
ing. The solution was cooled. 

Determination of the elements 

Any lower oxidation state of vanadium was reoxidized 
with O.lhJ permanganate” till a faint pink colour persisted 
for 2 min, then 0.05M sodium nitrite was added to decolor- 
ize the solution and then 3 drops more. The excess of 
nitrite was decomposed by shaking vigorously with @5g 
of urea and waiting for 5 min. More than 5 mg of vana- 
dium was determined by titration with ferrous iron,13 
lower amounts by the peroxideX4” or phosphotungstic 
acid14b methods. Traces of vanadium were determined by 
the ferron methodSI Other elements were tested or deter- 
mined by suitable conventional methods.16 High degrees 
of extraction were measured by determining the lower con- 
centration of vanadium in the aqueous phase and sub- 
tracting from the initial amount. 

RESULTS AND DISCUSSION 

Vanadate solution is most conveniently reduced to 
V(H) by zinc amalgam. Reduction is q~nti~tive in 
l-2N sulphuric or hydr~hloric acid after 3 min of 
moderate shaking.16” The oxygen in the acid solution 
and the space above it in the separating funnel must 
be displaced beforehand by carbon dioxide, either 
from a generator or more simply, generated in situ 
by addition of sodium carbonate after the initial aci- 
dity has been increased by an equivalent amount The 
carbon dioxide atmosphere must be maintained till 
the extraction is over. This is done by intermittent 
addition of ammonium carbonate, which also serves 
to neutralize the solution to the desired pH. 

The pyridine should be added soon after the reduc- 
tion and before neutral~ation of the acid. On forma- 
tion of the pyridine thiocyanate complex, the violet 
colour of V(I1) changes at about pH 3 to yellow at 
trace concentrations and brown at higher con- 
centrations of vanadium. The complex is best 
extracted by chloroform or dichloromethane. Ben- 
zene, carbon tetrachioride, dichloroethane, isoamyl 
alcohol and isobutyl methyl ketone give decreasing 
extraction, in that order. 

The extraction of the V(II)-pyridine-thiocyanate 
complex depends on the reagent concentration, pH 
of the solution and equilibration time, as shown in 

Table 1. Dependence of V(I1) extraction on various para- 
meters [V = 10.0 mg, NH,SCN (l&f) = 2-O ml, pyridine = 
I.0 ml, pH = 7.6, aqueous phase and organic phase both 
10 ml, contact time = 10 set, unless varied; single 

extraction] 

Pyndine, ml G-2 0.5 08 10 1s 2.0 30 40 
Extractron, % 84.7 94.2 94.2 94.2 942 92.0 89.0 84.7 

NH,SCN, M* 0s 012 02-l 6 
Extraction . “/ 0 690 87.0 942 

PH 3.4 40 52 55 6.0 7 0 7 6 
Extractron, % 7.0 85 7 99.2 99.2 963 954 942 

Contact time, set 5 IO IS 30 60 120 
Exhxt~on, */ II 942 942 93.7 91.3 89 8 88.0 

* In the final solution. 

Table 1. Extraction is almost complete at pH 5.2-55, 
with 05-1.5 ml of pyridine, 2O.m thiocyanate and 
5-1Osec equilibmtion time, decreasing outside these 
ranges. sonic or potassium thiocyanate, sul- 
phuric or hydrochloric acid can be used with the 
same results. As free pyridine is also extracted by 
chloroform, 0.5 ml of pyridine should be added before 
the second extraction with chloroform. The thlt<l 
extraction serves to remove any complex sticking (~1 
the glassware. Testing with short-range paper in thz 
pH adjustment is convenient and oxidation is avoid<4 
by adding a pinch of ammonium carbonate immcdt- 
ately after opening the stopper and replacing II 
quickly after taking a tiny droplet of solution for test- 
ing. 

There is some di~~lty in adjusting the reagent 
concentrations for different amounts of vanadium, as 
corresponding amounts of zinc, which also forms an 
extractable pyridine thiocyanate complex, are intro- 
duced from the reductant. However, the con- 
centrations can be roughly calculated on the basis 
of the requirements for zinc.” The ex~r~en~~y 
determined concentrations for different amounts of 
vanadium are shown in Table 2. The pyridine require- 
ment for amounts much less than 10mg of V is pro- 
portionately, much larger. The degree of extraction 
at iO&nl vanadium concentration is slightly lower 
though nearly complete. This may be. due to some 
oxidation of vanadium in contact with the solution; 
similarly the extraction is lower for longer equi- 
libration times. 

Table 2. Reagent requirements for complete extraction of 
varying amounts of vanadium (pH = 5.2, contact time = 

lOsee, aqueous phase and organic phase both lOm1) 

Vanadium, Pyridine, 1M NH,SCN, Extraction, 
mg ml ml % 

0.1 
0.510 

20 
40* 

100” 

1.0 
l-0 
2.0 
3.0 
6.0 

2.0 
2.0 
4.0 
8.0 
5.ot 

960 
99-95 
99.95 
99.95 
99.95 

* In 20 ml of aqueous phase. 
t 4M NH,SCN. 
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Back-extraction of vanadium Table 4. Analysis of samples by the proposed method 

If the chloroform extract is shaken with 3-5N sul- 
phuric acid under a carbon dioxide atmosphere, the 
vanadium is transferred to the aqueous phase, giving 
the solution the pink colour of the V(IIbthiocyanate 
complex. This confirms the bivalency of vanadium in 
the pyridine thiocyanate complex. 

Sample composition 

As the thiocyanate interferes in the oxidimetric 
methods for vanadium determination, the back- 
extraction is done with peroxide and the thiocyanate 
destroyed by boiling with alkaline peroxide.” The 
final decomposition of peroxide in acid solution 
reduces some vanadium which is best reoxidized with 
permanganate. l2 

Other elements, 
mg 

W50) 
Al@) 
Al(15) 
Cr(20) 

U(20), Al(20), 
Cr(20), Ti(20) 
Ti(20) 

Vanadium, Vanadium found, 
me w 

1oQO 9.95 
40*00 39.9 
8500 84.7 
lOGO 9.95 

1000 9.95 
0.100 0.957 

Back-extraction of vanadium and other elements 

Efict of anions 

Complexing anions (citrate, fluoride, EDTA and 
oxalate) considerably lower the extraction of vana- 
dium, but at 5 mg/ml anion concentration, the vana- 
dium extraction is still above SPA at pH 5.2-5.5 
(Table 3). Other complexing anions cause an extrac- 
tion lower by only about 5% even at 100 mg/ml anion 
concentration. Sulphate and chloride have little effect. 

The chloroform phase containing the vanadium 
and other extracted elements is back-extracted with 
an equal volume of water at pH 5.5, containing per- 
oxide, and again with half the volume of water. The 
vanadium is completely back-extracted and only 0.1% 
and 0.9% respectively of the initial chromium and alu- 
minium accompany it. Repetition of the extraction 
procedure on the back-extract decreases to traces the 
chromium and aluminium accompanying vanadium. 

Extraction of other elements 

Ions which are reduced to the elements’6b~‘8 by 
zinc amalgam, such as nickel, copper, bismuth, lead, 
arsenic, selenium, tellurium, platinum, palladium, iri- 
dium, rhodium, silver, gold, are not extracted, pro- 
vided the reduction is done at a suitable acidity. Un- 
der the proposed conditions, the extraction of zinc 
(from the reductant) is 99.1x, of cobalt(I1) 99.9%, of 
chromium(V1) 91.0%, of iron(II1) 59.2%, of molyb- 
denum(V1) 38.0x, of tungsten(V1) 25.0x, of manga- 
nese(I1) 5.5%, the initial oxidation state being shown 
in brackets. If entrained aqueous solution is removed 
by filtering the chloroform extract through filter 
paper moistened with the solvent, the extraction of 
aluminium is 0.9%, uranium 0.06”/& titanium, potas- 
sium, barium and probably also other alkali and alka- 
line earth metal ions nil. 

Analysis of samples 

Table 3. Etlect of anions on the extraction of V(IIkpyri- 
dine-thiocyanate complex (V = lGOmg/ml; mg of salt 

added per ml, A = 100, B = 10, C = 5) 

In binary mixtures with 20mg of titanium 
uranium, aluminium or chromium, the extraction of 
vanadium is 97.0, 965, 95.5, 96.0% respectively, and 
is 94”/, from a mixture of all these elements. Therefore, 
the procedure is repeated on the aqueous phase to 
get complete extraction. With chromium and/or alu- 
minium present, the extraction is repeated on the 
back-extract also, to decrease the co-extraction of 
these elements. As chromium is also highly extracted, 
as much additional pyridine and thiocyanate as 
needed for an equal amount of vanadium should be 
added. On extraction from a mixture with 50mg of 
uranium and determination by titration with ferrous 
ion ’ 3 9.95, 9.95, 9.95, 9.94 mg of vanadium are found 
insiead of l@OO mg present, showing good reproduci- 
bility. The method has been applied to a few samples 
with satisfactory results (Table 4). 

Extraction, % 

Salt added A B C 

Sodium chloride 
Sodium sulphate 
Sodium acetate 
Sodium phosphate 
Tartaric acid 
Potassium citrate 
Potassium hydrogen 

fluoride 
EDTA 
Potassium oxalate 

* 200mg of salt per ml. 
t 20 mg of salt per ml. 

99.95* - 
99.95* - 
96.0 99.4 
95.8 99.3 
94.5 98.5 
55.0 88.3 92.4 

37.1 84.6 93.3 
662t 92.0 96.3 
6.0 81.3 93.1 

The V(IIkpyridinethiocyanate complex is shown 
to be quantitatively extracted by chloroform at pH 
5.2-5.5. The extraction procedure takes about 20 min 
and effects the important separations of vanadium 
from titanium, uranium, chromium and aluminium, 
not possible by most of the existing methods of sol- 
vent extraction or even by the mercury electrolysis 
methodrp which separates most of the other elements 
from vanadium. Although zinc from the reductant 
accompanies vanadium, it does not interfere in most 
of the methods for vanadium determination and can 
be easily separated 16’ if desired. The method is sim- 
ple, rapid, useful for both microgram and milligram 
amounts of vanadium and requires but ordinary 
chemicals. It can be used to complement the mercury 
electrolysis method for separation of all important 
elements from vanadium. 
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Summary-The method developed involves the base-catalysed condensation of mixed anhydrides of 
organic acids, where a tertiary amine group functions as the basic catalyst. The product of the condensa- 
tion reaction is highly fluorescent and allows the fluorometric determination of alkaloids containing 
a tertiary amine group, in the ng/ml range. The mixed anhydride system is simple to prepare and 
the fluorogenic reaction is completed within 15 min at 80”. The reaction is specific for, but does not 
distinguish between, different tertiary amines. 

Although most alkaloids will exhibit native fluores- 
cence, given the correct conditions,‘*2*3 a number of 
medically important alkaloids are either only weakly 
fluorescent (cocaine and pholcodine)2p4 or non-fluor- 
escent (pilocarpine and strychnine hydrochlorides).2 
Each of these four alkaloids contains at least one ter- 
tiary amine group (Fig. 1). The application of so- 
called “fluorogenic reactions”, by which non-fluores- 
cent compounds can be converted into fluorescent 
derivatives by chemical means, is well documented.“’ 
For example, reaction with l-dimethylaminonaph- 
thalene-5-sulphonyl chloride (DANS-Cl) allows the 
sensitive determination of primary and secondary 

HCI. ZH,O 

(A) 

H,C-CH-CH~CO~O0i, 

J.CH3 CL.o.co.c‘H, 

I I 
H;C-&-&I, 

Fig. 1. Structures of alkaloids. (A) Strychnine hydrochlo- 
ride; (B) cocaine; (C) pilocarpine hydrochloride; (D) 

pholcodine. 

amines and phenols, but not of tertiary amines. 
Feigl” and a number of others”s12 have reported 
that the reaction between a mixed anhydride and 
tertiary amines, or their chloride salts, yields a highly 
coloured product suitable for use as a spot-test for 
tertiary amines. The mixed anhydride is formed by 
reacting organic acids, such as malonic or citric acid, 
with acetic anhydride. These coloured products are 
also known to be fluorescent.” 

Pesez and Bartos” developed the aconitic acid/ace- 
tic anhydride system for the fluorometric determina- 
tion of tertiary amines. The malonic acid/acetic anhy- 
dride system (hereafter called the MAA reagent) offers 
a number of advantages over the aconitic acid 
method in terms of stability of the fluorescent product 
and limit of detection for tertiary amines. Results 
obtained with the MAA method for the fluorometric 
determination of pholocodine, cocaine, strychnine hy- 
drochloride and pilocarpine hydrochloride are pre- 
sented and discussed below. 

EXPERIMENTAL 

Reagents 

The alkaloids pholcodine, pilocarpine hydrochloride, 
strychnine hydrochloride, cocaine and cocaine hydrochlo- 
ride were purified by recrystallization. Quinine sulphate 
was used as the fluorescent reference standard at all wave- 
lengths. Laboratory reagent grade acetic anhydride and 
malonic acid, and doubly distilled spectroscopic grade 95% 
ethanol were used. 

Malonic acid/acetic anhydride mixed anhydride system 
(MAA reagent). A 10% solution of malonic acid in acetic 
anhydride is prepared by dissolving the acid with heating. 
The reagent is stable for at least 7 hr. 

Equipment 

Fluorescence measurements were made with a Farrand 
Spectrofluorimeter with a 150-W xenon arc lamp, RCA 
IP 28 photomultiplier. Honevwell Electronic 15 chart- 
recorde;, 10 x 10 x 45 mm quartz cells and lo-nm band- 
widths. 
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All weighmgs were done on a Bunge mlcrobalance and 
a Hamilton syringe was used for pipetting microlitre quan- 
tities. All glassware was cleaned by soaking overnight in 
dilute nitric acid, rinsed thoroughly with distilled water 
and then acetone, and allowed to dry. 

Fluorogenic reaction 

The sample [2-3 mg or its equivalent (1-2 mg for phol- 
codine)] of the alkaloid (or tertiary amine) 1s quantitatively 
transferred to a volumetric flask (25 or 50ml) into which 
3 ml of the MAA reagent are then pipetted. The flask is 
placed in a water-bath at 80” for 15min, and then the 
reaction mixture is made up to volume with ethanol. A 
suitable aliquot (normally 50 ~1) is diluted to 10 or 25 ml 
with ethanol and allowed to stand for 10min and then 
its fluorescence is measured at the appropriate wavelength 
combination (Table 1). Calibration curves are prepared by 
taking a series of aliquots to produce the required con- 
centration range. 

Analysis of pharmaceutical preparations 

The alkaloids to be determined will normally be in solu- 
tion, so a suitable aliquot, equivalent to 2-3 mg of alkaloid, 
is transferred to the volumetric flask, followed by 1 ml of 
acetic anhydride and 3 ml of MAA reagent, and heated 
at 80” for 15 min. Standards, which should always be 
reacted at the same time and with the same MAA reagent, 
are treated first, with an amount of solvent equal to the 
aliquot of the sample, then with 1 ml of acetic-anhydride 
and 3 ml of MAA reagent. Tvnicallv 504 aliauots of 
cocaine hydrochloride eye-drops’ were taken and -50 ~1 of 
0.6% sodium chloride solution were added to the cocaine 
hydrochloride standard before reaction. Aliquots were 
taken directly from the eye-drop solutions but prior extrac- 
tion of the alkaloid from the formulation was necessary 
for the pholcodine linctusI and nux vomica tincture.‘” 

RESULTS AND DISCUSSION 

Reaction conditions 

As mentioned previously, a number of organic 
acids are capable of forming a coloured product with 
tertiary amines. ’ O--I ’ Malonic acid was preferred 
because it formed the most stable fluorescent product. 
The citric acid product exhibits a steady increase in 
fluorescence over a period of time. Although Pesez 
and Bartos13 preferred aconitic acid, it was found to 
be unsatisfactory, as invariably a purple solution 
resulted on heating to dissolve the acid. Pesez and 
Bartos13 used a different method of preparation for 
the mixed anhydride, which required over 30 min for 
completion. The mixed anhydride formed was stable 
for only some hours. A yellow solution occasionally 
results when malonic acid is dissolved in acetic anhy- 
dride; a fluorescent product is still obtained with ter- 
tiary amines but it is preferable to prepare a fresh 
solution. This coloration of mixed anhydrides has 
been observed previously’6*17 and is possibly due to 
traces of alkali on the glassware catalysing the con- 
densation reaction.” The aconitic acid system is pre- 
sumably more sensitive to alkali than the citric or 
malonic acid systems. On aging, the MAA reagent 
develops a yellow colour, which does not affect the 
fluorescence of the reaction product. Moreover the 
blank value does not increase significantly for this 

I I I c I I I 
10 20 30’60 120 mo 

Reactiin time, min 

Fig. 2. Fluorescence OS. reaction time at various tempera- 
tures. 0 Strychnine hydrochloride. 50”; o cocaine, 80”; A 
pholcodine, 80”: C, strychnine hydrochloride, 80”; q pilo- 

carpine hydrochloride, 80”. 

“aged” solution. A 10% solution of malonic acid in 
acetic anhydride yields a more stable fluorescent 
product than the 2% solution recommended by 
Feigl” for spot-tests. 

The variation of fluorescence intensity with reac- 
tion time for each alkaloid is shown in Fig. 2. Heating 
for 15 min at 80” was chosen for all alkaloids. Heating 
at lower temperatures required a reaction period of 
at least 1 hr. Although smaller volumes of the MAA 
reagent yield a slightly higher fluorescence intensity, 
3 ml of the reagent were used to ensure that a suffi- 
cient excess was present when the alkaloid was dis- 
solved in some other solvent, as in the analysis of 
pharmaceutical formulations. If no other solvent is 
present 1 ml of MAA reagent is sufficient. 

The solution resulting from reacting the MAA re- 
agent with tertiary amines has a deep golden orange 
colour, with a distinct green fluorescence. Normally 
2-3 mg of the alkaloid are used but the pholcodine 
product is less soluble in acetic anhydride/ethanol 
and will precipitate if more than 2 mg of the alkaloid 
is taken. For reproducible and accurate results it is 
essential that both standards and samples are reacted 
with the same MAA reagent at the same time. If not, 
the concentration of malonic acid in acetic anhydride 
would have to be reproduced accurately each time 
a new solution was prepared. 

Stability of the fluorescent product 

The concentrated fluorescent product (ca. 50 &ml 
with respect to alkaloid) is stable for at least 3 hr 
with a small but definite increase in intensity over 
longer periods. Dilute solutions (GO.1 &ml) show 
an initial increase in fluorescence (I 0- 15%) which sta- 
bilizes after 10 min, although with an overall trend 
towards higher values (< 5% over 3 hr). If a number 
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Table 1. Fluorescence characteristics and analysis of alkaloids 

Alkaloid 

Pilocarpine 
hydrochloride 

Pholcodine 
Cocaine 
Strychnine 

hydrochloride 

Excitation/emission 
wavelengths. 

nm 

3951450 

3951450 
3951475 
4201450 

Limit of 
detection,” 

nglml 

2.8 

0.5 
0.1 
0.5 

Linear calibration 
range, 
&ml 

2.8-280 

2.8-230 
0611 
7.7-280 

Limit of 
determination, 

nslml 

2.8 

2.8 
0.6 
7.7 

Standard 
deviation, 

nglml 

2.1 (213)* 

1.7 (157) 
0.2 (164) 
0.7 (276) 

* Value in brackets refers to the concentration of the solution (ng/ml) analysed to determine the standard deviation. 
A series of 15 solutions was analysed for each alkaloid. 

of determinations are carried out simultaneously the 
solutions diluted initially have stabilized by the time 
all the solutions have been prepared, and fluorescence 
measurements can be made immediately. It is advis- 
able to take readings within 3 hr of reaction, particu- 
larly for diluted solutions, although satisfactory 
results have been obtained with older solutions pro- 
vided both standards and samples were prepared at 
the same time. 

Fluorescence conditions, limit of detection and deter- 
mination 

The excitation/emission wavelengths together with 
the limits of detection and determination for each 
alkaloid are presented in Table 1. Typical fluores- 
cence and absorption spectra are shown in Figs. 3 
and 4. The limit of determination is defined as the 
smallest concentration which lies on the linear por- 
tion of the calibration curve. The limit of detection 
is as defined by Wilson,” a value of three times the 
standard deviation of the blank being used. Although 
the reagent blank will yield a fluorescent product on 
heating, the intensity is much less than for the fluoro- 
genie reaction and the blank value is not significantly 
greater than the value for the solvent blank only. 
Quenching by self-absorption occurs at relatively low 
concentrations of alkaloid as is evident from the 
linear calibration range (Table 1). The method is 
therefore essentially a trace analysis technique. 

Fig. 3. Absorption spectrum of strychnine hydrochloride/ 
MAA complex. 

Fig. 4. Uncorrected excitation (A) and emission (B) spectra 
of strychnine hydrochloride/MAA complex. 

Analysis of pharmaceutical products 

Bearing in mind that the method is a trace tech- 
nique, analysis of some commercial pharmaceutical 
formulations, containing the appropriate alkaloids at 
concentrations in the @l-2% range, was attempted. 
Quite reasonable results were obtained for three of 
the alkaloids (pholcodine, pilocarpine hydrochloride 
and strychnine, Table 2). Analysis of cocaine hydro- 
chloride eye-drops was unsatisfactory because the 
alkaloid had been dissolved in a 0.6% sodium chlor- 
ide solution, which appears to catalyse the condensa- 
tion reaction. Although catalysis by cocaine hydro- 
chloride will yield a more highly fluorescent product, 
the sodium chloride blank is only ca. 50% lower than 
the fluorescence obtained for the cocaine hydrochlo- 
ride eye-drops, resulting in high values for the deter- 
mination. The precision of the method for analysis 
of pharmaceutical preparations is illustrated by the 
results for the determination of the pilocarpine hydro- 
chloride and cocaine hydrochloride eye drops (Table 
2). Only one determination of the pholcodine linctus 
and nux vomica tincture (strychnine) was made 
because of the lengthy procedure required for extrac- 
tion of the alkaloids.‘4*15 Presumably the precision 
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Table 2. Analysis of some pharmaceutical preparations 

Alkaloid 

Nux vomica 
tincture 
(Strychnine) 
Pholcodine 
linctus 
Pilocarpine 
hydrochloride 
eye-drops 
Cocaine 
hydrochloride 
eye-drops 

Nominal Content 
content, found 

% % R.S.D.* % 

0.120 0.118 

0.149 0.150 

2.0 2.1 5.3 

2.0 2.3 3.5 

* R.S.D. = relative standard deviation. Results derived 
from 15 separate determinatrons. 

for these determinations would be of the same order 
as for the analysis of the eye-drops. 

Interferences 

Other solvents likely to be encountered during 
analysis for the alkaloids, either in pharmaceutical 
preparations (water or @002% benzalkonium chloride 
solution), or as the final solvents for an extraction 
procedure (chloroform), do not give high blank 
values. They do, however, affect the fluorescence in- 
tensity of the product (Fig. 5). This effect is reproduc- 
ible, so addition of an amount of solvent equal to 
the aliquot of the alkaloid taken for analysis, as dis- 
cussed above, allows an accurate and precise deter- 
mination to be made. Alternatively, if the solvent is 
chloroform it can simply be evaporated and the MAA 
reagent added to the residue. 

The method is not suitable for analysis of mixtures 
of tertiary amines as the reaction products formed 
with different tertiary amines have either identical or 
very similar fluorescence properties (Table 1, Fig. 2). 
Prior separation of the various amines would be 
necessary in such cases. For analysis of pharmaceuti- 
cal preparations methods are available14*1 5,19 for the 
separation of alkaloids from syrups, tinctures, or 
fillers such as magnesium stearate, lactose or starch 
which may interfere with the determination. 

Comparison with other methods 

Groth and Dahlen2’ claimed that the aconitic acid 
system gave the most sensitive reaction for tertiary 
amines, but their method was used for qualitative 
analysis only. Pesez and ESartos13 developed a sensi- 
tive fluorometric method for determination of tertiary 
amines, using aconitic acid, but the fluorescent prod- 
uct formed is light-sensitive and stable for only 5 min. 
The fluorescent product from the MAA reaction is 
not light-sensitive and is stable for at least 3 hr. The 
limit of detection with the MAA system is about two 
orders of magnitude lower than for the aconitic acid 
system (Table 3). The value for the limits of detection 
and determination obtained with the MAA system 

0.4 - 

I I I I 1 I 
25 50 75 loo’ 200 

Volume solvent added, p I 

Fig. 5. Effect of various solvents on fluorescence intensity. 
0 Water/pilocarpine hydrochloride; 0 chloroform/ 

pholcodine. 

for cocaine and strychnine hydrochloride is compared 

with the limits quoted for a number of other tcch- 
niques in Table 3. 

Reaction mechanism and products 

The mechanism of the overall fluorogenic reaction 
has not as yet been fully elucidated but it seems 
apparent that the final product results from the base- 
catalysed condensation of mixed anhydrides.’ ‘Jo The 
reaction is specific to tertiary amines because they 
retain their basic properties in an acetylating medium 
such as acetic anhydride, whereas primary and 
secondary amines do not. Groth and Wallerburg12 
have postulated a structure for the mixed anhydride 
of malonic acid and acetic anhydride, and suggested 
that the condensation product contained the basic 
catalyst, in their case pyridine, but did not identify 
the final product. Groth and Dahlen” identified the 
reactive compound for the aconitic acid/acetic anhy- 
dride system as a,y-anhydroaconitic anhydride but 
once again the reaction product was not identified. 

The fluorescent product formed by condensation 
of the MAA reagent with the various alkaloids has 
not as yet been identified. Thin-layer chromatography 
indicates that there is one product (or possibly two) 

Table 3. Comparison of limits of detection @g/ml) for 
MAA fluorometric method with those for some other 

techniques 

Method 

MAAJfluorometnc 
$a$~ aad/Rurometnc” 

(v/mu 
Fluorlmetry’4 
Spectrophotometry” 
Spectrophotometry” 
Radmmetncz4 
Non-aqueouszs 
thermometric 
tmatmn 

Getleral 

teruary 
COCUle Strychnme ammes 

01 05. 
30 

20 

30 x IO” 
20 x loa 

I.4 x IO”? 
200 x IO” 

33 x IO’\’ 

* As the hydrochloride. 
t As the sulphate. 
$ Limit of detection in ng. 
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but the chromatograms have a number of other spots 10. 

which seem to be associated with the MAA reagent. 
The NMR spectrum of the product contained one 
peak, identical to that for the MAA reagent. Elemen- 

:i: 

tal analysis was inconclusive owing to di~culties in 13. 
recrystallizing the reaction product. Further attempts 14. 
are being made to identify the fluorescent product. 

1.5. 

16. 

7. 

8. 

9. 

REFERENCES 

G. A. Wadds, Ph.D. Thesis, Aberdeen, 1969. 
A. C. Mehta, Ph.D. Thesis, Aberdeen, 1972. 
A. F. J. Jackson, Ph.D. Thesis, Aberdeen, 1971. 
A. C. Mehta and R. A. Chalmers, Chem. Anal. (War- 
sawh 1975 17, 565. 
H. Wachsmuth and R. Denissen, J. Pharm. BeZg., 1966, 
21, 290; Chem. A&r., i967,67. 39956 z. 
S. Udenfriend, Fluorescence Assay in biology and 
Medicine. Vol. 2 v. 503. Academic Press. New York. 

’ - 1970. 
M. Pesez and J. Bartos, Ann. Pharm. Franc., 1969, 27, 
161. 
P. B. Ghosh and M. W. Whitehouse, Biochem. J., 1968, 
108, 155. 
N. Seiler, J. Chro~tog.. 1971, 63, 97. 

17. 
18. 
19. 

20. 

21. 

22. 

23. 

24. 

25. 

F. Feigl, Spot Tests in Organic Analysis, 7th Ed., p. 
251. Elsevier, Amsterdam, 1966. 
G. Roeder, J. Am. Pharm. Assoc., 1941, 30, 74. 
A. B. Groth and G. Wallerbera. Acta Chem. &and.. 

“l 

1966, 20, 2628. 
M. Pesez and J. Bartos, ~u~~~u, 1969, 16, 331. 
British P~r~c~tical Codex 1968, p. 1133. Pharma- 
ceutical Press, London, 1968. 
British Pharmacopoeia 1973, p. 328. HMSO, London, 
1973. 
C. S. Taylor, J. Chem. SOL, 1919, 115, 887. 
S. Kleeman, Ber., 1886, 19, 2030. 
A. L. Wilson, Analyst, 1961, 86, 72. 
J. Barrett. R. Puckett and R. D. Poe. J. Phurm. Sci.. 
1968,S7. ‘1249. 

, , 

A. B. Groth and M. E. Dahlen, Acta Chem. Stand., 
1967, 21, 291. 
J. W. Blake, R. S. Ray, J. S. Noonan and P. W. Mur- 
dick, Anal. Chem., 1974, 46, 288. 
D. De Carvalho, A. B. Prado, H. C. Silva and L. Lar- 
ini; Reotu. Fat. Farm. Odont. Araraquara, 1972, 6, 1; 
Anal. A&r., 1973, 25, No. 3344. 
M. Tsubouchi, T. Sakai, T. Watake, K. Kanazawa and 
M. Tanaka. Talanta. 1973. 20. 222. 
A. M. No&, A. A. ialeh, k. 6. M. Habib, N. Hamad 
and A. F. Shalaby, Isotopenpraxis, 1972, 8, 274; Anal. 
Abstr., 1174, 26, No. 1184. 
E. J. Greenhow and L. E. Spencer, Analyst, 1973, 98, 
98. 



Tbhnm. Vol. 22. pp. 871-875. Perganion Press. 1975 Pmted in Great Breain 

A PRELIMINARY STUDY ON THE EFFECT OF 
TIME ON APPARENT LEAD CONTENT OF 
EVAPORATED MILK AS DETERMINED BY 

NON-FLAME ATOMIC-ABSORPTION SPECTROMETRY 

HUGH L. HUFFMAN, JR. and JOSEPH A. CARUSO@ 

Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45221, U.S.A. 

(Received 18 July 1974. Revised 21 March 1975. Accepted 14 April 1975) 

Summary-Analysis of several brands of canned evaporated milk at various times after opening showed 
increases in the lead content upon standing. Initially all samples had a lead content within the range 
0.14.2 ppm. Upon standing, however, the lead concentration of anumber of samples doubled or tipled. 
Control samples obtained by pouring approximately half of the milk from a can into a polyethylene 
bottle immediately after opening showed no such increase. When atmospheric oxygen was ecluded 
by bubbling nitrogen through a sample, where was likewise no increase in lead for the sample. Bubbling 
oxygen through the samples produced an increase in the lead content of the milk left in the can 
but did not affect that of the milk in the polyethylene bottle. 

Evaporated milk is a widely used substance known 
to contain lead as a contaminant where at least some 
of the contamination may be present in the milk as 
it comes from the animal. Shea’ discusses possible 
sources of contamination as related to packaging the 
milk. Reports based on a U.S. Government2 and an 
independent study3 indicate lead levels ranging from 
Oa2 to 037 ppm with an average of @12 ppm and 
0*01+43 ppm with an average of 013 ppm, respect- 
ively. Both of these studies showed the lead levels 
below the 05 ppm guideline.4 A previous study in 
this laboratory utilized the high sensitivity and low 
detection limits of flameless atomic-absorption spec- 
trometry to illustrate the potential of the technique 
for biological samples with complex matrices, such 
as canned milk.5 

In a review of non-flame atomization in atomic- 
absorption spectroscopy (AAS) Amos6 describes the 
various designs of filament and furnace atomizers 
presently in use and includes a detailed description 
of the carbon-rod atomizer used for this study. 
Additional descriptions of the carbon-rod atomizer 
are given by Brodie and MatouSek7 and MatouSek;8 
Kurz et al.’ describe the operation of the carbon-rod 
atomizer and the determination of its optimum set- 
tings. Determination of lead in milk by using a Perkin- 
Elmer graphite furnace without sample pretreatment 
is described by Manning. lo In a collaborative study 
of lead in evaporated milk by AAS and anodic strip- 
ping voltammetry Fiorino et al.” used a pre-ashing 
AAS method. The AAS method reported here is con- 
siderably more rapid than this procedure. 

Absolute sensitivities and absolute detection limits 
for the determination of lead by the carbon-rod ato- 

mizer are in the picogram range. Amos6 reports that 
the absolute sensitivity and detection limit of the 
Varian-Techtron M-63 carbon-rod atomizer for lead 
are 2 and 5 pg. MatouLks reports a sensitivity of 
68 pg for lead at 217*0nm, with the carbon-rod 
atomizer. Molnar et a1.12 report a detection limit of 
75 pg for lead at 283.3 nm, using a graphite-rod ato- 
mizer in a Perkin-Elmer instrument. 

EXPERIMENTAL 

Apparatus 

Measurements were made with a Jarrell-Ash Model 82- 
500 MVAA spectrometer equipped with a Varian Techtron 
Model 63 water-cooled “carbon-rod atomizer” complete 
with power supply and gas-control unit, the details of 
which are given elsewhere. i3 This unit may be used either 
with a carbon cup or carbon tube insert. Argon (flow-rate 
6.5 ft3/hr) was used as the inert sheathing gas for the flame- 
less determinations. The voltagetime settings (V, set) used 
for the “carbon-rod atomizer” with the tube insert were: 
predry, 3-30; dry, 4-20; ash, 5-20; atomize, 7-2. Slight 
variations may be needed for different instruments. Peak 
heights were recorded with a Hewlett-Packard Model 
7101B strip-chart recorder which has a full-scale response 
time of 05 sec. All readings were made with minimum 
damping, minimum amplifier gain, and an unexpanded 
scale. In the worst case the baseline error in determining 
the peak height was 5%. A Jarrell-Ash hollow-cathode 
lamp was operated at 75% of the maximum recommended 
current with determinations made at the 283.3~mn lead 
absorption line. In addition, all solutions were measured 
at the non-absorbing lead line of 280.2nm and when 
necessary background corrections were made by using the 
average absorption at this line. A 5-d “Autopipette” preci- 
sion pipetting device (1% tolerance on the volume deli- 
vered) with “non-wetting” polypropylene tips was used to 
inJect the samples into the carbon tube. A “Pipetman” 
digital push-button microlitre pipette (1% tolerance with 
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reproducibility better than 0.1~1) was used in preparing 
some of the spike solutions. Entrance and exit slits for 
the 0.5-m Ebert grating monochromator were fixed at 100 
and 150 pm respectively. A wide-response photomultiplier 
tube, supplied -by Jariell-Ash with the instrument -and 
which has a useful ranee of 197(r7800& was mounted 
at the exit slit. “Uni-S&l” decomposition’vessels (Haifa, 
Israel) with “Teflon” inserts, were used to oxidize the sam- 
ples before analysis on the carbon rod. In situ ashing with 
the carbon-rod atomizer was shown to be unreliable, as 
previously reported.5 

Reagents 

“Baker Analyzed” lead nitrate, which was oven-dried at 
120” and stored in a desiccator over anhydrous magnesium 
perchlorate, was used to prepare the lOOO-ppm stock solu- 
tion from which spike solutions for the standard additions 
method were prepared. Distilled water was passed through 
a “Cry&dab Deeminizer” (Cole-Parmer) mixed-bed ion- 
exchange resin immediately before its use for preparing 
solutions or rinsing glassware. All glassware used in this 
study was soaked for a minimum of 12 hr in nitric acid 
(1 + 1) before use. Redistilled nitric acid (G. Frederick 
Smith Chemical Co.) was used in the digestion of the 
samples. Major-brand canned evaporated milk samples 
werd purchased at random from the-shelves of local super- 
markets and shaken on an Adams Utilitv Shaker (275-285 
oscillations/min) before sampling, to endure homogeneity. 

Procedure 

After a 5-10min shaking period the cans were opened 
by punching a single triangular hole and a smaller hole 
on opposite sides of the top of the can. A l-ml sample 
was pipetted into the Teflon insert of the Uni-Seal decom- 
position vessel, 2 ml of redistilled nitric acid were added, 
the Teflon insert was sealed tightly in the stainless-steel 
vessel, and the entire assembly was placed in the oven 
at 140” for 2 hr. This was the minimum time for decompo- 
sition of the milk; longer times and higher temperatures 
led to destruction and concomitant leakage of the Teflon 
insert. During the digestion of the sample approximately 
half of the remaining milk was poured from the can into 
a clean dry polyethylene bottle and loosely covered with 
a double layer of “Kimwipes” tissues and kept adjacent 
to the can during the remainder of the experiment. The 
openings in the can were covered with a double layer of 
Kimwipes and secured with a rubber band, to keep out 
particulate matter while simultaneously allowing exposure 
to the atmosphere. Both polyethylene bottle and can were 
then placed in the refrigerator (w). They were allowed 
1 hr to return to room temperature before being sampled 
again. During shaking the can was covered with “Parafilm” 
secured with a rubber band. After decomposition, the 
sample was cooled to near room temperature (about 
30min), the acid digest was quantitatively transferred to 
a lo-ml volumetric flask, and diluted to volume. This solu- 
tion was then directly injected into the carbon-tube insert 
of the carbon-rod atomizer for the flameless ,AAS deter- 
minations. 

Two equally successful methods of spiking the samples 
were used. The first involved adding the lead nitrate spike 
with the milk in the Teflon insert and carrying it through 
the decomposition and subsequent dilution. The second 
employed spiking of the sample after digestion and dilu- 
tion. Recoveries of aqueous lead nitrate standard solutions 
from the decomposition vessels ranged from 97.0 to 100.9% 
with an average recovery of 99.2x, indicating no significant 
loss of lead. A l-ml aliquot from the IO-ml volumetric 
flask was spiked with an appropriate ~1 spike from a con- 
centrated lead nitrate stock solution and the mixture was 
analysed immediately to minimize exposure to the atmos- 
phere. Aliquots (5 d) of the unspiked solution and at least 

two spike solutions were injected into the carbon tube and 
the programmed dry-ash-atomize sequence was initiated. 
Additional spike solutions were periodically analysed to 
ensure linearity for the analysis. Aqueous lead nitrate stan- 
dard solutions were used to establish the maximum allow- 
able spike concentrations for linearity. Spike solutions 
were generally equivalent to the range 0.1-0.4 ppm. A mini- 
mum of ten injections was used for each solution, the 
283.3-nm lead resonance line being used for measurement. 
Before each injection the pipette tip was rinsed twice with 
the solution being injected. The same tip was used for all 
injections of a given solution, but a new tip was used for 
each new solution injected. As indicated earlier, a check 
of the 280.2-nm non-absorbing lead line was used to make 
background corrections, when appropriate. This correction 
varied from sample to sample and with carbon tube insert; 
most corrections were zero or near zero, with the maxi- 
mum background correction being less than 15% of the 
peak height at the absorption line. Analyses were period- 
ically checked with a new carbon tube. 

During the course of this investigation several observa- 
tions of general importance to non-flame analyses with the 
carbon-rod atomizer were made. In order to prevent splat- 
tering and subsequent loss of analyte and to gain reprodu- 
cibility after injection into the carbon tube, it is necessary 
to employ a double drying step with a low-voltage predry- 
ing as the first step. The operator may have to vary the 
predrying time for different matrices or if the carbon-tube 
insert is not allowed to cool down properly after atomiza- 
tion. Replicate injections of a given solution give better 
reproducibility of peak heights if a systematic sequence 
is followed for injection of the aliquot after the atomization 
step. The first injection of a new solution generally gives 
a higher absorption signal than that of subsequent injec- 
tions of the same solution. The pipette tips should be 
rinsed twice with the sample solution before each injection. 
It is also observed that the first few injections into a new 
tube give higher absorption peak heights but consistency 
develops after approximately ten injections. 

The lifetime of a carbon-tube insert is unpredictable 
-tubes lasted from as few as 30 to as many as 250-300 
injections. Irreproducibility is a key symptom of an aging 
tube. Another indication is a significant change in the slope 
of the standard-additions plot, which indicates a decrease 
in the sensitivity of the carbon tube with age. A frequent 
appearance of a double absorption peak indicates a poss- 
ible interelement interference or aging of the carbon tube. 
When applicable, the 2802-nm background correction is 
observed to be a larger fraction of the absorption peak 
height for a new tube, probably reflecting the greater sensi- 
tivity of an unused tube. Joselow and Singhi report a 
sensitivity loss of the Delves cup with use. Discussions of 
background corrections for flameless AAS analyses are 
given by Dick et al.” and Robinson et aLI 

Addition of a spike to solutions already injected into 
the carbon tube gave irreproducible results. Simultaneous 
injection of a solution and a spike into the carbon tube 
followed by the predry, dry, ash, atomize sequence, did 
not give reproducible atomization peaks. Injection and 
drying of the spike solution followed by injection of the 
sample solution and initiation of the analysis sequence was 
also irreproducible. Reversal of the order of injection like- 
wise gave irreproducible results. To gain reliable results 
the samples n&St be spiked before i& injection into the 
carbon tube. Schramel” and Everett and WesT’8 also 
report that it is necessary to add the spike solution in 
the sample must be spiked before ints injection into the 
tions to obtain accurate results. 
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RESULTS AND DISCUSSION 

In the flameless technique the sample is placed in 
the graphite tube through which the radiation from 
the hollow-cathode lamp passes. An appropriate elec- 
tric current is passed through a resistive load, causing 
heating sufficient to dry, ash, or atomize the sample, 
depending on the amount of current passed. The ato- 
mizer is sheathed by a continuous flow of argon to 
protect it from atmospheric oxidation. Once the light- 
beam is focused on the atomizer and the sample is 
injected, the dry-ash-atomize sequence is initiated. 
Moisture or solvent is evaporated during the drying 
step and the volatile matrix is supposedly pyrolysed 
during the ashing step, leaving atomization of analyte 
to occur during the final step. For a sample contain- 
ing a large amount of a volatile matrix such as 
organic matter, a non-atomic absorption peak usually 
occurs during the drying and ashing steps. Voltage 
settings regulating the power supplied to the graphite 
tube are determined such that there is no splattering 
during the drying step and the recorder trace returns 
to the baseline following the drying and ashing 
sequences. Diluted samples generally require slightly 
altered settings for drying and ashing. 

Previous results in this laboratory demonstrated 
that in situ ashing in the carbon-rod atomizer result 
in loss of lead and thus organic matter must be 
removed before the injection into the carbon tube.’ 
Dick et al. l5 found that some analytes were vaporized 
during ashing when the ashing temperature was too 
high. In this study wet-ashing in Uni-Seal decomposi- 
tion vessels with redistilled nitric acid as the oxidant 
was used. The Teflon inserts for the vessels minimize 
retention of analytes and, with a tight seal, minimize 
loss of volatiles. This technique has the additional 
advantage of not requiring salts to be added for the 
digestion. Ranweiler and Moyerslg used Teflon acid- 
digestion bombs in determination of metals in atmos- 
pheric particulate matter. Holak et aL2’ also used 
Teflon digestion vessels in their determination of mer- 
cury in fish by flameless AAS. Other investiga- 
tors2’-23 have also reported rapid digestion pro- 
cedures in Teflon vessels. 

Schramel17 described the relationship between the 
accuracy of flameless AAS analysis and some of the 
major components of a biological material wet-ashed 
with peroxide and sulphuric acid. He found consider- 
able interferences in analysis for lead but noted that 
it is advantageous to use low concentrations of acids 
in order to minimize their fumes and concomitant 
molecular absorption and scatter during atomization. 
Hauckz4 reported that the influence of biological 
components on flameless AAS determinations can be 
minimized by adding nitric acid and by sample dilu- 
tion. Since nitric acid is exclusively employed in this 
study for the digestion, which is followed by a tenfold 
dilution, it is believed that biologically-derived inter- 
ferences with the lead determinations are minimal, if 
they exist at all. It was determined by titration that 

the nitric acid remaining after digestion was about 
half the original amount. 

Since tin is present in the can coating as well as 
in the solder it is likely to be a trace contaminant 
in the milk. Thus an experiment was undertaken to 
determine if any tin interference was present at the 
283.3-nm lead resonance line since tin has an emission 
line at 284.0nm. Aliquots (5 ~1) of 100, 1000, and 
lO,OOO-ppm tin solutions were analysed in the carbon 
tube at the lead 283.3-nm analytical line. The non- 
absorbing lead line at 280.2 nm was used to determine 
smoke corrections. The 100-ppm tin solution showed 
no absorption, but the other two indicated some 
absorption. This apparent absorption was found to 
be completely accounted for by the background cor- 
rection determined at 280.2nm. Shigematsu et aLz5 

report that several cations in lOOO-fold ratio to lead 
seriously interfere in the determination of lead with 
a carbon-tube atomizer but that most cations scarcely 
interfere when in lOO-fold ratio to lead. 

When aqueous lead nitrate standards were used, 
plots of per cent absorption us. weight of lead were 
linear for up to 2 ng of lead and slightly curved for 
higher amounts. Per cent absorption was used instead 
of absorbance, in a least-squares determination of the 
intercept in the standard-additions method.26 Dilu- 
tions and standard additions were such that the ana- 
lytical responses were in the linear region. The stan- 
dard deviation of the intercept was also calculated.27 
The results, with their standard deviations, are listed 
in Table 1, and are based on 25-30 injections into 
the carbon rod. The correlation coefficients varied 
from 088 to 0.99 with most of the values in the range 
0.93-0.96. A hand plot of the median values for the 
standard addition solutions of a given sample usually 
gives the same intercept (within 003 ppm) as the 
least-squares computer analysis of the same data. 

For those analyses which did not exhibit appreci- 
able change in the concentration of lead, the mean 
deviations for both types of sample (i.e., stored in the 
cans and in the polyethylene bottles) were calculated. 
These results are included in Table 1. For a total 
of 32 analyses on the six different samples the mean 
deviation of the results ranged from 0.01 to 003 ppm 
with an overall mean deviation of 002 ppm. 

From Table 1 it is seen that all the samples studied 
were < 0.5 ppm for lead in evaporated milk. Of the five 
samples exposed to air or oxygen, sample E did not 
exhibit an increase in lead, even after it had been 
open for 144 hr. For sample C the lead concentration 
at first increases somewhat with time and then be- 
comes constant. Samples C, D and E are of the same 
brand and have similar initial lead concentrations. 
Samples A, B and F exhibit increases in lead concen- 
tration at 20.6, 53.6, and 53-l hr, respectively, after 
opening. These rapid increases are usually follow4 
by a plateau and a subsequent gradual increase. 
Sample B-5 appears out of place, possibly indicating 
a loss of analyte. Samples B and C have only a slight 
increase in the pH of the milk in the can during the 
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Table 1. 

Salilple’ Pb wm Exposure 
Time of Mean dew ,t Tune of Mean dev.,t 

exposure. hr pH pPm Sample* Pb. ppm EXpoSUK exposure hr pH ppm 

A-l @I8 * 002 
AP-I 0.18 i 0.02 

A-2 022 + OG3 
A-3 0 30 + 003 
A-l 040 ? 02 
A-5 034 + 0.03 
A-6 047 ir 006 
A-7 050~004 

AP-2 026 i: 003 
AP-3 017 f 003 

3-l I315 + Ma 
BP-1 0.14 * 0.03 

B-2 028 k 002 
B-3 C-22 4 0.02 
B-4 030 f 0.04 

BP.2 012 f 002 
B-5 019 f 0.02 
0.6 036 + 603 

BP-3 0 12 & @02 

0 
6.2 

536 
767 

101 4 
105,7 
220 25 
901 

10695 

c-i @llf@Oi Ambient an 0 
CP-I 013 * 0.02 1325 

c-3 025 & 003 x37 
CP-2 0.07 * 0 02 1161 

C-4 027 f 003 5214 
CP-3 011 kOO2 694 75 

Ambient ax 0 
2% 
61 

I21 
206 
276 
36 25 

2139 
37@2 
383.6 

003 D-l 

DP-1 
D-2f 
D-3 
D-4 
D-5 

DP-2 

606 E-l 
EP-I 

E-2 
611 
612 
6 12 
612 
615 
6.11 
616 
618 

613 
613 
616 
615 
617 

001 

0.02 

E-3 
E-4 
E-5f 

EP-2 
E-6 

F-l 
F-2 
F-3 
F-4 
F-5 
F-6 
F-7 
F-8 
F-9 

FP-I 

0 17 r OG2 N, atmosphere 

0.17 * 0.02 
0.28 f 002 
0 12 f 0.02 
0.14 f 0.02 
0.17 Lt: 0.01 
0.14 It 0.01 

0 

8 
24~25 
48.5 

I2@4 
1464 

168.6 

0 15 rt 601 Amblent atr 0 
015 t 002 38 
@IO f WI 24.5 
0.15 f OQ1 48-1 
0 I5 i: OQI 72.8 
0.42 + 004 97 
0.12 rt 001 132.75 
0.18 f 001 144.9 

@IO It 001 0, atmosphere 
@IO f 0.01 
012*002 
@I4 * 0.02 
0.11 rt 0.02 
0.22 rt 0.03 
0 28 ?: 0.03 
0.33 f 0G.l 
0.43 & 0.03 
0 14 f 003 

0 
3‘1 
6 

14.5 
30.1 
531 
614 
819 

1135 
161 

002 

622 

@02 
6 19 

002 

6.18 
611 

* Samples identified with a P indicate a polyethylene container. 
t Calculated from the analyses not showing any Pb ~on~ntration changes. For example, for sample A it was based 

on that calculated from the results in column 2 given by A-I, AP-1, A-2, AP-2, and AP-3. 
1 Possible contamination is suspected. 

course of the experiment and no apparent change in 
their counterparts stored in the polyethylene bottles, 
whereas sample A shows a slight drop in the PH. 
Evaporated milk is a buffered system and shows only 
a slight increase in pH after opening, until it begins 
to sour; typically its pH changes from 6.02 to 484 
from opening to souring. The pH of O*lN lactic acid 
is 2.4, whereas cow’s milk ranges from 63 to 6.6 and 
human milk ranges from 66 to 7.6.” 

Since the increase in lead concentration of un- 
soured milk is not associated with a decrease in pH, 
it was suspected that the observed change might be 
caused by oxygen, with the lead possibily coming 
from the soldered joints of the can. However, further 
experiments are necessary to determine precisely the 
source of the lead. Sample D was analysed upon 
opening and the lead concentration was monitored, 
with nitrogen bubbling through the system via a gas 
dispersion tube. No significant concentration changes 
were found. A similar experiment was performed with 
oxygen bubbling through sample F and an increase 
was observed alter 53.1 hr. The nitrogen and oxygen 
flow-rates were < 1 ft3/br and adjusted so that there 
was no frothing of the samples out of their con- 
tainers. Although these results point to an oxygenT 
related mechanism for the increase in lead con- 
centration with time, microbiological activity is also 
a possible source for the change. Further studies to 
determine the mechanism are necessary. Pitting and 
discoloration of that portion of the cans in contact 
with the milk was noticed for all the samples except 
D and E for which the cans remained shiny. 
Samples from these cans exhibited no increase in 

lead concentration in the time observed. Sample D 
was kept under nitrogen, whereas sample E was 
exposed to the atmosphere and did not give an 
increase in lead concentration in the time inter& 
studied. 

It is worthy of note that all freshly opened samples 
as well as those kept in the polyethylene bottles agree 
we11 with previous results2.3. That is, they are gener- 
ally within the range O.l-@2ppm. In an earlier study 
by a similar technique5 we reported values of 03- 
0.4ppm for lead in evaporated milk. These values 
agree well with those obtained in this study for samt 
ples that had been exposed to the atmosphere for 
several days. This is not surprising, as in the previous 
study5 the cans had been opened and stored in a 
refrigerator for l-2 weeks before we arrived at a 
usable analytical procedure. Also the can-to-can 
variation of apparent trace-metal content necessitates 
a statistical sampling procedure involving composites 
of many samples before long-range conclusions can be 
reached. 
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R&u&--On montre que toutes les courbes de titrages potentiomktriques sont d&rites par la m&me 
expression mathkmatique, d condition d’exprimer soys certaines formes les courbes de rkponse des 
diverseskkctrodes utilisables. Cette analogie est mise g profit pour l’tcriture d’un programme qui permette 
la simulation des courbes de titrages en utilisant un petit calculateur et la dktermination semi-quantitative 
des constantes d’aciditt ou de formation de complexes ainsi que les potentiels normaux d’oxydo-rkduction. 
Cette mkthode permet Cgalement d’tvaluer la concentration des solutions. 

11 est d’usage de choisir pour rkaliser des titrages des 
r&actions aussi quantitatives que possible; la prkvision 
des courbes correspondantes est alors ai&, 9 partir de 
formules approchkes classiques en chimie analytique. 
Etant don& la facilitk expkrimentale avec laquelle sent 
r&disks dans la pratique les titrages potentiomktriques, 
il est tentant d’ktendre cette mkthode ?I des rkactions 
beaucoup moins quantitatives. Un probl&me se pose 
alors au chimiste quant g la prkision que l’on peut 
atteindre par ce type de dosage. Le simple examen de 
la courbe ne permet pas de rkpondre & cette question. 
Cependant, il est possible d’kvaluer la prkcision du 
titrage en faisant varier les paramktres des rkactions 
(concentrations et constantes) et en examinant les 
perturbations rksultantes sur la courbe thkorique du 
dosage. 11 est done intkressant de disposer d’un moyen 
de gCn6rer facilement de telles courbes. Les possibilitks 
du calcul Clectronique permettent, g l’heure actuelle, de 
rksoudre ce probkme dans le cas le plus gknCral.‘-5 

Cependant, les mkthodes utiliskes sont souvent com- 
plexes et nkcessitent l’emploi de calculateurs puissants. 
Pour le chimiste, il est pourtant d’un intk&t kvident 
de disposer d’un moyen tr& accessible pour pouvoir 
simuler graphiquement et sans dklai la courbe de 
dosage qu’il d&sire exkcuter. 11 peut ainsi choisir les 
conditions optimales de l’expkrience. L’implantation 
des programmes sur un ordinateur puissant se rkvkle 
dans la pratique, un obstacle g l’emploi de telles 
m6thodes. En effet, le petit nombre de paramttres 
nkessaires permet de se passer des cartes perforkes et 
peut facilement faire l’objet d’une introduction 
manuelle par le clavier. De mEme, la rapiditk du calcul 
est un facteur t&s secondaire. Par contre, les dklais pour 
se rendre & un centre de calcul, pour perforer ou faire 
perforer les cartes, l’attente des rksultats se r&lent 
souvent rkdhibitoires. La solution la plus convenable 
est alors l’utilisation d’un petit organe de calcul &quip& 
d’une unit6 graphique. Une telle installation, relative- 

ment kconomique, peut btre disposke ?t proximitk du 
poste de manipulation et accessible k tous. Soulignons 
enfin qu’une telle solution Bvite l’emploi de langages de 
contrble plus ou moins bien connus des utilisateurs. 

L’emploi de petits calculateurs dcessite cependant 
qu’un effort soit fait sur le choix des algorithmes et 
sur l’tconomie de place en mkmoire. Un tel effort est 
Cgalement indispensable si l’on a recours, non plus B un 
mini-ordinateur, mais g un terminal de t&traitement, 
de fagon g minimiser le cot% des opkrations. 

La similitude est totale entre les courbes de dosage 
potentiomktrique, qu’elles traduisent des phknom&es 
acide-base, d’oxydorkduction ou de formation de 
complexe. 11 nous a done paru intkressant d’expliciter 
un modkle mathkmatique unique permettant de dkcrire 
ces trois types de courbes de dosage tout en rkalisant 
le meilleur compromis entre gkkralitt: et simpliciti. 
Nous allons montrer ci-dessous qu’on peut traiter par 
la m6rne formule toutes les courbes de dosage de 
mklanges de composks polyfonctionnels g la condition 
que ces titrages ne mettent en jeu qu’un seul type de 
particule. On peut ainsi traiter des dosages de mtlanges 
d’acides ou de bases, de mklanges d’oxydants ou de 
rkducteurs. Dans le cas des complexes, les dosages basks 
sur khange d’un seul type de ligand ou d’un seul type 
de cation par exemple, relkvent de la m$me formulation. 

Par contre, ne seront pas abordks ici les dosages 
faisant intervenir 1 la fois, par exemple, Pacido-basicitk 
et la formation de complexes, l’acido-basicitk et l’oxydo- 
rkduction, ou la formation de complexes pour plusieurs 
types de ligands. 

EXPRESSION DES CONDITIONS D’EQUILIBRE 
DANS LE CA.9 D’UN DOSAGE POTENTIOMEI’RIQUE 

Soit X la particule &hang&z (H+ ou un ligand L par 
exemple). Pour Cviter la prise en compte des coefficients 
d’activitk, nous nous placerons en milieu de force 
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ionique con&ante. Nous pourrons alors rendre compte 
de l’tquilibre en utilisant les concentrations [X] des 
es@ces, et non leurs activitCs, g condition de leur 
associer les constantes apparentes k ou E” leur corre- 
spondant. 

Nous supposerons en outre que nous disposons pour 
suivre la concentration de X d’une Clectrode dont le 
potentiel ob&t d la loi: 

E = -Rylog,cxI - h} 

od b est une constante. Nous supposons done que le 
potentiel varie linkairement en fonction du logarithme 
n@&ien de la concentration en X. De (1) on tire 

[X]=exp(-s+h)=exp(Q 

avec 

b= -&+b 
Considkrons maintenant la r&action 

T+X=TX 

Si X est un proton ou un ligand, la condition 
d’kquilibre est d&rite gCn&alement par la loi d’action 
de masses, soit : 

mCxl _ k 

Crxl 
(2) 

Calculons le rapport p]/m] g partir des relations 
(1) et (2) il vient : 

L-U k expt - pk) -=-= 
l3w PI 

~ = exp[ - (8 + pk’)] 
cxp(d) 

(3) 

en posant pk’ = -log, k. 
Si X est l’tlectron, T est la forme oxydCe et [Ir,e-] 

la forme rkduite. Le potentiel de la solution g 
l’kquilibre est donnC par l’expression suivante: 

ITI E=E”+R;.log,p 
IIT e-1 

qui remplace alors la relation (1). Posons 

-g= ,$ et ‘$= pk (5) 

et calculons le rapport [T]/D, e-1, expres$on partic- 
ulitre g I’oxydorbduction du rapport D]/m]. A partir 
de (4) et (5) il vient: 

- = exp[-(8 + pke)] (6) 

Les expressions (3) et (6) sont formellement identiques, 
quelle que soit la particule &hang&e, proton, klectron 
ou ligand. 

ETABLISSEMENT DE L’EQUATION DE LA COURBE 
DE DOSAGE D’UN DIACIDE AH, PAR UNE DIBASE B 

Les rkactions s’Ccrivent : 

HA + HA- + H+ avec kA2 = CHA-lCHtl 
P&Al 

HA- = AZ- + H+ kA, = L-A’-ICH’I 
CHA-1 

H,B’+ z$ HB+ + H+ k,, = CHB+lCH+l 
CWZ+l 

HB+ = B + Hi k 
BI 

= CBICH’I 
CHB+l 

Au dkbut du dosage, le vase de r&action wntient un 
volume VA de H,A ?t la concentration CA. En un point 
quelconque du dosage, on ajoute un volume V, d’une 
solution de concentration Ca en B. La conservation 
des es&es s’&crit done: 

e = [H,A] + [Hz-] + [A2-] 
A B 

l+p+rG} 

Al AI AZ 

soit 

j$$$ = [A2-]~A 
B 

et 

s = [B] + [HB+] + CH2B2+l 
A B 

k kB kB l+&+$$ 
> 

so1t 

$$ = [H,B+]D, 
A B 

(8) 

avec : 

D 

A 
= 1 + CH’I + cH+lz - - 

k Al k,,k,, 

= 1 + exp[ - (8 + pki,)] 

+ expC-(2 + pkX, + pW1 (9) 
k k, k, 

D,=l+&++j+ 

= 1 + exp[(& + p&,)1 

+ exp[W + pk& + pk;;,] (10) 

Etin H+ rbagit sur le solvant HY selon: 

H+ + Y- z$ HY avec [H+][Y-] = ks 

posons 

ks -- S = Cy-] - [H’] = ,_+, m’]. 

La neutralit& Clectrique de la solution s’Ccrit: 

[H+]+[HB+]+2[H2B2+]=~-]+[HA-]+2[A2-] 

soit : 

k 
CH,BZ+l 2 + cHB;l 

[ 1 ~ =S+[A2-][2+p] 

ou enwre 

avec 

[H2B2+].Na = S + [A2-].NA (11) 

NA = 2 + [H+]/kA, = 2 + exp[-(8’ + pkA,)] (12) 
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NB = 2 + k,JCII’] = 2 + exp[B + pkJ ( 

En combinant (11) avec (7) et (8) on arrive a: 

3) 

h’,C,N, NBKSB 
(v, + l$JD, + s = DB(I/A + v,) 

(14) 

Cette equation est celle de la courbe de titrage. EIle 
donne les variations du potentiel mesure E, figurant 
ici par l’intermediaire des fonctions NA, N,, DA, DB 
en fonction du volume V, de reactif ajoute, mais cette 
relation n’est pas explicite. Par contre il est possible 
d’exprimer V, en fonction de E soit : 

v, = N,z ,-(“+ ZCA) (15) 
- - 

Dl3 

GENERALISATIONS 

Compost% polyfonctionnels 

11 est facile de voir que les formules (14) et (15) 
restent valables si on dose un n-polyacide par une 
p-polybase. En effet, le raisonnement precedent reste 
le meme. Seules les expressions (9) (lo), (11) et (13) sont 
generalisees; elles deviennent : 

DA=l+ iexp -il- ipki, 
i=l j=l 1 

DB = 1 + i exp iJ + i pk;,,_,, 
,=l j=l 1 

(16) 

It-1 

NA=n+ x(n-i).exp -ib- ipcJ 
1 

(18) 
i= 1 j=l 
p-1 

Na = p + c (p - i).exp i8 + i pk&_l, 1 (19) 
i=l j=l 

Dosages de mklanges CONCLUSION 

De m&ne, on peut Ctendre les formules (14) et (15) 
au cas du dosage d’un melange de plusieurs acides par 
un melange de plusieurs bases. 11 existe, pour chaque 
compose une equation de conservation des masses qui 
conduira a une expression de N analogue a celle de 
(18) ou (19). Dautre part la neutralite Clectrique skrira : 

S + 2 [A:-]. NA = C [H&+]NB 
k k’ 

qui conduit a 

Etant don& la diversite des calculateurs pro- 
grammables existants et vu la facilite de programma- 
tion de l’algorithme precedent, il nous parait inutile 
d’indiquer l’implantation que nous en avons faite. 

Un exemple d’emploi de cet algorithme a Cte d&it 
rCcemment;6 il traite le MS dun acide amine a quatre 
fonctions, la dihydroxy-3,4 phenylalanine. Le titre, 
determine par pes&e (0,OlOM) a pu etre retrouve avec 
une bonne approximation (5%). Du plus, la valeur de 
la constante d’acidite de la fonction acide la plus faible 
a pu Ctre Cvaluee a partir de l’ajustement visuel entre 
courbes simulees et courbes experimentales. Une telle 
technique a permis de montrer que ce pK &it egal a 
13.0 * 0,5, en solution aqueuse. 

= & 7 (CA~.N~ldD~k) + s (20) 

Soit 

V,. CS + C (NAP. CAJDAJI 

’ = s (NBI.: CBJDat) - s (21) 

Extension aux riactions autres que les r&actions acide- 
base 

Nous avons montre audessus que la meme formula- 
tion rendait compte des phenomenes observes quelle 

que soit la particule Cchangee: proton, electron, cation 
metallique, ligand, etc. Les formules (16) et (18) sont 
done valables dans tous les cas de dosages au tours 
desquels se produit l’echange dun seul type de 
particule, c’est-a-dire le dosage dun donneur TX, de 
la particule X par son accepteur A. Le cas inverse de 
dosage dun accepteur A de la particule X par un 
donneur TX2 se traite de la m&me facon, a condition 
de changer de signe l’argument de toutes les exponen- 
tielles. 

C’est ainsi qu’on peut traiter par les memes formules 
le dosage dun reducteur (I, ne-) par un oxydant B. 
Dans ce cas, il n’y a pas reaction de e sur le solvant 
et la concentration de X, identique a e, est dgligeable. 
S est done Cgal a 0. Dans le MS du dosage par forma- 
tion de complexe, un cation metallique M peut accepter 
un ligand X dun complexe M’X; ou encore un ligand 
L peut recevoir un cation metallique X dun autre 
complexe XL’. Alors X ne reagit generalement pas sur 
le solvant et S sera pris &gal a [X]. 

Le dosage d’un acide fort, c’est-a-dire de la particule 
Cchangee elle-mcme (H+), par une base faible est une 
simplification des cas precedents. L’anion associe a H+ 
est une base infiniment faible; ondonne alors arbitraire- 
ment a p& une valeur negative (en pratique - 5 a - 6). 
De la m&me facon, dans le cas du dosage dun acide 
faible par une base forte, le cation associe a cette base 
est infiniment peu acide; on donne alors a pkB une 
valeur arbitraire, superieure a pk, (en pratique pk, + 5 
ou pk, + 6). 

Enfin, le dosage direct dun cation metallique par un 
ligand X est identique au cas du dosage de l’acide fort 
ou de la base forte, a la valeur de la fonction S prb. 

1. 
2. 

3. 
4. 
5. 

6. 
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Summary-Some fundamental aspects concerning the formation of ash on a pyrolytic graphite surface 
and the resulting effects on precision and accuracy in flameless AAS, have been examined for the 
determination of lead in whole bIood. The nature and composition of the ash from whole blood 
and the state of the pyrolytic graphite surface have been observed with the aid of a scanning electron 
microscope and non-dispersive X-ray microprobe analyser. The use of nitric acid to separate the analyti- 
cal peak from the matrix peak, an examination of high-temperature clearing of the matrix, and removal 
of ash remnants between each analysis are reported. A procedure to improve precision and accuracy 
in flameless AAS using the graphite-tube atomizer is reported. 

Despite the development of simple and relatively in- 
expensive heated graphite furnaces for flameless 
AAS’s and preliminary studies on their biological 
applications,3*4 surprisingly few workers5s6 have pub- 
lished methods on such a topical subject as the direct 
determination of lead in whole blood. 

Kubasik et aL5 applied 1~1 of whole blood diluted 
with 2 d of Triton X-100 solution (5% v/v) to a Var- 
ian (CRA Model 61) Mini-Massmann furnace. The 
analysis was carried out under high temperature ash- 
ing (CRA instrument setting 7.5 V for 30 set-approx. 
900”) and fast atomizing (8 V for 15 set) conditions. 
The authors noted that aqueous standards gave about 
one-third the absorbance of the blood standards and 
were unsatisfactory. They attributed the decreased 
absorbance to soaking of the purely aqueous standard 
into the graphite rod. However, no reason was 
advanced why blood diluted with Triton X-100 deter- 
gent to a lower surface tension than that of purely 
aqueous standards, did not soak into the graphite. 
Unfortunately, reliable comparisons of results were 
not possible in the normal range of 0.10-0.25 mg/I. 
for lead in whole blood, owing to the flame methods 
used for comparison. 

Rosen’, developed the technically difficult applica- 
tion of 0.5 ~1 of whole blood, encased between 03 d 
and 0.24 of xylene, to the furnace of a Varian 
CRA Model 61. The analysis was carried out under 
very high ash temperature (CRA instrument setting 
9 V for 15 set-approx. 1W) and fast atomization 
(8 V for 2.5 set) conditions. The author demonstrated 
the good reproducibility of his method, but few preci- 
sion data were available for the O.lW20 mg/l. range, 

and curiously, incomplete recovery was obtained 
when EDTA-preserved blood was used for the direct 
determination. This incomplete recovery has been 
attributed to the EDTA inducing incomplete extrac- 
tion by MIBK before the analysis.‘** 

Unfortunately, both groups of workers appeared to 
be unaware that atomization temperatures should be 
set no higher than necessary, to minimize atom-cloud 
diffusion and slow amplifier-response effects.’ v4 

Subsequent work9 and our observations have con- 
firmed that higher atomization temperatures (2000- 
2300”) produce non-linearity in the working curve 
and decrease the precision of the analysis. More 
recently, measurement of the variation of the transient 
absorption signal of lead as a function of the time- 
constant of the amplifier-recorder system, has shown 
that spectrophotometer amplifiers with high time- 
constants may not have a linear response for fast sig- 
nals.” 

Complete studies of the accuracy of analysis of a 
whole-blood matrix have not yet been reported for 
the carbon rod method.’ From several private com- 
munications it would appear that a large number of 
users have experienced difficulties in the use of flame- 
less AAS for the direct determination of lead in 
blood.“p’2 

Various claims have been made regarding changes 
in sensitivity due to matrix accumulation,4 the in- 
creased porosity of the carbon rod upon use causing 
decreased aqueous sensitivity,’ the need for xylene to 
prevent soaking into the rod,4,6 non-reproducible 
vaporization rates,13 and large smoke peaks and pit- 
ting of the graphite tube.’ 

881 
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By coating of the surface of a new type of carbon 
tubeI in the Varian CRA Model 63 with pyrolytic 
graphite, surface porosity effects have been mini- 
mized. 

EXPERIMENTAL 

The carbon-rod atomizer CRA Model 63 (Varian Tech- 
tron, Melbourne, Australia) was mounted in place of the 
burner in a Varian Techtron AA-S s~ctrophotometer as 
described previously.14 A Mace FBQ-100 Recorder (N.LC. 
Instruments, Sydney, Australia) was operated at a chart- 
speed of 5 mm/set with full-scale deflection of 10 mV. The 
AA-5 amplifier was operated in the minimally-damped 
absorbance mode. A lead hollow-cathode lamp (A.S.L., 
Melbourne, Australia) was operated at 8 mA and the most 
sensitive lead line at 217.0nm was chosen. A hydrogen 
continuum lamp operating at 5 mA was used to measure 
the non-selective *absorption. Solution aliquots of 1<5 ~1 
were dispensed into the graphite tube through the inlet 
port wit6 a 10-d Hamilton syringe incorporating a Chaney 
adaptor and disposable Teflon tips (Diagnostics Division, 
Pfizer Inc., New York). 

All electron micrographs were taken with a JEOL 
Model JSM-U3 Scannina Electron Microscooe linked to 
a non-d~~rsive X-ray ~croprobe analyser (2DAX Inter- 
national Inc., North Carolina, U.S.A.). 

All digestions were performed, and the digests stored, 
in O&ml hinge-capped polyethylene containers free from 
heavy metals (Bactolabs Cat. No. NHP213038C; Camelec 
Pty. Ltd., Adelaide, South Australia, Australia). 

A calibrated optical pyrometer (Leeds and Northrup 
Co., Pa., U.S.A.) was used to measure furnace temperatures 
at the axial centre of the furnace. 

Reagents 

Ultrapure 7cr;/, (11M) concentrated nitric acid (Aristar 
grade, B.D.H. Chemicals, U.K.) and twice-distilled water 
were used. The is-ml polypropylene containers for blood 
collection were treated with Q5ml of heparin (injection 
grade B.P., 25,ooO I.U./ml, pyrogen-free, preserved with 
0~15% chlorocresol, Evans Medical Australia Pty. Ltd., 
Victoria, Australia). 

Procedure 

When capped, and heated to 70” by an infrared lamp, 
the O%nl polyethylene containers acted as pressure diges- 
tion vessels for rapid digestion of 50~1 of whole blood 
with 50~1 of 70”/, nitric acid. When the reaction mixture 
was vortex-mixed immediately after the nitric acid addi- 
tion, and intermittently during the digestion, a clear solu- 

tion resulted which was suitable for trace metal analysis 
by flameless AAS. Tbe procedure has been described more 
fully in another work.” 

A 1.5-$ aliquot of the sample was dispensed into the 
graphite tube through the inlet port with the microlitre 
syringe and a preselected sequence of drying, ashing and 
atomization was initiated by means of the procedure de- 
scribed in another work. I5 Typical power supply settings 
were as follows: dry at 5-6 \i -for 20 set, ash-at 5.56.2 V 
for 20 see, atomize 5.5-6 V for 4 sec. These settings corres- 
ponded to measured ashing temperatures of 3S@500° and 
atomizing temperatures of 170&1800” as shown in Fig. 
1. Once the conditions had been optimized they were kept 
constant for the analysis batch. Nitrogen was bsed as the 
inert gas at a flow-rate of 3.5 l./min (setting 6) and the flow 
of room-temperature cooling water through the CRA 63 
workhead was maintained at 2 l./min. 

1500 
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Instrument atom4se voltage setttngs 

Fig. 1. The relationship of Pb absorbance at 217-O nm with 
CRA63 power supply settings (-C-, 4 set) superimposed 
on optical pyrometer temperature measurements at CRA63 

power supply settings (-EL-, losec), (-A-, 4 set) 

Several blood samples were digested and used intermit- 
tently as quality-control standards to measure sensitivity 
drifts and also in the precision studies. 

The outside surface temperature of the graphite-tube fur- 
nace was measured with an optical pyrometer. The inner 
surface was estimated to be about 100” higher than the 
outside of the furnace by observation through the inlet 
port and tube ends. 

RESULTS AND DISCUSSION 

When new, the pyrolytic coating on the graphite 
tube furnaces appeared to be impervious to aqueous 
lead standards in 02I$4 and 6Ii4 nitric acid. However, 
nitric acid digests of whole blood, and whole blood 
diluted with twice its volume of Triton X-100 solution 
(5% w/v) consistently exhibited 300/, reductions in sen- 
sitivity over seven consecutive atomizations when 
starting with a new tube. The ash matrix of IO con- 
secutive whole-blot digest atom~tions was allowed 
to accumulate and was then stored for electron micro- 
scopic examination (Plate 4). 

Another new tube was used to atomize 80 routine 
blood-digests for lead determination, regularly inter- 
spersed with 23 determinations of a blood-digest stan- 
dard. The standard used in the second tube gave a 
mean absorbance of 0097 and a relative standard 
deviation (RSD) of 85% over the 23 determinations. 
All analyses were performed in duplicate and dupli- 
cates agreed within OQOS absorbance units. However, 
the interspersed standard showed overall variations 
of 0020 absorbance units and a gradual decline in 
absorbance of O+OlO during the 100 atomizations. The 
absorbances for the aqueous standards also fell, but 
more erratically. 

The overall accuracy and precision of results are 
dependent on three types of effects: application 
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effects; spectral and/or chemical effects; physical 
effects. Techniques for application of microlitre quan- 
tities of solution play a large part in attaining maxi- 
mum accuracy and precision.6*9*‘3 In this work, the 
contribution of application techniques was estimated 
by performing replicate determinations on the CRA63 
with pure lead solutions in 0.2M nitric acid. The 
results of several hundred determinations indicated 
that, provided electrode contact, tube position, instru- 
ment conditions and decontamination were carefully 
optimized and maintained, R.S.D.‘s of 34% at the 
O-l@mg/l. lead level were readily attainable. 

Spectral interferences from whole-blood matrix 
residues after ashing at below 600” can be serious 
unless steps are taken to reduce the non-atomic signal 
during atomization. ls Ashing at above 600” can result 
in reductions in the atomic lead signall and losses 
of the more volatile compounds, particularly in the 
presence of chlorides. The non-atomic signal can be 
reduced by such techniques as reduced sample size,6 
use of ramping atomization,13 or by chemically treat- 
ing the sample’ 5 to cause an alteration in the ash 
products so as to reduce the effect of non-atomic sig- 
nals on the atomic signal. In this work, concentrated 
nitric acid was used to reduce the non-atomic com- 
ponent at the lead atomic-signal position. The non- 
atomic component remained low and constituted less 
than 10% of the signal obtained from whole bloods 
containing between 0.10 and 080 mg of lead per litre. 
Unless ashing conditions changed markedly, or there 
was an accumulation of matrix, spectral interferences 
remained constant and independent of the sample sig- 
nal. As can be seen in Table 1, the ratio of non-atomic 
absorbance to total absorbance and the effect of var- 
iation in the non-atomic signal on the total signal, 
in all cases strongly favour use of the nitric acid pre- 
digest. 

Figure 2 shows that only with the nitric acid pre- 
digest method can constancy of the non-atomic signal 
be assumed. With our single-beam instruments the 
low and constant non-atomic signals allowed a con- 
stant correction to be made and thus gave significant 
time-savings; users of double-beam instruments could 
remove the hydrogen-lamp after estimation of the 
non-atomic component and retain the advantages of 
double-beam operation. 

A study of chemical interferences in the determina- 
tion of lead in red blood-cells’ found that interfer- 
ences from vaious cations and anions were low or 

Table 1. Comparison of the relative magnitudes of non- 
atomic signals and the effects on the total signal on the 

same set of samples 

Volume X,J;i,. tin*/%. 
Matrix solution rat10 ?. % 

Whole blood:Tnton X-100, I:2 314 92 
Whole blood:HNO,. 1:1 77 2.3 
Whole blood:HNOs’H,O. l.l:I 70 I5 

g, = mean value of non-atomic absorbance. 
X, = mean value of total absorbance. 
l+,, = standard deviation of non-atomic absorbance. 

OWO r 

0025 

Totol peok hetight 

Fig. 2. The relationship of total peak height for lead at 
217.0 nm with non-atomic component (H,-lamp, 217.0 nm, 
centre of Pb-peak position) for whole blood:Triton X-100, 
1:2 (a) whole blood:HNO,, 1: 1 (-A-) and whole 

blood:HNO,:H,O, 1 :l: 1 (-•-). 

absent. Chemical interferences should not therefore 
affect the precision of the method, provided the 
applied matrix remains fairly constant, as was the 
case here. However, accumulation of less volatile ele- 
ments such as Fe, Si, Al, B or their carbides formed 
by reaction with the graphite during atomization, 
could cause increasing chemical interference. 
Measurements showed that there was a considerable 
accumulation of iron on the tube after routine atomi- 
zation of whole blood at cu. 1700” (CRA 63 power 
supply setting of 55 V for 4 set). This setting on the 
CRA 61 reportedly also heats the furnace to 1700°.‘o 

Iron accumulation was studied by atomizing four 
aliquots of the same sample sequentially on a new 
tube at 1700”. Between each atomization, the tube 
was cleared by heating to 2200” by setting the CRA 
63 power supply atomization cycle to 75 V for 4 set 
(2400” on the CRA 61r’). After the fourth lead deter- 
mination no 2200” clearing atomization was used and 
an iron lamp was substituted (248.3 nm 5mA) and 
the iron absorbances at 1700” measured. The 288*3- 
and 3720~nm iron lines were too sensitive, so the 
392.0-nm line had to be used. 

The first clearing atomization at 1700” liberated the 
equivalent of only 5 mg of iron per litre from the 
1.5-~1 aliquot of 1: 1 whole-blood:nitric acid digest 
solution naturally containing about 250mg of iron 
per litre. Thus approximately 2% of the iron in the 
blood samples was atomized by each of the successive 
atomizations at 1700”. However, on reclearing of the 
tube at 2200”, subsequent atomizations at 1700 
detected less than the equivalent of 0002 mg/l. 
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Plate 1. Pyrolytic graphite surface of an unused graphite tube, x 500. Note the dimpled surface and 
the even fracture edge of the pyrolytic coating. The coating is evenly bonded to the crystalline graphite 

body of the tube. 

Plate 2. Pyrolytic graphite fracture surface after 46 ato~~tions at 2200”. x 250. Note the shrinking 
and increased brittleness of the pyrolytic graphite fracture edge causing poorer bonding to the crystalline 
graphite body of the tube. At several points the pyrolytic layer has lifted away from the crystalline 

main body. At no point were breaks observed in the pyrolytic surface. 

Plate 3. One ash flake from a single atomization at 1700” of whole-blood digest, x 50. This flake 
was carefully removed from the tube and examined individually. This open structured “boil-holed” 
carbon net is thin enough for penetration by the microscope electron beam, and one or two layers 

may be ~stin~ished below the top payer. 

Plate 4. Ash build-up from 10 atomizations at 1700” of whole-blood digest, x 250. Note the develop- 
ment of enclosures within the highly irregular surface and bonding of the ash to the pyrolytic graphite 
surface at several points. EDAX Scans showed low iron background but no metallic aggregates larger 

than 1 pm. 

By clearing of the tube at 2200” after each sample 
and performance of the next analysis at 1700”, 
memory effects were avoided and any chemical effects 
that occurred would result directly from the sample 
being measured. In this way, for any one sample, all 
chemical effects should remain constant for a fixed 
set of ato~tion conditions. As has been demoo- 
&rated, application techniques can be controlled 
within 34% R.S.D. and spectral interferences in the 
nitric acid digests affect the total signal by 1.52.3% 
(R.S.D.) if a mean non-atomic correction is used. 
Chemical interferences due to memory effects are also 
ei~nated by clearing less volatile elements at higher 
temperatures. Consequently the only cause of absor- 
bance fluctuations greater than 6% and decreasing 
sensitivities must be due to physical effects. Physical 
effects are predominantly due to variations in furnace- 
heating rates, atomic-cloud diffusion characteristics, 

signal distortion due to slow amplifier responses, and 
surface effects. 

Examination shows that some effects of heating 
rates, diffusion characteristics of different gases and 
instrument response-times on the determination of 
cobalt and gold in serumlo have parallels in the deter- 
mination of lead in whole blood. In our work, opti- 
mum atomization and spectral separation were 
obtained by varying the temperature programme of 
the tube. Provided heating conditions, gas flows and 
spectrophotometer conditions remained stable, we 
would expect the sum of all errors from these sources 
to approach the 34”/, R.S.D. precisions of pure 
aqueous standard solutions. However, results for 
whole-blood replicates during the life of a tube fur- 
nace yield 7-9x R.S.D.‘s. Careful statistical analysis 
of the results obtained for gold, cobalt and lithium 
in blood plasma indicated that the procedural errors 
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Plate 5. Ash build-up from 31 atomizations at 1700” of whole-blood digest with clearing atomizations 
at 2200” after each determination, x 87.5. The cut edge clearly shows sequential ash layering which 
eventually forms a ropy uneven surface from which the next sample is atomized. EDAX scans showed 
that no elements above atomic number 10 were present either overall or in aggregates larger than 

1 pm. 
Plate 6. Ash build-up from 120 atomizations at 1700” of whole-blood digest with clearing atomizations 
at 2200” after each determination, x250. Note the dense ash layer forming large enclosures with 
passage holes leading from the enclosures. Also note the intact pyrolytic surface within the enclosures. 

Plate 7. Pyrolytic graphite surface after 50 atomizations at 1700” of whole-blood digest, with the 
ash being cleared away after each determination and the contamination cleared by atomizing at 2200 
before the next determination, x 125. Note the adhering monolayer of ash, which is transparent to 

the electron beam and reveals the intact pyrolytic surface beneath. 
Plate 8. A high-magnification (x 104) picture of the ash-flake surface shown in plate 3 (atomization 
at 1700”). The Particles on the surface were too small for EDAX analysis, but their electron-beam 

opacity may indicate inorganic aggregates. 

were sign&ant and probably caused by alteration 
in the properties of graphite by repeated atomiza- 
tions.” Similar conclusions were drawn early in our 
work when, despite the use of tubes coated with pyro- 
lytic carbon, high R.S.D.‘s were obtained. This sug- 
gested one of two mechanisms: either a breakdown 
of the pyrolytic coating, thus exposing underlying 
porous graphite, or, in some way, alteration of the 
surface characteristics by the blood matrix. 

Because of its lO&200A resolution, 50-100~ 
depth of field and its ability to produce high contrast 
easily, a scanning electron microscope was selected 
for observing the furnace surfaces. The attached 
EDAX X-ray analyser could also be used to identify 
matrix segregation. 

From Plates l-7, it is clear that at no time was 
there observed a break or a discontinuity of the pyro- 
lytic graphite surface, even after severe heat treatment 
such as in Plate 2. From the nature of the fracture 
edges, it was clear that successive high-temperature 

ashings caused each layer within the layered pyrolytic 
coat to harden and to shrink slightly. This gave rise 
to an exfoliation effect as the pyrolytic coat con- 
tracted and buckled away from the underlying graph- 
ite. There also appeared to be no evidence that the 
underlying coarser graphite became appreciably more 
porous. However, uncoated graphite as used in the 
CRA 61 model carbon-rod furnace may behave differ- 
ently, if the machined surface of the furnace walls 
become damaged. 

Although precise measurement of the variation in 
the thickness of the pyrolytic carbon coating with re- 
spect to number of atomization firings was not poss- 
ible from the uneven specimen fracture surfaces, an 
apparently linear decrease from 18 w when new to 
5 m after 200 firings occurred in the measured coat- 
ing thickness. It would appear that up to 250-300 
firings should be possible before the pyrolytic coat 
becomes too thin. Our best results for the determina- 
tion of lead in whole blood to date have been 307 
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firings before the standard blood result drifted below 
an arbitrary -loo/, from the mean analysed value. 

By far the most enlightening aspect of the scanning 
electron microscope study, was the nature, struclure 
and com~sition of the residual ash. Plate 4 shows 
the typical cavernous structure of ash accumulated 
when 10 whole-blood determinations were performed 
in succession by atomizing at CM setting 55V for 
4 see (cu. 1700”). Visual inspection of the tube showed 
a slightly roughened surface, presumabIy similar tcl> 
that described by other workers as corrosion and pit- 
ting of the graphite.5*g 

While high-temperature firing between each sample 
removed the less volatile matrix components, it did 
not prevent accumulation of residue, as can be seen 
in Plate 5 and particularly in Plate 6. With successive 
atomization of whole blood, the matrix deposit 
became more dense, ~ntinuous and impervious. In 
Plate 6, the accumulated matrix layer is seen to have 
lifted away from the pyrolytic graphite surface, form- 
ing a large enclosure or repository for applied solu- 
tions. A further interesting aspect in Plate 6 is the 
intact nature of the pyrolytic surface within the 
observed enclosure. Non-dispersive X-rays micro- 
probe scans of the ash flakes and residues did not 
reveal any major segregation of elements of atomic 
weight greater than that of sodium. However, a slight 
enhancement was detected in the iron content of the 
ash after atomizations at 1700”. No elements were 
detected after atomi~tions at 2200”, thus su~esting 
that the ash is predominantly carbon. 

From these observations the nature of the physical 
conditions preventing precise and accurate results 
were deduced and the following mechanism is pro- 
posed. Vaporization of pure aqueous lead nitrate 
from a clean pyrolytic graphite surface in an inert 
atmosphere should follow a normal decomposition 
sequence, which is probably 

Pb(NO,), -t- C+ PbO(s) + 2NO,(g) + CO(g) 
470” 

then 

PbO(s) + C(s)+ Pb(g) + CO(g) 

The decomposition of lead nitrate occurs17 at 470” 
while the appearance temperature for lead in the 
second reaction has been measured as 727”.16 The 
presence of excess of nitrate salts may slowly etch 
the graphite surface by CO formation. It is probable 
that after ashing of the whole biood/nitric acid matrix 
at 500-600”, very little PbCl, or Pb(NO,), would 
remain and that most of the lead would exist either 
in the oxide or the metallic state, imbedded in an 
open-structured film of carbon containing large 
amounts of iron, calcium and silicon oxides and car- 
bides. Plate 3 illustrates the open net structure of the 
carbon film. 

Electron microscope measurements showed the ash 
web to be 0.2-2~ thick, which as our recovery ex- 
periments suggest, allows quantitative excape of the 

lead at 1700”. With each successive sample addition, 
a proportion would soak beneath the previous ash 
layer and be lost. From our measured absorbances 
over seven successive additions, about 28% of the 
sample may be lost in this way in the first few applica- 
tions (Plate 4) until a reasonably continuous surface 
is built up, as in Plate 5. The release of atoms should 
then remain reasonably constant, perhaps slowly de- 
creasing until the matrix residue film becomes too 
thick and begins to buckle and cause large enclosed 
“caverns”, such as the 280 x 12~ structure 
observed in Plate 6. The small 4-8 q diameter holes 
would also readily conduct strongly creeping acid 
solutions into these enclosures but would not allow 
quantitative or reproducibIe escape of atomic vapour. 
The lower viscosity aqueous standards appeared to 
be more affected than whole-bl~ samples, thus 
resulting in more erratic and decreasing absorbances. 

“Pipedeane?’ technique 

Removal of the ash after each determination by 
brisk cleaning with a wool-wound pipecleaner main- 
tained a relatively clean, constant surface as shown 
in Plate 7. The matrix web remained open and was 
only 2 or 3 layers deep. The tube-cleaning procedure 
was followed by a 2200” atomization (CRA 63 instru- 
ment atomization setting at 7.5 V for 4 set) to remove 
any accumulated less volatile matrix and to clear any 
contamination remaining from the pipecleaner. This 
simple and rapid procedure, applied before each 
determination, produced remarkable improvements in 
sensitivity and precision, as shown in Fig. 3. This 
figure also illustrates, in a cyclic manner, the accumu- 
lation of matrix ash, causing an overall decrease in 
absorbance of 2837% at almost the same rate in all 
cases. In all cases the signal was restored after a 2200° 

I I I I 
0 5 w I5 20 

Number of ~~rnlflatio~s 

Fig. 3. The effect of sampfe-ash accumulation on lead 
absorbance at 217.0 nm C-A-4 and 2200” clearing atomi- 
zation (ft, C) compared to tde increased precision and 
accuracy of the “pipecleaner technique” (PC, u). S = 

sparking at electrode contact, R = reset of electrodes. 
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clearing atomization but fell again as the matrix Acknowledgements-We would like to thank Mr. A. Malin 
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the absorbance fell by 28% but stabilized at a more 
throughout this work. 

reliable absorbance 27% higher than if no clearing 
atomization was used. Finally, when the ash was 
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ELEMENTBESTIMMUNG IM NANO- UND 
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(Eingegangen am 17. Miirz 1975. Angenommen am 10. April 1975) 

Zusammenfasmut~Elemente wie z.B. B, F, Si, P, Cr, Ge, As, Se, Sb und Hg lassen sich emissionsspek- 
trometrisch besonders nachweisstark und gut reproduzierbar bestimmen, wenn man sie direkt oder 
nach Umsetzung in fliichtige Verbindungen aus einem elektrisch heizbaren Graphitreaktionsgefa in 
ein mit Mikrowellen induziertes Argonplasma verdampft und das emittierte Licht mit einem Spektral- 
photometer integrierend mil3t. Dieser erste Beitrag befa5t sich mit der Bestimmung von Quecksilber, 
das, nachdem es in speziellen Saulenanordnungen quantitativ durch Zementieren oder elektrolytische 
Abscheidung an Kupfer-bzw. Amalgamierung mit Silber oder Gold angereichert wurde, durch Aus- 
heizen der “Tr;igermetalle*’ in das Plasma verdampft wird. Alle Verfahrensschritte wurden mit “‘Hg 
optimiert, so da5 noch 405 ppM Quecksilber in wl5rigen Liisungen (z.B. Trinkwasser, Ober- 
IlPchenwIsser. Abwasser). nach geeigneten Aufschlu5verfahrcn in anorganischcn und organischcn 
Matrices und mit einer einfachen Anordnung such in Luft mit hoher Sicherheit bestimmt werden 
kiinnen. Die absolute Nachweisgrenze-ilber alle Verfahrensschritt+betr;igt 0,l ng, der Variationskoef- 
fizient fur die Bestimmung von 1 ng I lW/ die Analysendauer (ProbenaufschluB ausgenommen) ca. 
15 min. 

In der extremen Spurenanalyse ist man hlufrg ge- 
zwungen, die Proben aufiuschlieBen, die zu bestim- 
menden Elemente von der Matrix abzutrennen oder 
gegebenenfalls aus einer gr6Beren Probenmenge 
anzureichern.1*2*3 Die aus diesen Verfahrensschritten 
resultierenden systematischen Fehler lassen sich sehr 
klein halten, ‘wenn man die einzelnen Operationen 
eng miteinander koppelt. 

Die Vorteile eines kombinierten AufschluD- und 
Abtrennungsverfahrens, bei dem die zu bestimmenden 
Elementspuren verfliichtigt werden (Verdampfungs- 
analyse) sind schon lange bekannt.4*5 Man nutzt sie 
heute z.B. such bei zahlreichen Rammenlosen Anre- 
gungstechniken in der AAS oder AFS.6 Besonders 
giinstige Bedingungen liegen vor, wenn die zu bestim- 
menden Elemente bei verhaltnism5l3ig niedriger Tem- 
peratur quantitativ zu verfliichtigen und in einem 
zweiten unmittelbar folgenden Schritt in der Gas- 
phase bei miiglichst konstanten Anregungsbed- 
ingungen spektroskopisch zu bestimmen sind. 

Beide Forderungen lassen sich leicht erfiillen; (1) 
wenn sich Elemente unmittelbar bei Temperaturen 
unterhalb 800” destillieren lassen, wie As, Se, Cd Hg 
u.a., oder sich in wasserfreien Systemen als Halo- 

genide bei Temperaturen unterhalb 500” vollstandig 
in die Gasphase iiberftien lassen, wie z.B. B als 
BF,, Si als SiF,, Cr als CrO,Cl, oder Ge, As, Se, 
Sn und Sb als Chloride bzw. Bromide; (2) wenn man 
dann die gasfdrmigen Reaktionsprodukte der zu be- 
stimmenden Elemente in einem mit Mikrowellen indu- 
zierten Gasplasma zur Emission anregt. Ein kon- 
stantes Argonplasma z.B. erhllt man bereits in Mikro- 
wellenfeldern (24.50 MHz) relativ niedriger Leistung 
(ca. 100 W), die sich mit kiiuflichen Generatoren und 
Resonatoren erzielen lassen, wenn das Plasma in 
einem Quarzrohr geftihrt wird.’ Allerdings darf bei 
dieser niedrigen Leistung die Fremdmolekiil-Kon- 
zentration einen bestimmten Grenzwert nicht 
iiberschreiten. So wird das Plasma z.B. schon durch 
verhliltnisn%Big kleine wasser-dampfmengen stark 
beeinflu‘t, was bis zur Liischung fiihren ka~.*~~~‘~ 

Ebenso wird es bereits durch geringe Konzentm- 
tionen leicht ionisierbarer Elemente, wie Natrium 
oder Kalium gestiirt.’ 1 

Bestimmung des Quecksilbers 

Obwohl fti die Quecksilberbestimmung in den un- 
terschiedlichsten Matrices zahheiche nachweisstarke 
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Prinzipien hekannt sind (vgl. Tab. 1) zeigen jedoch 
die vielen Arbeiten83s4 iiber immer wieder verbcsserte 
Techniken, da13 bei der Erfassung kleinster Mengen 
Quecksilber noch viele Probleme ungeliist sind. Zum 
Beispiel treten vor allem im pg- und unteren ng-Be- 
reich immer wieder erhebliche systematische Fehler 

durch Vertliichtigung, Adsorption und Kontamina- 
tion auf.57-65 

Bestimmung in w@Kgen Lkungen. Bisherige Ver- 
fahren mit Mikrowellen-Plasmaanregungs*66 schlieBen 
Stiirungen nur unbefriedigend aus: Das Quecksilber 
wird aus der wtirigen Losung nach Reduktion mit 

Tabelle I. Auswahl von Prinzipien zur Quecksilberbestimmung 

Mcthode NWG A”rschl”l3 Anracharung Techmk Literatur 

AAS 1 PPM Nassveraschung 
253.7 nm 

Ausblasen nach Rcduktton 
rmt Sn(II), NH,OH, “.a 
112 13, 68. 691 

D~~rchHuOhuvctr~ 
(a) 1 x Durchgang 

(b) Kreislaur [ 151 
Kuvette. statnch 
(a) Dcmerung m,t Spntzc [Zl] 

12. 13. 68, 69 

14. 15 
16 19, 72 
20, 21 

(b) Trager m Kuvette 
aushelzen 

Ausblasen 
22 
23, 24, 25 

(a) DurchRuDkdvette 

(b) Nach Absorptton tn 
HNO,IKMnO.: Ausblasen 

26 
27, 28 

DurchA;Okhvette- [29] 
Pt&en-Tecbmk f301 
Zeeman-Effekt [3i] - 
HF-Anregung 
Ausblastechmk [32] 

29-31 

32 

Mlkrowellenanregung 

“0” LSsunnen r81 
M,kr~~ellen&$u& 

Pt-Osen-Techmk r71 

Kaltdampftechnlk [333 
Kaltdampftechnik [SS] 

8 

7 

33 
34,35.x5 

Kraslauftechmk 
nut Schlauchpumpc [36] 36 

37-40 

Hg-Dlthlronat (483 nm, 41 

Hg-Dtthwxat (483 nm) 

1.2.Dtketohtsthtoben- 
hydrazon (420 nm) [43] 

Brdlant-Grdn [44] 
Bnllant-Gelh (460 nm) 1451 

Hg(II)-2.Merc;iptobenz~dt 
(264 nm) [46] 

nut Thlamm (440 nm) 

C47,481 
mdtrekte, Jodld-kataly- 

sterte CelIV)-AslIIW 

42 

43 
44 
45 

46 

47. 48 

Reaktmn i275 nm) 
DurchHuBkuvette [49-511 

uber C,H,HgCI [SZ] 

49-51 

Detektor ECD 
Ausblasen. &nderung der 

Latrahlgkeit van Au-F& 
durch Amalgamhddung 1531 

52 

53 

“@“Ag,S + Hg’+ = HgS + 2”‘“Ag 

c541 54 
HaX, + 2 Aa-dthuthvldtthio- 

~;bamat > Hg-dlbuthyldithm- 
carhamat + 2 AgX [SS] 

Jodrdselektwe Elektrode [56] 
55 
56 

HNO,/KMnO, 

HNOJHCIO, 
HNOJHBr 

HNO,/‘J>OS 

H,SO,/K,S,O, 
“a. 

(a) Dithizon-Extraktmn 

(b) Elektrolyt. 
Abschadung [I41 

(c) Amalganuerung 

(Ag, Au), Cl619, ‘21 
(d) Adsorption an PdCI, 

WI 
oder an tmt methanol 
Jodlbsung getrankte 
Glasfilter [22] 

(a) Dlthlzon-Extraktton 

c231 
(b) Amalgamierung [24, 2 
Amalgamerung [26] 

0.01 PpM 

I PPM 0,-K&a [23] 

51 
O,-Strom [26] 
H,/O,-Flamme [27] 
Pyrolyse [28] 

184.9 nm 0.01 ppM 

0904 PPM 

AES 2ng 
Plasmenan- 

regung 

253.7 “In 0.01 PPM 

184.9 0.02 ng 

AFS 0,05 ng 

0.5 ng 

NAA 
“‘Hg 

19’Hg 

233 ng 
bzw 

0.5 ppM 
keme 

Angdbe 

Nassveraschung 

Nassveraschung mlt Amalgamlerung 
Ausblastechnik 134, 351 

N;~\\\crxr~hung nach Elektrolyt. 
Tragerzusatz Abschetdung u a 

Nassveraschung nach 

Tragerzusatz graphic (Kupfer- 
dlbetuyldlthlo- 
carbamldat) [37] 

(Pd-Schwa) [38] 
Nach Verdampfung 

Absorptton an Se- 
Papler [39] oder m 
Charcoalsaule [40] 

Amalgamierung [41] 

0,.Strom 

Spektral- -l ppm 
photometrle 

NassaufschluD 
Pyrolyse 

NdssdulschluD Saulenchromatographte 

c421 

-Irwm 

1,7ng 
. IO ppM 

0.4 ppm 

Fluortmetne IO ng/ml 

Katalytlsches 0,05 ng 
Verlahren 

wsor1ge Abtrennung “on 
Losung Storelementen 

Gaschromato- 50 ppM waDrige 

graphle L&ung 

Elektrische 50 Pg 
LeitBhlg- 
kelts- 
&nderung 

Radtc-release 0.25 pg/ml 

Nassveraschung 

I ng/ml 

Saule: Athylenglykol- 
adlpms8urepoly. 
ester auf Sumasorb 

Anretcherung aul 
Fdterpapter 

Extraktmn 

PCltelltlO- 20 &ml 
metrtsches 
Verfahren 
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SnCl, ausgetrieben; Wasserdampf und weitere 
fliichtige Produkte miissen vor der Anregung des 
Quecksilbers durch Adsorptions- bzw. Diffusionstech- 
niken abgetrennt werden. Einerseits sind dabei syste- 
mat&he Fehler unvermeidlich, andererseits sol1 
Quecksilber aus waBrigen Losungen nicht quantitativ 
ausgetrieben werden k6nnen.61 

Die im Zusammenhang mit AAS-Bestimmungsver- 
fahren empfohlene Methode, das Quecksilber aus 
w&igen Losungen an Kupfer14,70,71 bzw. an Gold7’ 
zu zementieren bzw. es elektrolytisch abzuscheiden, 
bringt bei den beschriebenen “statischen” Verfahren, 
wie eigene radiochemische Untersuchungen mit 
tdgerfreiem ‘03Hg ergaben, bei Quecksilber-Konzen- 
trationen < 1OppM (M = 109) nur noch schlechte 
Ausbeuten, die such durch lange Elektrolysezeiten 
< 10 h und Riihren mit Ultraschall nicht verbessert 
werden konnten. 

Ebenso ist das Verhaltnis von Elektrodenoberflache 
zum Losungsvolumen sehr ungtinstig. Bei der be- 
schriebenen Anordnung (vgl. Abb. 1) wird die wlBrige 
Losung (max. 10ml) mit einer PTFE-Rotorpumpe 
mehrmals durch eine gegeniiber dur Liisung katho- 
disch geschaltete, kleine, mit Kupfergaze gefullte 
S;iule bewegt. Der Vorteil dieser Abscheidungstechnik 
gegeniiber den in der Literatur beschriebenen “sta- 
t&hen” Techniken liegt darin, dal3 die Kupfernetz- 
s;iule Bhnlich wie eine Ionenaustauschertiule wirkt. 
Radiochemische Ausbeutebestimmungen ergaben, 
da13 aus 10 ml einer 0,SM salpetersauren Losung 
nach nur 5 min > 50 pg Hg vollst;indig abgeschieden 
werden. 

Nach der Quecksilber-Abscheidung wird die Kup- 
fersaule in das Graphit-Tiipfchen der spektrome- 
trischen Bestimmungsanordnung (vgl. 8 in Abb. 2) 
tibcrfuhrt, das Quecksilber in das Argonplasma ver- 
dampft, und das emittierte Quecksilber-Licht bei 
253,7 nm mit einem iiblichen Spektralphotometer in- 
tergrierend gemessen. 

Umwolzpumpe 
aus PTFE 

Abb. 1. Elektrolysezelle-elektrolytische Abscheidung von 
Hg;+/Hg’+ an emer Kupfernetzslule. 

4 7 

Abb. 2. Anregung von Quecksilberdampf im mikrowel- 
leninduzierten Argon-Plasma zur emissionsspektrome- 
trischen Quecksilberbestimmung. I-Ofen mit Reaktions- 
g&al3 (Graphit); 2-Regler zu 1; SQuarzrohrkiivette; 
4- Hohlraumresonator; S-Mikrowellengenerator; 
6Spektrometer (Prisma); 7-ReaktionsgefaB (Graphtt); 

8-Probentiipfchen (Graphit); 99Graphitelektroden. 

WBhrend bei der praktisch problemlosen spektro- 
metrischen Bestimmung nur Ausheizzeit und Argon- 
gasmengenstrom optimiert werden mu&en, erforderte 
die Ausarbeitung des Anreicherungsverfahrens eine 
genaue Untersuchung der Abhangigkeit der Abschei- 
dung des Quecksilbers von der Umlaufgeschwindig- 
keit der Liisung sowie von Storeinfliissen durch Kom- 
plexbildner wie CN-, Cl-, Br-, JJ, ADTE u.a. Auch 
mu&en Stiirungen durch As(III), Cd(I1) und Sb(III), 
die teilweise mit abgeschieden und verdampft werden, 
ausgeschlossen werden. 

Organische Matrices. Bei solchen mit relativ hohen 
Mineralstoffanteilen (z.B. Schlamm), schlieBt man zur 
Bestimmung des Gesamtquecksilbergehaltes die 
Probe mit Salpetersaure (65%bu.U. in Gegenwart 
von etwas FhtB~ure-in einer PTFE-Bombe unter 
Druck auf.73 Die durch Verdiinnung auf eine Acidimt 
von ca. 0,5M gebrachte AufschluBlGsung kann unmit- 
telbar elektrolysiert werden. Organische Matrices wie 
Fleisch, Milchpulver u.a. (geringer Mineralstoffanteil) 
lassen sich problemlos mit aktiviertem Sauerstoff 
aufschlie13en.74 Die Verbrennungsgase miissen zwei 
kleine Silber-bzw. GoldnetzQulen (mit gleicher 
Dimensionierung wie die Kupfernetzsaule) passieren, 
die dicht in ein PTFE-Rohr mit Verschraubung 
eingespannt sind (vgl. Abb. 3). Das Quecksilber wird 
durch Amalgambildung quantitativ absorbiert. Die 
Saulen werden anschlieDend zur Freisetzung und Be- 
stimmung des Quccksilbcrs direkt in den Graphitticgel 

des Plasma-Anregungssystems tiberftit (vgl. 8 in 
Abb. 2). 

Arwrganische Matrices. Fiir die Bestimmung von 
Quecksilber in Mineralien, Erzen, Gesteinen und 
Metallen, wird das Quecksilber in einer Verdampf- 
ungsapparatur (vgl. Abb. 4) im Tragergasstrom aus 
den Proben ausgetrieben und in zwei hintereinander- 
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Abb. 3. Aubchlul3 von biologischen Matrices im mikrowelleninduzierten Sauerstoff-Plasma zur 
Anrclchcrune von Ouecksilberspuren. I ---Nadelventil: Z~~AufschluBeef~l3 (Ouarz): 3-- 
resonator; &Mikr~wcllengc&tor; S-PTFE-Haltcrung fiir 2 -GoldnetzsHuien: 

7- DruckmeOgerPt; & Vakuumpumpc. 

Mikrowellen- 
C-- Beliiftung; 

3 L 5 6 7 8 9 10 11 12 

Abb. 4. Anordnung zur Abtrennung VOII ng- und pg-Mengcn Quecksllbcr VOII mchtlliichtigcn 
anorganischen Matrices durch Vcrfliichtigung. I&Magnct. I-mmeingcschmolzencr Eiscnstab: 3- 
Thcrmoelement: 4~~StrGmungskarpcr; 5-Probe; &FQuarzrohr; 7 Ofcn: X~~Silberwolle: 9-Asbest- 

Platte: III--Quarzwollc; I I PTFE-Haltcrung fiir Goldnctztiiulen: I?---Goldnetzs%uIcn. 

Abb. 5. Anordnung zur Anreicherung VOII Quccksilbcrdampf NIS Luft und Abgascn. I-~- Quarzwollc; 
Z- PTFE-Halterung fir 2 GoldnetzsPulen: 3- Goldnctzslulcn: 4--Rotamcter: 5-- Nadclventil: 

6- Vakuumpumpe. 

geschalteten Silber- bzw. Goldnetztiulen absorbiert. 
Luf hzw. Abguse. In diesem Fall saugt man eine 

abgemessene Gasmenge mit geeigneter Geschwindig- 
keit durch zwei kleine Silber bzw. Goldnetztiulen (mit 
gleicher Dimensionierung wie die Kupfernetztiule), 
die in eine FTFE-Verschraubung eingespannt sind 
(vgl. vorhergehenden Abschnitt und Abb. 5). ’ 

In allen Fgllen. bei denen das in den Slulcn abge- 
schiedene Quecksilber in das Argonplasma verdampft 
wird, ist die absolute Nachweisgrenze des spektrome- 
trischen Verfahrens von 0,l ng ausreichend, urn die 
Allgegenwartskonzentration des Quecksilbers in rela- 
tiv kleinen Probenmengen (cu. 10 ml Wasser, max. 1 g 

Festsubstanz, 20 1. Luft) sicher und schnell zu be- 
stimmen. 

ERLAUTERUNGEN ZU DEN EINZELNEN 
TEIL-VERFAHREN 

Quecksilberverluste bei der Probennahme und -vorbe- 
reitung 

Verluste durch Adsorption aus salpetersauren Liisun- 
gen. Adsorptionseffekte wurden wegen der Vielzahl 
der Abtingigkeiten (Zusammensetzung und pH-Wert 
der L&ung, Geftimaterial, chemische Vorbehand- 
lung des Gefamaterials u.a.) nur soweit untersucht, 



Extrem nachweisstarke Quecksilberbestimmung 893 

wie es fur die Qptimierung dieses Verfahrens (Gerate 
und Gef& aus PTFE, salpetersaure Liisungen) erfor- 
derlich war. In ijbereinstimmung mit anderen 
Autoren57*58.62 wurde festgestellt, dal3 die Adsorption 
am geringsten ist, wenn der pH-Wert der Losung 
GO,5 liegt. Eine starke Abltangigkeit besteht auger- 
dem von der chemischen Vorbehandlung der Ge- 
ftimaterialen. Zweisttindiges Ausdampfen mit Salpe- 
ter&ure (65%) zeigte die besten Ergebnisse (Abb. 6). 
Die Adsorption ist praktisch vernachliissigbar, wenn 
der Probe&sung cu. 0,l mg/ml Kaliumcyanid. bzw. 
Natriumbromid bzw. Kaliumjodid bzw. ADTE 
zugesetzt und sie nicht tinger als 3 Tage autbewahrt 
wird (Abb. 7). Die Wirkung von ADTE entspricht 
in saurer Lijsung nicht derjenigen der anderen Kom- 
plexbildner. 

Verluste durch VerJliichtigung. Die Quecksilberver- 
luste durch Verthichtigung aus salpetersauren 
Liistmgen bei der Autbewahrung in unverschlossenen 
Behaltern bgen u.a. von der Zusammensetzung, 
vom pH-Wert und von der Tempemtur der Liisung, 
vom Geftimaterial und von der Vorbehandlung des 
Geftimaterials ab.5a61*63-65 Setzt man der zu unter- 
suchenden 0,SM salpetersauren Liisung z.B. cu. 0,l 
mg/ml Kaliumcyanid bzw. Natriumbromid bzw. 
Kaliumjodid zu, so sind die Verluste durch Ver- 
fltichtigung praktisch zu vernachhissigen (Abb. 8). 

Probenvorbereitung 

Wtifirige Liisungen. Urn Verluste durch Adsorption 
und Vertliichtigung zu vermeiden (vgl. Abschn. oben- 
stellt man die Analysenlbsung schon bei der Pro- 
bennahme mit Salpetersaure (65%) auf eine Acidit% 
von ca. 494 ein und fugt cu. 0,l mg Kaliumjodid/ml 
zu. 

Feststoffe. Sie sind im allgemeinen zu homogeni- 
sieren. Mix&w. Homogenisiergerilte dtirfen nur ver- 
wendet werden, wenn Mischkammer und Schneide- 
bzw. Zerkleinerungswerkzeuge nicht aus Metal1 sind, 

I 

1 2 3 4 5 6 
Zeit ihl - 

Abb. 6. Adsorption von Quecksilber aus wlDrigen 
Liisungen (0,5M HNO,, 2 ppM “sHg’+) an PTFE und 
Fiolax-Glas. 0: Fiolax-Glas, mit 1M HN03 gesptilt; x : 
PTFE, mit 1M HNO, gesptilt; A: Fiolax-Glas, mit HNO, 
(65%) ausgedlmpft; 0: PTFE, mit HNO, (65%) 

ausgediimpft. 

0 1 2 3 4 5 6 
Zeit lhl - 

Abb. 7. Adsorption von Quecksilber aus wIl3rigen 
Losungen mit und ohne Zusatz von Komplexbildnem 
(0,5M HNO,, 2 ppM ‘03Hg2+) an PTFE und Fiolax-Glas. 
x : Fiolax-Glas, ohne Zusatz; 0: PTFE, ohne Zusatz; 0: 
Fiolax-Glas, Zusatz: 0,l mg/ml KJ; A: PTFE, Zusatz: 0,l 

mg/ml KJ. 

1 2 3 4 5 6 7 9 9 nZnt(h) 

Abb. 8. Verfliichtigung von Quecksilber aus wlBrigen 
Losungen (0,5M HNO,, 2 ppM ‘03Hgz+, PTFE-GeliiB 1,5 
cm* FliissigkeitsoberfHche ohne Bewegung, 20°C. x : 0,5M 
HNO,; A: FluBwasser; 0: 45M HNO, (Zusatz: 0,l mgl 
ml KJ bzw. KBr bzw. KCN); 0: FluBwasser (Zusatz: 0,l 

mg/ml KJ bzw. KBr bzw. KCN). 

da sonst in Gegenwart von Elektrolyten (z.B. 
Natriumchlorid) Verluste durch Zementierung und 
Amalgambildung auftreten kiinnen. Die geringsten 
Verluste treten auf, werm die durch fltissigen Stickstoff 
tief gefrorene Probe zerkleinert wird. 

In manchen Laboratorien ist-abh@ig von der 
Vorgeschichte des Laboratoriumdie Allgegen- 
wartskonzentration des Quecksilbers meist relativ 
hoch. Es konnte nachgewiesen werden, da13 Gerate- 
teile (z.B. Glas, Quarz, PTFE) Blindwerte bis zu 5 ngl 
20cm2 aufweisen, wenn sie einen Tag normaler 
Laboratoriumsluft ausgesetzt sind (Quecksilberanrei- 
cherung im Staub). Erst in einem Reinstraum war ein 
“blindwertfreies” Arbeiten moglich. Deshalb muB z.B. 
bei der tiblichen Kaltdampftechnik das TrHgergas un- 
bedingt speziell gereinigt werden, wenn sehr niedrige 
Gehalte bestimmt werden sollen. 

Aufschlufltechniken 

Druckaufschluj?. Fiir die Bestimmung von Queck- 
silber in den verschiedensten W&em ist ein 
AufschluD meistens nicht notsvendig. Sie kiinnen dir- 
ekt nach Zusatz von SalpeterGure (65%) bis zu einer 
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AciditHt von ca. 0,5M und eventuell von Komplex- 
bildnern (z.B. Kaliumjodid oder Natriumbromid) 
nach Zentrifugieren elektrolysiert werden. Handelt es 
sich jedoch urn stark verschmutzte W&ser, wie z.B. 
Indus~ieabw~s~r, muI3 damit gerechnet werden, dal3 
das Quecksilber komplex gebunden (z.B. als Metbyl- 
oder Phenylverbindung) bzw. in schwerlbslicher Form 
(z.B. HgS, HgSe) vorliegt. Diese Verbindungen lassen 
sich leicht mit Salpetereure unter Druck zerlegen.73 
Generell lassen sich Methyl- bzw. Phenyl-QuecksiI- 
~rverbind~~n such elek~olytisch abscheiden (Abb. 
9), die Ab~heidung~eit vergr5Bert sich dann jedoch 
gegeniiber einer Standardliisung erheblich. 

Biologische Matrices, wie Blut, Fisch, Milchpulver 
u.a., und solche mit hi5herem Mineralstoffanteil (LB. 
Schl&-nme) lassen sich problemlos mit gereinigter Sal- 
peter&iure (65%), gegebenenfalls unter Zusatz von 
etwas gereinigter Flu~~ure (40x), in einem Teflon- 
&:iR unter Druck aufschli&n.‘” Nuch dem 
AufschluR wird die saure Aufschlullldsung mit bidest. 
Wasscr auf tine AciditPt van ~1. 0.5hf verdiinnt und 

zur Abscheidung des Quecksilbers in die Elektrolyse- 
zelle iiberftihrt (vgf. Abb. 1). 

~~~sc~i~~ im S~ff~to~-Pla~. Bei der Bestim- 
mung von Quecksilber ist fiis die meisten biolo- 
gischen Matrices such fiir Kohle und Teer, wegen ge- 
ringerer systematischer Fehler der AufschluS mit im 
Mikrowellenfeld aktiviertem Sauerstoff74 dem Druck- 
aufschluI3 vorzuziehen. 

Zwei Sil~r~ulen (D~ensionie~ng wie die Kup- 
fernetztiule), die mit Silberwolle oder engmaschigem 
Golddrahtgewebe dicht ausgef_illt sind, befinden sich 
in einer PTFE-Halterung mit Verschraubung, die mit 
einem Schliff unmittelbar an das QuarzaufschluBgefdi3 
adaptiert ist (Abb. 3). 

Fiir den Aufschlu~ eiwe~haltiger Matrices (z.B. 
Fisch, Fleisch, Milchp~ver) ist in diesem Fall Gold 
als Absorptionsmaterial besser geeignet, weil die beim 
AufschluB entstehenden Schwefelverbindungen die 
Silberoberfllche relativ rasch blockieren (Sulfid- bzw. 
Sulfitbildung). Die Verbrennungsgase werden 

10 20 30 LO 50 60 
Zeit I mini - 

Abh. 9. Elektrolytischc Ahschc~dung van Hgi L, Hg” at15 

Miifirtgcn Ldsungcn (O.%U HN03. 3 ppM ““‘Hg’+). x : 
Abwasser; A: 0,SM HNO, (Zusatz: C,H,‘03Hg Cl); 0: 
Abwasser nach DruckaufschluD; 0: Leltungswasser bzw. 

bidest. Wasser. 

Tabelle 2. Verteilung von Quecksilber in den Absorptions- 
slulen beim Aufschlu5 von organ&hen Matrices im mi- 

krowellen induzierten Sauerstoff-Plasma 

M&lX 

Fdterpapier 

0,I 8 
Bodenprobe 

0.5 8 
Bodenprobe 

458 
+ 0,s m8 Na,S 

Badenprobe 

0,58 
+ 0.5 m8 Na,S 
+ 0,s m8 Na,SeOa 

Milchpulver 

O# 8 
Mehl 

OS4 8 

Quecksdber-Ant&l 
2Q”Hg in den Ab~~t~on~~l~, 5; 

zudoslert, 

w I S&de 2. S&de 3 S&de 4. S&de 

10 99 0,s - - 

10 913,s I - - 

I.0 99 1 - - 

LO 99,5 0,5 - - 

10 98,s I - - 

10 98 i.5 - - 

wghrend des Aufschlusses stidig durch die mit 
Absorptionsmaterial geftillten Slulen abgesaugt. Man 
darf die Probe nicht zu schnell aufschliehn, sonst 
k&men teerartige Pyrolyseprodukte auf das Absorp- 
tionsmaterial aufziehen und verhindern, da8 das 
Quecksilber quan~~tiv in der ersten S&de absorbiert 
wird. Urn zu kontrollieren, ob mit dieser AufschluB- 
technik das gesamte Quecksilber such in Proben 
(z.B. Bodenproben) mit hijherem Schwefel- und 
Selenanteil (HgS und HgSe) erfal3t und quantitativ 
in der S%ule absorbiert wird, wurden 10 ng “‘Hg und 
eine 5000-fache Menge an Natriumsu~d und -selenit 
zu verschiedenen Matrices dosiert, die Proben 8 Tage 
unter VerschluB stehen gelassen und anschlieBend 
aufgeschlossen (vgl. Tab. 2). Die radiochemischen Un- 
tersuchungen ergaben, d& zwischen 97% und 99% 
des Quecksilbers in der ersten Slule abgeschieden 
wurden. Das H~te~in~dersch~ten von zwei .%iulen 
ist auf jeden Fall zu empfehlen, urn sicher zu sein, 
daD das gesamte Quecksilber festgehalten wird. 

Verdampfing des Quecksilbers im Rohrofen. Aus 
anorganischen Probenmaterialien, vor allem aus 
Metallen aber such aus Gesteinen und Erzen (hier 
event& Zusch&ge erforderlich), kann das Queck- 
silber leicht in einer Verd~p~ng~pparatur bei max. 
1100” ausgetrieben werden (vgl. Abb. 4). Die Absorp- 
tionssIulen sind in einer PTFE-Halterung mit 
Verschraubung eingespannt und mit einem Quarz- 
rohr durch einen Schliff eng verbunden. 

Die Probe (Einwaage je nach Matrix 053g) wird 
in einem mit einem Weicheis~kern verbundenen Kera- 
mik- bzw. Platin-Schi~chen (8 x 53 x 6mm) mit 
Hilfe eines Magnetes in den Verbrennungsofen 
eingeftihrt. Das verdampfte Quecksilber wird in den 
AbsorptionssHulen angereichert und zur Bestimmung 
anschliefiend in den Graphittiegel des Plasma-Anre- 
gungssys~ms ~~~~rt (vgl. 8 in Abb. 2). 

Vorbehundiung der Kupfer-, Silber- und Goldnetztiulen 

Kupfernetzsiiule. Die Oberflache des Kupfers muf3 
oxidfrei sein, damit eine schnelle und quantitative 
Quecksilber-Abscheidung im pg-Bereich miiglich ist. 
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Vor jeder Bestimmung saugt man deshalb cu. 7M Sal- 
peter&ure durch die mit engmaschigem Kupfernetz 
(1000 Maschen/&) dicht gepackte Kupfernetz&iule. 
Dieses AbSitzen wird in der Elektrolysezelle durch- 
gefihrt. Ein eventuell eingebrachter Blindwert llil3t 
sich leicht durch kurzes Umschalten der Kupfertiule 
auf Anode mit einer Hilfselektrode aus Platin ent- 
fernen. Diese so gereinigte Kupfertiule dient unmittel- 
bar zur kathodischen Abscheidung von Quecksilber 
aus der AnalysenlGsung. 

Silber- bzw. Gold-Netzsiiule. Quecksilber aus biolo- 
gischen Matrices nach AufschluD mit aktiviertem 
Sauerstoff und aus Luft absorbiert man mit einer Sil- 
bers;iule, die mit Silberwolle oder mit engmaschigem 
Goldnetz geftillt ist. Vor jeder Bestimmung mu13 
durch die Silberslule Salpetertiure (300/,), sofern die 
Silberwolle durch Sulfid inaktiviert wurde, Salpeter- 
tiure (65%) oder konzentrierte Kaliumcyanid-LBsung 
gesaugt werden, urn die OberfXche wieder zu akti- 
vieren. Man spiilt anschlieknd mit bidest. Wasser 
und gliiht bei cu. 500” im Argonstrom “blindwertfrei”. 
Bei Verwendung einer mit Goldnetz geftillten %ule 
geniigt Ausgliihen bci cu. 500”. 

Elektrolytische Abscheidung 

Elektrolysezelle. Die elektrolytische Abscheidung 
von Quecksilber aus wgI3rigen Liisungen erfolgt am 
besten aus salpetersaurer Liisung im Konzentrations- 
bereich von 0,1-1,5M.14,36*71 

In der lo-ml-Elektrolysezelle aus PTFE (vgl. Abb. 
1) bewegt der spezielle PTFE-Rotor mit eingesetztem 
Stabmagnet (Antrieb durch angekoppelten Riihrmag- 
neten) die Lijsung shindig im Kreislaufsystem durch 
die als Kathode geschaltete KupfernetzsHule. Der 
LGsungsdurchsatz hHngt davon ab, wie dicht die Kup- 
fertiule mit Kupfernetz ausgeftillt ist; er l%.Bt sich 
jedoch leicht mit dem regelbaren Riihrmagneten auf 
den optimalen Wert von ca. 6 1./h einstellen. Gegen- 
elektrode ist eine Platin-Drahtelektrode in der LGsung. 
Die Elektrodenspannung wurde bei allen Abschei- 
dungsversuchen mit einem Potentiostaten auf 3V 
(StromfluB zwischen 5 und 20mA) eingestellt. Die 
Elektrolysezeiten ftir eine quantitative Quecksilber- 
abscheidung sind Abb. 9 zu entnehmen. 

Wie radiochemische Untersuchungen zeigten, muD 
bei Quecksilber-Konzentrationen von ca. 2 ppM bei 
Verwendung von normalem PTFE mit einigen Pro- 
zent Adsorptionsverlust durch die PTFE-Obefiche 
(50cm’) gerechnet werden; er kann jedoch betrlcht- 
lich verringert werden, wenn die gesamte Anordnung 
aus leitfghigem Graphit-PTFE hergestellt und 
gegeniiber der Liisung positiv geschaltet wird. Genaue 
Aussagen iiber das AusmaD der Adsorptionsvermin- 
derung kSnnen noch nicht gemacht werden, da es 
stark von der jeweiligen mechanischen und che- 
mischen Vorbehandlung der Oberfl%che abhlngt und 
fti die Klgrung noch umfangreiche Untersuchungen 
erforderlich sind. 

Einjluj3 van Begleitstoffen bei der elektrolytischen 
Abscheidung. Die Quecksilberabscheidung aus saurer 

AufschluDlasung kann-je nach Matrix-durch un- 
terschiedlich grol3e Mengen von Fremdkationen 
sowie Komplexbildnern wie CN-, Cl-, Br-, J-, 
jiDTE u.a., beeinfluot werden. Es konnte jedoch 
radiochemisch nachgewiesen werden, da0 diese Be- 
gleitstoffe bis zu einer Konzentration von 0,l mg/ml 
die Abscheidung von 10 ng Quecksilber pro 10 ml 
nicht stSren (vgl. Abb. 10). 

Abscheidung von Quecksilberdampf aus Luft bzw. 
Abgasen. Zwei kleine Silberdulen (gleiche Dimen- 
sionierung wie die KupfersZiule) werden in eine 
PTFE-Verschraubung (vgl. Abb. 5) dicht eingespannt 
und durch einen PolyZithylen-Schlauch mit einem 
Rotameter, einem Nadelventil und einer Membran- 
pumpe verbunden. Bei Industrieabgasen verwendet 
man anstelle der Silberfdlung Golddrahtgewebe als 
Absorptionsmaterial urn Starungen durch z.B. Schwe- 
felwasserstoff und Schwefeldioxid auszuschalten. Die 
Konzentration des Quecksilbers liegt in atmosph;iri- 
scher Luft (unbesiedelte Gebiete) zwischen 1 und 
0,05 ppM75,76 in solcher industrialisierter Gebiete ist 
sie jedoch wesentlich hiiher. Bei einer Nachweisgrenze 
des Verfahrens von 0,l ng absolut und einem 
angenommenen Durchschnittswert von 0,05 ppM 
Quecksilber in Luft reichen 10Nl Luft aus, urn ein 
auswertbares Signal zu erhalten. 

Die hier beschriebene Technik erfal3t nur Quecksil- 
berdampf. Quecksilberverbindungen (z.B. metallor- 
ganische Quecksilberverbindungen) m&en in einem 
vorgeschalteten Kontaktofen verbrannt werden. Da 
fti eine quantitative Umsetzung zu Silber- bzw. Gold- 
amalgam die Verweilzeit des Quecksilbers in der 
Absorptionss%ule ausschlaggebend ist, mu&e der 
Mengenstrom des Analysengases optimiert werden. 
Durch Hintereinanderschalten von vier SHulen 
konnte festgestellt werden, dal3 bei einer Saugge- 
schwindigkeit von 5 Nl/h der Quecksilberdampf der 
Laboratoriumsluft praktisch vollstindig in der ersten 
Sgule absorbiert wird. In der 2. %ule befanden sich 
nur noch 0,5-l%. Doch such hier ist es ratsam, mit 

f , 
5 10 15 20 25 

Zeit imml - 

Abb. 10. Elektrolytische Abscheidung von Hgi’/Hg2’ aus 
w;iBrigen Lijsungen mit Zusatz von Komplexbildnem und 
Fremdkationen (0,5M HNO,, 2 ppM ‘03Hg2+). 0: Zusatz 
je 0,l mg/ml J-, Br-, CN-; l : Zusatz je 0,l mg/ml Fe3+, 
As3+, Se4+, Sb3+; x : Zusatz je 0,l mg/ml Fe3+, As3’, 

J-, CN-. 
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2 Slulen zu arbeiten, urn eventuelle Mangel, verur- 
sacht durch Reinigung und Ausheizen, rechtzeitig 
erkennen zu konnen. 

Vor jeder Bestimmung muD die Silber- bzw. 
Goldfullung “blindwertfrei” gemacht werden (vgl. 
Abschn. Vorbehandlung der Silber- und Goldnetzsiiule). 
Andere Techniken, die Silber oder Gold in Draht 
oder Plattchenform oder such als Graphittiegehiber- 
zug zur Anreicherung von Quecksilberdampf aus 
verschieden gasfdrmigen Matrices ver- 
wenden, 18,1g,77-7g miissen, da immer nur kleine 
Oberflachen vorliegen, mehrere hintereinanderge- 
schaltete Absorptionsfallen einsetzen, wobei systema- 
tische Fehler nur schwer auszuschliegen sind. 

Emissionsspqktrometrische Bestimmung des Queck- 
silbers 

Nach Abscheidung in der Kupfernetzsiiule. Nach der 
Elektrolyse wird die Kupfernetztiule in der Elektroly- 
sezelle zunachst mit bidest. Wasser und dann mit dest. 
Aceton gesptilt. Diese Sptilfliissigkeiten mtissen 
wieder vollstindig aus der Slule entfernt werden, da 
sie die Anregung des Quecksilbers beeinflussen oder 
sogar das Plasma R&hen. Man heizt die Kupfers;iule 
im Graphittiegel des Plasma-Anregungssystems (vgi. 
8 in Abb. 2) im Argonstrom bei SO” (1 min) aus. Wie 
radiochemische Untersuchungen ergaben, tritt beim 
Sptil- und TrocknungsprozeB ein Quecksilberverlust 
von 2-3x auf. Durch ranches Erhiihen der Tempera- 
tur auf ca. 500” wird anschlief3end das Quecksilber 
nahezu schlagartig verdampft und mit dem Argon- 
Strom ins Plasma tiberftihrt. Zum Aufheizen des Gra- 
phit-Reaktionsgefas wird ein Regelgerat (Tempera- 
tur- und Zeitprogrammierung) verwendet. Es kann 
aber such ein regelbarer Trafo (prim. 22OV, 5A, sek. 
10 V, 100 A) bentitzt werden. 

Das Argon-Plasma wird bei Normaldruck durch 
ein Mikrowellenfeld induziert (3/42 Resonator durch 
ein Koaxialkabel mit einem Mikrowellengenerator 
verbunden) und in einem alkaliarmen Quarzrohr (i.D. 
1 + 0,l mm, B.D. 4,3 + 0,l mm) gefuhrt. Ein Argon- 
gasmengenstrom von ca. 100 ml/min hat sich fur 
diesen Rohrdurchmesser als gtinstig crwiesen. Bei 
kleineren Gasmengenstromen ist das Plasma instabil, 
bei gr6Beren ist es zwar stabil und verkraftet kleine 
Wasserdampfmengen, aber das Nachweisvermiigen 
wird geringer. Das vom Plasma emittierte Quecksil- 
berlicht wird mit einer Quarzlinse auf den Eintritts- 
spalt des Monochromators fokussiert und bei 253,7 nm 
gemessen und iiber einen Schreiber mit angeschlos- 
senem Integrator ausgewertet. Diese Attswertung tiber 
die Peak&he ist notwendig, da die Slulen nicht alle 
gleichm%ig dicht gepackt werden kijnnen und somit 

* Forschungsinstitut Berghof, Tiibingen, D.B.R.., 
t Firma Elektromedical Supplies, London. Ahnliche 

Gerate und Resonatoren stellt die Fa. Erbe-Elektromedi- 
zin. Ttibingen, D.B.R. her. 

1 Glastechnische Werkstltte W. K.‘Becher OHG, Mainz, 
D.B.R. 

die Ausheizcharakteristik von S5ule zu S&le variiert, 
was sich in unterschiedlichen Peakformen ausdriickt. 

Das Plasma-Anregungssystem: Resonator, 
Ofenanordnung (bestehend aus Graphitreaktions- 
gefa, Graphitelektroden und Aluminiumhalterung) 
und Quarzrohr (vgl. Abb. 2) ist an einen Pmzisions- 
Koordinatentisch montiert. Dadurch ist eine exakte 
Abbildung des Plasmafadens auf den Eintrittsspalt 
des Monochromators moglich. Die gesamte Anord- 
nung (Spektralphotometer und Plasma-Anregungssys- 
tern) ist auf einer opt&hen Bank aufgebaut. 

Nach Abscheidung in Silber- und Goldnetztiulen. 
Die S;iulen kiinnen zur Verdampfung und Bestim- 
mung des aus Luft bzw. Abgasen und aus Verbren- 
nungsgasen (organische Substanzen) angereicherten 
Quecksilbers ohne weitere Vorbehandlung in den 
Graphittiegel des Plasma-Anregungssystems (8 in 
Abb. 2) iiberfuhrt werden. 

EXPERIMENTELLER TEIL 

Geriite 

Druckaufschluj3apparatur. PTFE-Gefal3 (Lange: 83,5 mm, 
i.D. 13,5 mm, I.D. 24 mm) in Edelstahlbombe mit Heizblock 
und elektronischer Temperaturregelung*.73 

MikroweZlenaufschlu@apparatur. Mikrowellengenerator 
Typ Mikrotron 2m (Leistung: 200 W); Resonator Type 
210 Lt; AufschluDgefti aus QuarzJ; Vakuumpumpe (ca. 
1 Torr); Golddrahtgewebe (1024 Maschen pro cm’, 900/, 
Au, 10% Pt), Firma Heraeus, Hanau, D.B.R. Silberwolle 
zur Elementaranalyse, Firma E. Merck AG, Darmstadt, 
D.B.R. SilbcrsPtilcn (LIngc: 6 mm. i.D. 4.5 mm. B.D. 6 mm). 
hergestellt aus Silberrohr (99,99x Ag). 

Verdampjiingsapparatur. Rohrofen Typ BR 1,8/25 (42 V, 
10,7 A) mit Steuer- und Temperaturanzeigegerat, Firma 
Heraeus; Keramik-Schiflchen (Pythagoras 8 x 53 x 6 mm) 
Firma Haldenwanger, Berlin-West; 2 Quarzrohre (Supra- 
sil, Lange 400 mm, ii.D. 13 mm), Firma Heraeus Schott 
Quar/schmclrc GmbH. Hanau. PTFE-VcrschratIhtIng 
(Eigenanfertigung Lange ca. 80mm, i.D. ca. 3,5 mm, ii.D. 
co. 25 mm, vgl. Abb. 4). 

Hornogmisiergeriit. Typ Virtis 23, Firma The Virtis 
Company, Inc., Gardiner, New York, PTFE-MischgefaBe. 
(Eigenanfertigung). 

Elektrolysezelle und Zubehtir. Elektrolysezelle* (vgl. Abb. 
1); Kupferdulen (Lange: 6 mm, i.D. 4,5 mm, L.D. 6 mm) 
hergestellt aus Kupferrohr (9999% Cu); Kupferdrahtge- 
webe (1000 Maschen pro cm2), Firma Heraeus; Platindraht 
(0,5 mm Durchmesser, Lange 100 mm); Potentiostat, Firma 
Jaissle, Neustadt/Rems, D.B.R. 

Plasma-Anregungssystem und Spektralphotometer. Mik- 
rowellengenerator Typ Mikrotron 2m; Resonator, Typ 
210 Lt; Quarzrohr (Suprasil, Lange: ca. 3Omn-4 i.D. 
1 + 41 mm I.D. 4.3 f 0,2 mm) Firma Heraeus Schott 
Quarzschmelze GmbH ; Kleinststriimungsmesser (1,6 
16Nl Argon/h), Firma Krohne, Duisburg, D.B.R.; 
Ofenanordnung mit Graphitelektroden und Graphitreak- 
tionsgefal3 (Eigenanfertigung an Varian-Techtron Atom- 
absorptionsspektrophotometer, Model1 AA 5 adaptierbar, 
vgl. Abb. 2). Graphitelektroden (Lange: ca. 60 mm, Durch- 
messer 6 mm) und GraphitreaktionsgefXB (Lange: 20 mm, 
i.D. (XI. 7 mm. h.D. IO mm. vgl. Abb. 2) wurdcn aus Gra- 
phitstaben Typ EK 576 bzw. 506 (Durchmesser 10 mm), 
Firma Ringsdorff Werke, Bonn-Bad Godesberg, D.B.R., 
hergestellt; PrZizisions-Koordinatentisch, Firma Hahn und 
Kolb, Stuttgart, D.B.R.; Regelbares Versorgungsteil fit 
Ofeuanordnung (Eigcnonfcrtlgung. Trafo: prim. 220 V. 5 A. 
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sek. IO V I(x) A); Spektralphotometer (Prismenmonochro- 
mntor M 4 Q III. EmplZingergehPuse mit Photomultip- 
lier, Anzeigegeriit PMQ II) Firma Zeiss, Oberkochen, 
D.B.R.; Quarzlinse (f= 50 mm); Optische Bank (Lange: 
I m) Kompcnsationsxhrciber Typ BD 5 (MeSbereich 0.1 V 
20 LIV). Firma Kipp und Zonen. Dclft. Niederlande: 

Digit&Integrator. T~-I Autolah 6300 (Spannungshercich 
t&lOCCl mV. linearer dvnamischer Bereich 10. Empfindhch- 
keit 1000 Imp./mV-se;, Auflosung 1 pV-se& Firma Spek- 
tra Physics, Santa Clara, U.S.A. 

Reagenzien 

AufschluJsduren. Salpeterlure (co. 65%) hergestellt durch 
Destillation unterhalb des Siedepunkts;8” FluDsiiure (cu. 
40%) in einer PTFE-Apparatur unterhalb des Siedepunkts 
destilliert. 

Aceton. Dreimal iiber eine Ftillkorperkolonne destilliert. 
Gase. Argon (99,998x); unreineres Gas muB mit Mole- 

kularsieb (5 A) Firma E. Merck AG, und mit Oxisorb 
[Chrom(III)oxid auf Kieselgel], Firma Messer-Griesheim 
GmbH, Dusseldorf, D.B.R., gereinigt werden; Sauerstoff 
(99,99%). Urn Quecksilber aus den Gasen zu entfemen, 
werden sie zuerst durch einen Verbrennungsofen (600”, Sil- 
berkontakt) geleitet und das Quecksilber anschlieBe.nd bei 
Zimmertemperatur an Silberwolle abgeschieden. 

Kaliumjodid, p.a. Firma E. Merck AG. Durch Erhitzen 
auf 600” “quecksilberblindwertfrei” gemacht. 

Quecksilberstandardliisung. Quecksilber (0,100 g) wird in 
einem 500-ml QuarzmeBkolben in 17ml Salpetertiure 
(65%) gel&t und mit bidest. Wasser aufgefullt. Die Liisung 
wird mit ca. 2,5 g Kahumjodid verse&t und in einem 
PTFE-Gefti aufbewahrt. Verdtinntere LGsungen werden 
unmittelbar vor Gebrauch aus dieser Liisung hergestellt. 

Zo3Hg-Standardliisung. Mit 203Hg(N03)2 spezitische 
Aktivitat 11,l mCi/mg und 45M Salpetersiiure werden 
Standardlosungen hergestellt mit Gehalten von 9 ng 
‘03Hg/5 ~1 (41 @i/S ~1) und 0,9 ng ‘03Hg/5 ~1 (401 &i/ 
5 ti). 

Eichung des Verfahrens 

Zementierung im Kupfertiegel. Es wurden 0,5-2Ofl der 
Quecksilberstandardlosung (1,6 ng Hg/pl) mit einer Mikro- 
biirette (System Spinco, Beckman Instruments) direkt in 
einen verkupferten Graphittiegel (vgl. 8 in Abb. 2) dosiert 
und das durch Zementierung abgeschiedene Quecksilber 
ins Plasma verdampft. 

Elektrolytische Abscheidung. Aus Quecksilber-Standard- 
liisungen (1,6 ng/lO ml-32 ng/lO ml) wurde das Quecksilber 
in der Kupfemetzsiiule elektrolytisch abgeschieden. 

Mikrowellen-Plasmaaufschluj?. Es wurden 0,5-20 d der 
Quecksilberstandardlosung (1,6 ng/pl) mit einer Mikro- 
burette, auf Filterpapier (ca. 50mg) dosiert und im Sauer- 
stoffplasma verbrannt. 

Der Verlauf der nach diesen Techniken ermittelten Eich- 
kurven folgt im untersuchten Bereich von 0,5-30ng der 
linearen Funktion y = ax + b wo a und b folgende 
Werte annehmen: a = 0,85, b = 42 (Reagenzienblindwert) 
bei den Eichkurven ermittelt durch Zementierung im ver- 
kupferten Graphittiegel bzw. durch Amalgamierung in der 
Silber bzw. Goldnetzsitule; a = 0,85, b = 45 bei der Eich- 
kurve ermittelt durch elektrolytische Abscheidung in der 
Kupfernetzdule (I Einheit-1 cm-auf der Abszisse ent- 
spricht 1 ng Hg, I Einheit-1 cm-auf der Ordinate ent- 
spricht 100 Intearationseinheiten). Die relative Standard- 
abweichung liegt bei allen drei Eichgeraden im 1-ng Ber- 
eich bei 5% und IO-ng Bereich bei 4%. 

Durchjiihrung des Ver$ahrens fir Wasser, biologische und 
anorganische Matrices und Luft 

Wasser (ohne AufschluJ). Vor der elektrolytischen Ab- 
scheidung des Quecksilbers wird die Kupferkathode “blind- 
wertfrei” gemacht (vgl. Abschnitt: Vorbehandhmg der Kup- 

fernetzsiiule). Von der Analysenlosung (mit gereinigter Sal- 
petertiure (65%) auf ca. 45M Acid&t eingestellt) werden 
10 ml in die Elektrolysezelle iiberfuhrt und 5 min bei einer 
Elektrodenspannung von 3 V elektrolysiert. AnschlieBend 
wird die Kupfernetzsiiule in der Elektrolysezelle zuerst mit 
ca. 10 ml bidest. Wasser und dann dreimal mit je 5 ml dest. 
Aceton gespiilt und in den Graphittiegel des Plasma-Anre- 
gungssystems iiberfdhrt (vgl. 8 in Abb. 2). Man trocknet 
ca. 2 min im Argonstrom bei 50” und verdampft das 
Quecksilber durch Erhohen der Ofentemperatur auf ca. 
500”. Das Megergebnis wird digital ausgedruckt. 

Abwasser und biologische Matrices nach dem Druck- 
aufschZuj3. Je nach Verschmutzungsgrad werden 2-3 ml 
Analysenliisung mit 1 ml gereinigter Salpeters;iure (65%) 
versetzt und in der PTFE-Druckbombe 1 h lang auf 150” 
erhitzt.73 

Biologische Matrices werden, sofem notwendig, vor der 
Analyse in einem PTFE-Betilter mit fliissigem Stickstog 
tief gektthlt, homogenisiert und gegebenenfalls gefrierge- 
trocknet. Je nach Matrix werden zwischen 300 und 500 mg 
Trockensubstanz mit 1 ml gereinigter Salpetersiiure (65%) 
und bei hohem Mineralanteil mit ca. 0,s ml gereinigter 
FluDtiure (40%) versetzt und l-1,5 h bei 150” in der 
PTFE-Bombe aufgeschlossen. 

Die Aufschlugliisung wird mit bidest. Wasser bis zu 
einer Acid&it von 0,5-1,5M verdiinnt‘(Vo1. max. lOml), 
in die Elektrolysezelle tiberfuhrt und 5 min bei einem 
Potential von 3 V elektrolysiert. Die Kupfernetzdule wird 
danach wie im vorhergehenden Abschnitt beschrieben wei- 
terbehandelt und zur Bestimmung des Quecksilbers ins 
Plasma-Anregungssystem iiberftihrt. 

Biologische Matrices mit Aufschlufl im SauerstofSplasma. 
Zwei “blindwertfreie” Absorptionsslulen (vgl. Abschnitt: 
Vorbehandlung der Absorptionssiiulen) werden in die PTFE- 
Verschraubung eingesetzt und mit der AufschluBapparatur 
verbunden (Abb. 3). Die homogenisierte und gegegebenen- 
falls gefriergetrocknete Probe (Einwaage 0,5-l g) wird im 
Sauerstoffplasma aufgeschlossen. Nach dem AufschluB (die 
AufschluDdauer ist matrixabhangig) werden die Absorp- 
tionsslulen zur Bestimmung des Quecksilbers direkt in den 
Graphittiegel des Plasma-Anregungssystems (vgl. 8 in 
Abb. 2) iiberfihrt. 

Anorganische Matrices. Zwei “blindwertfreie” Gold- 
Absorptionssaulen (vgl. Abschn. Vorbehandlung der Absorp- 
tionssiiulen) werden in die PTFE-Verschraubung eingesetzt 
und mit der Verdampfungsapparatur verbunden (vg Abb. 
4). Die Probe (Einwaage ie nach Matrix OS-3 al wird im 
Keramik- bzw.‘Platin&hi&hen mit Hilfe der magnetischen 
Kopplung in den Verbrennungsofen eingefirt und das 
ausgetriebene Quecksilber in den AbsorptionssXulen festge- 
halten. Die Siiulen werden anschlieBend zur Bestimmung 
des Quecksilbers in den Graphittiegei des Plasma-Anre- 
gungssystems (vgl. 8 in Abb. 2) iiberfiihrt. 

Luft und Abgase. Zwei aktivierte und “bhndwertfreie” 
Absorptionsslulen (vgl. Abschn. Vorbehandlung der 
Absorptionssiiulen) werden in die PTFE-Verschraubung 
eingesetzt und mit der Membranpumpe und dem 
Kleinststriimungsmesser verbunden (vgl. Abb. 5). Je nach 
Verunreinigungsgrad werden zwischen 10 und 50 Nl (Gas- 
mengenstrom 5 Nl/h) des zu untersuchenden Gases durch 
die S;iulen gesaugt, die anschliel3end zur Bestimmung des 
Quecksilbers in den Graphittiegel des Plasma-Anregungs- 
systems (vgl. 8 in Abb. 2) iiberfuhrt werden. 

ERGEBNISSE UND DISKUSSION 

Das beschriebene Verfahren erlaubt die Bestim- 
mung von Quecksilber in Wiissern (z.B. Trinkwasser, 
FluBwasser, Abwasser), in organischen Matrices (z.B. 
Fleisch, Fisch, Milchpulver oder Schlamm und 
Bodenproben), in anorganischen Matrices (z.B. 
Metallen, Erzen, Gesteinen). Die Nachweisgrenze des 
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Tabelle 3. Bestimmung von Quecksilber in einigen Tabelle 5. Bestimmung von Quecksilber in atmo- 
Wasserproben sph;irischer Luft 

Wasserprobe ‘“‘Hg zudoslert. Quecksdbergefunden. 
IOml w w V%(n = IO)t 

Lertungswasser _ <O,l 
Lemmgswasser 5.0 4.9 It 5.2 
FluBwasser* 

(Rems) LO + 6.9 
(Rems) 5.0 632 +4,9 

Abwasser* 
(Kliiranlage) - OS f9J 
(Klkranlage) 5.0 5.4 f4.8 

* Nach DruckaufschluB mit SalpetersPure. 
t Relative Standardabweichung. 

Tabelle 4. Bestimmung von Quecksilber in einigen biolo- 
gischen Matrices 

Matrix Quecksilbergehalt, 
(10 Nl) /‘/“1/ y % (n = 10) 

Normalluft 
(Wohngebiet) 406 f 3,8 

Laboratoriumsluft 
Lab. 1* 425 k3.6 
Lab. 2t 025 k3.9 
Lab. 3$ 0,65 + 4,O 

* Raum mit Ventilation. 
t Raum ohne Ventilation. 
$ Gutventilierter Raum, mit einer Quecksilberdestilla- 

tionsapparatur. 

Matrix- Z”‘Hg Quecknllxr- 
Einwaage, zudwert, gefunden. 

Matrix w ng nt7 I (’ (I! = 10): D 

Ma@r”IdChpulver 480 - OS +4,9 
Ma@rmdChpulver 400 10 9,8 +5.1 
Magermdchpulver 400 3.3 3.4 f5.2 
Mehl 543 1.3 *5,3 
M&l 410 IO 10.2 f 5.4 
Bodenprobe 

(4361)’ 209 11,s f 422 
(436131 92 7 11.8 +4.1 

Bodenprobe 
(4362)’ 529 22.5 + 3.9 

Bodenprobe 

w82)t 329 22,5 k4.1 
Bcdenprobe 

(4483)t 568 55 + 3.8 

Die Proben wurden im mikrowelleninduzierten Sauer- 
stoff-Plasma aufgeschlossen (vgl. Abb. 2). 

* Problennahme im Sandstein-Schwarzwald (Land- 
schaft Schabenhausen). 

optimiert (spez. Aktivitit der 203Hg-StandardlSsung: 
0.1 &i/9 ng; SzintillationszPhler-NaJ/Tl, Bohrloch 
5 x 5cm). Bei Wasser und einigen biologischen 
Matrices (z.B. Bodenproben, Milchpulver, Mehl) 
wurden 10 ng 203Hg zu den Proben dosiert und nach 
3 Wochen analysiert. Dadurch sollten Bedingungen 
simuliert werden, wie sie unbekannten Proben ent- 
sprechen (vgl. Tab. 3 und 4). In Tabelle 5 sind die 
Ergebnisse einiger Luftanalysen zusammengestellt. Es 
handelt sich hierbei urn Untersuchungen von Stadt- 
und Laboratoriumsluft. Die unterschiedlichen Queck- 
silbergehalte in den Laboratorien sind auf verschie- 
dene Kontaminationsgrade (Quecksilberreinigung, 
Quecksilberdiffusionspumpe u.a.) zuriickzuftien. 

t Probennahme im Sandstein-Schwarzwald (Land- 
schaft Ertingen). 

$ Relative Standardabweichung. 

Verfahrens liegt bei 0,l ng. Sie erlaubt mit relativ 
kleinen Probenmengen (biologische Matrices 0,5-l g, 
anorganische Matrices 0,5-3 g, Luft ca. 20 Nl) die All- 
gegenwartskonzentration des Quecksilbers zu 
erfassen. 

Danksagung-Wir danken der Deutschen Forschungsge- 
meinschaft, Bad Godesberg, fir die Bereitstellung von Per- 
sonal- und Sachmitteln im Rahmen des SFB 82, Univer- 
sit&t Stuttgart (Projekt: Abwasser) und im Rahmen des 
Schwerpunktprogramms: Geochemie umweltrelevanter 
Spurenelemente (Projekt: Gesteine, Bodenproben, 
organische Matrices, Luft). 
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POTE~IOMETRI~ DETERM~A~ON OF CHLORIDE IN INORGANIC 
ORTHOPHOSPHATES ‘IN CITRATE-BUFFERED MEDIA 
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The use of halide-sensitive electrodes for the determination 
of relatively low levels of halide ions in both geological 
and biological minerals possibly also provides one of the 
more accurate methods for determination of these ions in 
mineral deposits. Considerable efforts have been made to 
develop suitable methods for the determination of guoride’ 
in mineral deposits, but the use of other halide-sensitive 
electrodes has been sOmewhat neglected. It is well known 
that as a result of contact with chloride-containing ground 
waters, low but significant levels of chloride may be present 
in geological mineral deposits, Similar levels of chloride 
may be present in biological hard tissue as a result of 
contact with saline body fluids. We have been developing 
methods for the determination of halide ions in orthophos- 
phates as part of an investigation of possible mechanisms 
of reactions involving calcified tissues. 

One of the principal factors in any analysis using ion- 
sensitive electrodes is the choice of a suitable buffer system 
which will provide a constant ionic strength background 
and rn~irn~e the interference by other ions. In a previous 
contribution, we reported the use of a buffer composed 
of perchloric acid, citric acid and triethanolamine (pH 25) 
for the potentiometric determination of chloride.* This 
buffer system has been in use in these laboratories for 
several years without any apparent damage to the AgCl/ 
AglS membrane of the Orion 94-17A chloride-sensitive 
electrode. We do not yet know whether triethanolamine 
will in fact damage the membmne surface by for~tion 
of a silver complex, but it has become apparent that the 
use of triethanolamine which has been stored for a few 
months may lead to imprecise results. We have therefore 
tried using the buffer system previously described for the 
determination of tluoride,3 modified by substitution of 
perchloric acid for hydrochloric acid. 

Reagents 

Analyttcal grade chemicals and demineralized distilled 
water were used throughout 

Dissolution acid. Add 166 ml of perchloric acid to a solu- 
tion of 420g of citric acid in 700ml of water and dilute 
to 1 litre. 

Citrate solution. Dissolve 294g of trisodium citrate 
dihydrate in water and dilute to 1 litre. 

Standard chloride solutions. Dissolve 585g of sodium 
chloride in water and dilute to 1 litre. Dilute further as 
required. 

Procedure 

Weigh accurately about 100 mg of the solid material to 
be andysed and dissolve it in 5 ml of the dissolution acid. 
Add 5 ml of water followed bv 5 ml of the citrate solution. 
For the determination of chioride in aqueous solutions, 
use a 5-ml aliquot mixed with 5 ml of the acid mixture 
and 5 ml of the citrate solution. Stir the solution with a 
magnetic stirrer and measure the potential with a suitable 

potentiometer. A Radiometer PHM 51 expanded-scale pH- 
meter or a PHM 52 digital pH-meter, an Orion 94.17A 
chloride-sensitive electrode (AgCl/Ag,S detector crystal) 
and either a Radiometer K601 Hg/Hg2S04/K,S04 refer- 
ence electrode or a Cambridge Ins~ument Company type 
42528 calomel reference electrode, filled with a saturated 
solution of potassium nitrate, were used in the present 
study. 

RESULTS AND DISCUSSION 

By the procedure described above, the e.m.f. may be 
measured within 5min, provided that the chloride con- 
centration is above 10e3M. Below this level, a somewhat 
longer equilibrium period is required. Stirring is hepful in 
achieving this equilibrium, but usually results in a stirring 
potential of f 5 mV. Thus, for precision, it is necessary 
to stir all samples or none. The chloride content is found 
from a calibration curve. 

The pH of the sample solutions prepared from solids 
was about 0.2 above that of samples where the chloride 
was already in solution, but this did not matter since varia- 
tion of the pH from 2.0 to 3.5 prodwed little change in 
the e.m.f. The reproducibility at constant temperature or 
with automatic temperature compensation was + 3mV 
and often within k 1 mV. The calibration curve, once 
established, could be used for months if two points were 
checked at regular intervals. The electrode typically 
showed a response of 56.7mV/decade, which was linear 
down to about 1.1 x 10v4M chloride in the buffered solu- 
tion. The method could be used to determine down to 
about 1 ppm chloride. 

With the exception of some halide ions (see later), the 
Orion c~oride-~nsitive electrode suffered interference 
from few other species. Sulphide, cyanide and thiocyanate 
must be absent from the sample or removed before the 
chloride determination. No interference from PO:-, NO;, 
ClO,. SO:- or F- was found, and aroun IA. IIA and 
most bi- and tervalent transition metal-ions did not mter- 
fere when present in iOf%fold w/w ratio to chloride. The 
exceptions were Cu ‘+ Al’+ and to a lesser extent, Fe3+. 
Interference by coppe; has already been described.4 

The interference of A13+ was determined by the addition 
of O.l-ml aliquots of aluminium sulphate solution, O.lM 
in A13+, to standard samples and is compared in Table 
1 with that for the earlier triethanolamine method. The 
citrate system has the better buffer capacity and the pH 
of the triethanolamine solutions was lower than that of 
the corresponding citrate solutions. In addition, the e.m.f. 
in the triethanolamine solution varied more with pH. 

The Orion handbook for the 94-17A electrode’ suggests 
that both bromide and iodide interfere seriously. We have 
earlier determined6 that there is no mterference by at least 
a lOOO-fold molar ratio of fluoride, but that iodide must 
be at a level less than l/500 and bromide at a level less 
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Table 1. Interference by Al”+ in determination of A- 

Critical ratio of 
CA13+I/C~-I 

[Cl-] in standard, 
M 

IO0 
10-l 
10-Z 
10-3 

citrate buffer TEA buffer 

1:25 1:25 
3:lO 1:3 
2:3 1:l 
2:l 3:l 

than l/50 of that of the chloride ions. This interference 
renders the potentiometric determination of chloride sus- 
pect unless bromide and iodide are determined first and 
steps taken to remove or limit the interference. Examples 
of typical interference of bromide in the determination of 
chloride are shown in Table 2. The solid substrate was 
a tluoroapatite, prepared by the transformation of second- 
ary calcium orthophosphate dihydrate in O.lM sodium 
fluoride solution in the presence or absence of other 
halides, as indicated in the table. Attempts to eliminate 
bromide selectively were not successful. However, if the 
bromide is present in amounts only slightly in excess of 
the tolerable amount, the error is only about + 10%. If 
it is known that there is a great excess of chloride over 
bromide and iodide in the sample, and an error of k 5% 
may be tolerated, the presence of the additional halides 
may be ignored. 

Factors affecting the selectivity limit 

Solid-state membrane electrodes are generally able to 
detect ppm levels of a given species. Silver halide mem- 
branes, especially those containing Ag,S have a detection 
limit lower than many other electrodes. With the Orion 
94-17A chloride-sensitive electrode, a linear near-Nernstein 
response was obtained in citrate buffer down to 1.1 x 
10v4A4 Cl-, slightly better than the limit of 3.5 x 10-4M 
obtained in triethanolamine buffer. We have used the 
citrate buffer to determine levels of chloride down to 5 x 
10m5M without apparent loss of precision. An additional 
advantage of the citrate buffer is that it may be stored 

for longer periods than the triethanolamine buffer, which 
unless prepared daily from reagent grade solutions (them- 
selves stored in the refrigerator for not longer than 6 
months) has limited buffer capacity. In our experience, the 
citrate buffer remains fully stable for several months. 
Studies showed that the free chloride content of the perch- 
loric acid used was negligible, but care should be taken 
to carry out the determination away from direct sunlight 
which causes an apparent increase in the chloride content 
of the samples, possibly arising from the photochemical 
decomposition of the perchlorate. 

Application of the method 

We have applied this method to the determination of 
the chloride content of synthetic samples of Ruoroapatite 
obtained by transformation of secondary calcium ortho- 
phosphate dihydrate (Table 3) and of the chloride content 
of phosphate rock samples (Table 4). Chloride recovery 
data are given in Table 5. The method has also been 
applied to the determination of chloride in hydrothermally 
synthesized silicate rocks. These samples were crushed, 
extracted with O.lM perchloric acid for 24 hr at room tem- 
perature, and the extract analysed both by the method 
described here and by potentiometric titration at pH 2G 
2.5 with silver nitrate, the chloride-sensitive electrode being 
used. The results (Table 6) which agreed well, were the 
means of three determinations on separate l-ml aliquots 
of the sample solutions. Because of the small volumes 
available, further determinations were not possible. The 
direct potentiometric determinations were made after a sta- 
bdization period of 5 min and agreed to better than &2 
mV. The titrimetric results agreed to within 50.1 ml of 
10e2M silver nitrate and each determination took at least 
15 min. 

CONCLUSIONS 

The use of citrate-buffered medium offers better sensi- 
tivity, more freedom from interferences and a greater 
chemical stability of the buffer system than is afforded by 
the triethanolamine system. Direct potentiometric deter- 
minations are rapid and convenient. but it must be remem- 
bered that the results depend on reading a logarithmic 
calibration graph. Whilst the results in the lower third of 

Table 2. Spurious results given by 94-17A chloride electrode in presence of other halides 

Sample 
Apparent [Cl-], 

ppm Remarks 

1. Ca5F(P04)3 prepared in 
absence of any added 
Cl- or Br- 

2. Ca,F(P04)3 prepared 
from solution O.lM 
in NH,Cl 

3. Ca5F(P04)3 prepared 
from solution O.lM 
in NH,Br 

4. CZI,F(PO~)~ prepared from 
solution @lM in both 
NH&l and NH,Br 

5. Sample 3, fumed in 
HNO, to remove Br- 

6. Sample 4. fumed m 
HN03 to remove Br- 

76 

1.01 x lo3 
Cl- substituting for F- 
in apatite structure: 
Cl- found represents substitution 
of 1.4% of F- present and would 
be expected from preparative 
conditions used 

4.4 x lo4 

4.4 x IO4 

Br- interference with 
CY- electrode; expected Br- 
content of order 3-600 ppm 

Expected Cl- not greater than 
1000 ppm; probable Br- interference 

5.8 x 10’ Majority of Br- lost in fuming 

9.7 x lo2 Majority of Br- and possibly 
some c1- lost during fuming 

Samples of fluoroapatite prepared by transformation of CaHPO,.W,O in O.lM NaF [E. J. Duff, J. Chem. Sot. 
(A), 1971, 331 in the presence of chloride and/or bromide ions). 
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Table 3. Chloride content of fluoroapatites formed by 
transformation of CaHPOI.2H20 in O.lM NaF contain- 

ing NaCl 

cl-, Std. 
Sample %* den. 

1 0127 0.0102 
2 0.069 00087 
3 0.03 1 OGOI 1 
4 0.012 0.0089 

NaCl in 
supernatant solution, 

M 

0.5 
0.1 
0.05 
0.02 

* Average of 6 analyses. 

Table 4. Chloride content of some samples of phosphate 
rock from Morocco (M) and Newfoundland (NFL) 

(donated by Albright & Wilson Ltd., Marchon Div.) 

Sample Cl-, %* Std. den. Source 

1 @0352 oGO5 NFL 
2 0.0571 0.006 M 
3 0.0526 0.0067 M 
4 0.0534 0.0057 M 
5 00483 OGO61 M 
6 00427 00010 M 
7 0.0142 00045 M 

* Average of 10 analyses. 

Table 5. Recovery of Cl- added to phosphate samples 

Added, wzg Recovered, mg 

00355 0.039 0.039 0.038 0.039 0034 
0.0710 0.075 0.075 0.070 0.077 0.069 
0.1056 0.110 0110 0.105 0.110 0.104 

Table 6. Chloride content of rock extract (means of three 
results) 

Chloride, mg/ml 
Direct potentiometry 

0.135 
0.280 
0550 
0.206 
0.248 
0.462 

Titrimetry 

0.140 
0.278 
0.548 
0.200 
0247 
0.471 

each decade are readily comparable with those obtained 
by potentiometric titration, the precision and reproducibi- 
lity of the results deteriorate rapidly towards the upper 
portion of each decade. It is therefore advisable to adjust 
the chloride content of the sample where this is possible, 
by appropriate additions such that the e.m.f. readings will 
fall in the lower third of the next higher decade of the 
calibration curve. Additionally, small errors in the reading 
of the calibration curve, compounded with minor vari- 
ations in the measured e.m.f. may be the cause of the rela- 
tively high standard deviations obtained in Table 4. 
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and complicated. Kharitonova et al.’ used a chemical 
method for the determination of impurity oxides in BN 
which is applicable to per centage concentrations of impuri- 
ties. The present method simultaneously determines nine 
impurities (Al, As, Bi, Ca, Fe, Mg, Pb, Sb and Sn) in the 
concentration range from 2 to 1OOOppm in boron nitride, 
by a d.c. arc method. This method is simple, straightfor- 
ward and quick for routine analysis and has achieved the 
desired limits. Because of the presence of Al, Ca, Fe and 
Mg in the boron nitride used for the preparation of stan- 
dards, the limits obtained for these elements are high. It 
would be possible to lower the limits by using pure boron 
nitride free from these impurities. 

Table 1. Analytical lines and concentration ranges 

Impurtty 

Analytxal Amount m 
line wavelength, standard BN, 

nm PPm 

Al 30821 2 1&2cQ 

AS 278.02 
Bi 306 17 

EXPERIMENTAL 

Equipment 

The spectra were recorded on a Hilger large quartz Lit- 
trow spectrograph E492 having a reciprocal linear disper- 
sion of @4 nm/mm at 240.0 nm. A d.c. arc source was used 
at 10 A to excite the sample for a period of 30 sec. The 
slit of the spectrograph was kept at low, and a 10% 
transmission filter was placed in front of it. The spectra 
were recorded on Kodak SA-1 plates and the spectrum 
line densities were measured with a Hilger non-recording 
microphotometer Model L-451. Finally, the ratios of inten- 
sity of impurity element lines to intensity of the internal 
standard element lines were calculated on a Respectra cal- 
culator (Derinert and Pape, Hamburg). 

Preparation of standards 

A set of synthetic standards covering the concentration 
range from 1 to 1000 ppm was prepared by diluting “Spex- 
mix” standard (Spex Industries, Cat. No. 1000X3 containing 
1.28% of each impurity element, with the required amount 
of Ultra Carbon Corporation (U.C.C.) spectroscopically 
pure graphite powder. These were then ground with equal 
quantities of pure boron nitride. To these mixtures of 
boron nitride and graphite were added 2% of sodium fluor- 
ide (Johnson Matthey, “Specpure”) as carrier and 1% of 
lanthanum oxide (Johnson Matthey, “Specpure”) as an in- 
ternal standard. 

Procedure 

A charge of 30 mg of the mixture prepared as described 
above was loaded in the cavity of a U.C.C. preformed lOO- 
L graphite electrode used as an anode, and a l/8-in. dia- 
meter pointed U.C.C. graphite electrode was used as a 
cathode. The charge was excited in a d.c. arc at 10 A for 
a period of 3Osec, the electrode gap being maintained at 

La 280.83 nm is used as an internal standard line for 
all the elements. Al, Bi and Ca are measured with the 
10% transmission filter in position. 

3mm during arcing. Working curves were drawn for 
various elements and their concentrations in the sample 
were determined. 

RESULTS AND DISCUSSION 

Table 1 shows the analysis lines of different impurity 
elements and their concentration ranges with corrections 
for impurities in the standard boron nitride where necess- 
ary. These corrections were found by the method of stan- 
dard additions. 

Since boron nitride is refractory, different concentrations 
of carriers such as silver chloride, gallium oxide and copper 
oxyfluoride were tried along with graphite used as buffer; 
2% of sodium fluoride as carrier mixed with equal quanti- 
ties of graphite and boron nitride was found to give maxi- 
mum sensitivity for all the impurities. It was observed 
experimentally that the burning of the arc was smooth 
and regular in the presence of sodium fluoride, thereby 
improving the precision of the method. The relative stan- 
dard deviation of the method varied from 8 to 16% for 
different impurities. The iron content of a sample analysed 
chemically was 50ppm; the value obtained by this spec- 
trographic method was 54ppm. 
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Ascorbic acid (ASA), besides its reducing properties, has 
a tendency to form complexes with ter- and quadrivalent 
cations. Great attention has been paid to the coloured 
complexes of titanium, uranium, iron, molybdenum and 
vanadium, which have been studied spectrophotometrically 
and potentiometrically. For some metals, ascorbic acid has 
been proposed as a spectrophotometric reagent. Analytical 
applications of ASA have been reviewed by Pilipenko and 
Kladnitskaya.’ 

Ascorbic acid forms not one, but a number of complexes, 
with the above-mentioned metals, depending on the reac- 
tion conditions (pH, ASA concentration). The complex for- 
mation is in some cases accompanied by reduction. For 
example, iron(II1) is reduced to Fe(H) by the addition of 
ASA, forming a colourless solution; vanadium is also 
reduced in the cold to the blue ASA-V(IV) complex. 
Uranium(VI) is reduced to uranium(IV) on boiling. 

ASA complexes are negatively charged and it can there- 
fore be assumed that they could be extracted with a suit- 
able liquid anion-exchanger. We have used a chloroform 
solution of trioctylmethylammonium chloride (TOMA; 
Aliquat S-336). and found that the extraction of ASA com- 
plexes is strongly dependent on the acidity of the solution. 
With increasing nH-startinp. from pH 2-the Followinn 
metals are suc&ssively extracted: uranium(VI), titanium 
(IV), vanadium(IV), iron( chromium(II1) (after boiling 
with ASAX aluminium etc. The difference in pH for extrac- 
tion of titanium and of iron or aluminium is large enough 
to permit extraction of titanium in the presence of both 
(up to 500 mg of Fe or Al). Other bivalent metals are 
not extracted at all and do not interfere. 

This paper is purely analytical in content. The nature 
of the complexes in the aqueous phase was not studied 
because their composition is mostly known.’ The compo- 
sition of the complexes in the organic phase is difficult 
to estimate, because free ASA is also partly extracted (up 
to 25%). The method described is very simple and has 
been applied to the determination of larger amounts of 
titanium in special alloys and rocks. 

EXPERIMENTAL. 

Reagents 

A 5% solution of TOMA in chloroform was prepared 
From Aliquat S-336 (General Mills Corp. Kankakee, 
Illinois, USA). The solution was pre-equilibrated by shak- 

ing 500 ml of it for 5 min with 100 ml of 1M sulphuric 
acid and then with 100 ml of saturated sodium sulphate 
solution, this operation being prepared three times. 

Solutions of the metals (0.05M) were prepared from the 
sulphates, except that of vanadium, which was prepared 
from ammonium vanadate. Other reagents include 005M 
EDTA, 0.05M DCTA, 005M bismuth nitrate, 005M zinc 
sulphate, 1M nitric acid, 30”/, hydrogen peroxide, cont. 
ammonia solution, 0.5% aqueous. Xylenol Grange solu- 
tion. ascorbic acid and hexamine. 

Extraction of metals 

In preliminary experiments, extractions with TOMA 
were not quantitative and gave non-reproducible results. 
It was found that this was caused by use of the chloride 
Form of the amine. Therefore its solution was equilibrated 
with sulphuric acid and sodium sulphate and only metal 
sulphate solutions were used. 

A 3-ml portion of 0.05M cation solution was diluted 
to 20 ml and 05 a of ascorbic acid was added. The DH 
of the solution was adjusted by dropwise addition of cdnc. 
ammonia solution (pH-meter and glass electrode). The 
solution was transferred into a 150~ml separatory funnel, 
diluted to 50ml and extracted with Four 5-ml portions of 
5%TOMAsolution,andfinallywith 1Omlofpurechloroform. 
The organic phases were discarded. In the aqueous phase 
the unextracted cation was determined complexometri- 
tally. The extraction curves are shown in Fig. 1. 

Titanium. A strongly acidic solution of titanium sulphate 
remains colourless after addition of ASA. During the neu- 
tralization with ammonia the solution turns slightly yellow 
at pH 2. The colour deepens to yellow-orange with increas- 
ing pH and reaches its maximum at pH 3.7. Above this 
pH the colour Fades but the extraction curve does not 
change up to at least 9 (see Fig. 1). 

Sommer’ recommended for spectrophotometric deter- 
mination of titanium with ASA the optimal pH 3.7-4.5 and 
a huge amount of ASA (1900 times that of titanium). Un- 
der these conditions the TiR$- complex is mostly formed. 

Uranium. An orange-red complex of uranyl ion with 
ASA is extractable at pH 2-2.5 and above. 

Hadobas et aL3 give the composition of the U-ASA 
complex as 2:3 at pH 4.2. Sobkowska and Minczewski4 
assume the existence of 1: 1, 1:2 and 1:3 complexes, Forma- 
tion of which is dependent on the ASA concentration. 
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PH 

Fig. I. Degree of extraction as a function of pH. 

Iron(lll). In acidic solution (pH 1) iron is reduced to 
the bivalent state and the solution remains colourless. At 
pH 45 a gray colour appears, which with increasing pH 
turns to brown-violet and dark violet. The coloured com- 
plexes are extractable with TOMA. 

A solid complex of the composition FeR; has been pre- 
pared.5 

Aluminium. The colourless complex of Al and ASA can 
be partly extracted. At pH 5.5 up to 90% of the Al can 
be transferred into TOMA. Above this pH aluminium is 
precipitated and the extract is cloudy. 

Vanadium. Acid solutions of vanadium(V) are reduced 
by ASA to vanadium(IV). The vanadium(IV) complex can 
be extracted at pH 36-9.3. 

Chromium(lll). At room temperature chromium(III) 
doesnotformacomplexwithASA.Onboiling, thegreencom- 
plex is formed,6 which can be only partly extracted. (At 
optimal pH 5.5 the degree of extraction is 90%) 

Other cations. Ni, Co, Zn, Cd, Ca, Mg cannot be 
extracted under the conditions above. Gold and silver are 
reduced to the metallic state. Bismuth, zirconium, thorium 
and lead are precipitated. 

Injuence of ASA concentration on titanium extraction 

Similarly a series of experiments with various amounts 
of ASA was carried out. It was found that at pH 3.7 the 
extraction of titanium from a volume of 7&100 ml is quan- 
titanium up to 25 mg an addition of 0.5 g of ascorbic acid 
extraction with 1Oml of amine solution). For amounts of 
titanium up to 25 mg an addition of 0.5 g of ascorbic acid 
is sufficient if a double extraction is used. 

Influence of anlons 

The extraction of titanium is quantitative only in sul- 
phate solutions. Chlorides and nitrates have an adverse 
effect. In the presence of 200 mg of sodium chloride in 100 ml 
the extraction of 9 mg of titanium drops to 4.5%. The pres- 
ence of 1OOmg of potassium nitrate makes the extraction 
impossible. Potassium nitrate or nitric acid was therefore 
used for stripping the Ti-ASA complex into an aqueous 
phase as described below. 

Procedure 

To an acid solution in a small beaker containing up 
to 500 mg of aluminium and 100 mg of iron besides the 
titanium, add 0.5 g of ascorbic acid and adjust the pH 
to 3.7-38 with ammonia (pH-meter). Transfer the solution 
into a 150-ml separatory funnel, dilute to 70-1OOml and 
extract with two lo-ml portions of amine solution and then 
with 10 ml of pure chloroform. To the combined separate 
extracts add 20 ml of 1M nitric acid and shake for 1-2 min 
(the organic phase must become colourless). Transfer the 
nitric acid phase into a 250-ml titration flask, cool under 
tap-water to 15-16”, dilute to 150 ml, add an excess of 
0.05M EDTA, and 1 ml of 30% hydrogen peroxide. After 

Table 1. Determination of Ti in the presence of Al and 
Fe 

Taken, nq Found, mg EXOL Taken, mg Found, mg EXOI, 
Fe Ti h % Al TI Ti % 

7 2 32 244 +51 100 Il.60 1160 0 
14 2 32 2.34 +ot? loo 6.96 6.75 -3.0 

14 2.32 234 +08 250 11.60 I I.55 -04 

26 1160 11.45 -I2 250 696 698 +03 
26 691 6.92 - 0.7 500 II 60 II 52 -0.6 

100 691 699 +03 500 6.96 696 0 

Table 2. Determination of Fe or Al after titanium 
extraction 

Taken. mg Found. my EIKlI. Taken. mg Found. q~ EWX, 
TI Fe Fe % TI Al Al % 

15.18 14.57 14 57 0 15.18 433 420 -30 
1518 29.14 29 I2 -0.09 7.59 14.42 14.35 -04 
I5 18 1787 1770 -09 1518 433 423 -2.3 
1518 35.74 3574 0 1518 433 4.27 - I.3 
3036 17.87 17.85 -01 759 721 7.21 0 

7 59 35.74 35 74 0 7 59 7.21 723 +02 
759 3574 35.71 -008 

the addition of a few drops of Xylenol Orange titrate the 
solution slowly with 0.05&f bismuth nitrate to red-violet. 
Typical results are shown in Table 1. 

Determination of iron or aluminium after titanium extraction 

The aqueous phase contains a large amount of ascorbic 
acid and iron(H) and aluminium ASA complexes. In the 
determination of aluminium ASA does not interfere, 
because on boiling the solution with an excess of EDTA 
or DCTA, the corresponding aluminium complex is 
formed quantitatively. Determination of the excessive of 
EDTA or DCTA by back-titration with zinc and Xylenol 
Orange does not present any difficulty. 

DCTA is known to form the aluminium complex in the 
cold, but it reacts with the Al-ASA complex only partly 
if the solution is not heated, and gives low results. For 
the determination of iron, the ascorbic acid must be 
decomposed. Of several methods the following seemed to 
us the most suitable. The aqueous phase was boiled to 
eliminate traces of chloroform. Then 10 ml of 1M nitric 
acid were added and then 1 g of potassium bromide and 
1 g of potassium bromate. After cooling, 1 g of sodium 
thiosulphate was added, and after 10 min an excess of 
EDTA. After adjustment of the pH to 5.5 with hexamine, 
the excess of EDTA was titrated with 0.05M zinc solution, 
with Xylenol Orange as indicator. Some results of both 
determinations are summarized in Table 2. 

Practical applications 

Determination of titanium in Ti-AI alloy (6.57% Ti). One 
gram of the sample was dissolved in 20 ml of cont. hydro- 
chloric acid and a few drops of nitric acid. and the solution 
evaporated to 10 ml. After the addition of 5 ml of cont. 
sulphuric acid the solution was evaporated to white fumes. 
After cooling, the residue was dissolved in water and trans- 
ferred to a lOO-ml volumetric flask. Titanium was deter- 
mined as described above, on 10 or 20ml of the solution. 
Three analyses gave the results 658, 6.56, 6.59% Ti. 

Determination of titanium in BCS alloy (4040% Ti). This 
alloy contains Si (3.94) Cr (0.18), V (0.12), Al (7.30). Cu 
(0.52) Nb (0.08). Mn (164). C (O-04), P (@048) and Fe (rest). 

A 50-mg sample in a Teflon dish was dissolved with 
20 ml of sulphuric acid (1 + 1) and 5 ml of hydrofluoric 
acid and evaporated to white fumes. Then 20ml of aqua 
reqia were added and evaporated to 10 ml. The solution 
was twice evaporated with sulphuric acid. The residue was 
dissolved in 20ml of hot water, the solution filtered, and 
titanium determined in the whole volume as described. 
Found: 3998 and 40.38% Ti. 
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Analysis of eclogite and biotite. Appropriate amounts of 
sample were decomposed with potassium pyrosulphate 
according to Harpham’s procedure.’ Titanium was deter- 
mined as described above. In eclogite (2.03% Ti) the 
titanium content found was 2Q3% (thrice) and in biotite 
(8.1~~ Tif, 8.08 and &loo/,. 
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Summary--A highly selective extraction of titanium as its ascorbate complexes from slightly acidic 
medium into tri~tylme~yla~oni~ sulphate is described. After stripping into nitric acid, ti~nium 
is determined complexome~i~~y. The method allows separation of titanium from large amounts of 
iron, aluminium and bivalent metals. The procedure for the determination of iron and aluminium 
after the titanium extraction is also given. The method has been applied to the determination of 
titanium in special alloys and minerals. 
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The selectivities of ion-selective electrodes prepared from 
calcium salts of dialkylphosphoric acids depend on the sol- 
vent mediator’, for example, di-n-octylphenyl phosphonate 
produces a calcium ion-selective electrode, whereas decan- 
l-01 produces a “water hardness” (calcium, magnesium or 
bivalent ion) ion-selective electrode. Although the role of 
the mediator is recognized as more than just that of a 
solvent,2*3 there have been few extensive studies of the 
effect of solvent mediators on ion-selective electrode 
character. 

Garbett and Torrance4*5 have examined the influence 
of various solvents on liquid-membrane electrodes based 
on calcium bis(di-n-decylphosphate) as sensor. However, 
poly(viny1 chloride) (PVC) matrix membranes impose an 
additional constraint and the present study with these 
membranes relates the extent to which primary aliphatic 
alcohols and certain plasticizing solvents might serve as 
mediators in conjunction with calcium bis(di-n-decylphos- 
phate) or calcium bis(di-2-ethylhexylphosphate) as sensors. 

Electrodes 

EXPERIMENTAL. 

Ion-selective electrodes with membranes containing the 
liquid ion-exchanger (solvent mediator plus sensor) 
trapped in PVC were prepared as previously described.6-‘0 
The master membranes contained 036 g of solvent media- 
tor and 0.036 g of calcium bis(dialkylphosphate) sensor in 
0.17 g of PVC. However, because of the general insolubility 

of calcium bi~di-n-d~ylpho~~te) in the membrane com- 
ponents a 1: 1 w/w mixture of it with di-n-decylphosphoric 
acid was used for those membranes based on it. Such a 
procedure normally gave clear transparent membranes 
without the crystalline deposits characteristic of calcium 
bis(di-n-decylphosphate) alone, although the membrane 
sensor would still be expected to consist of a mixture of 
calcium bi~~-n~~ylpho~~te~ and calcium dihy~o~n 
tetrakis(di-n-d~ylphosphate).7 

For comparison, membranes were also prepared from 
Orion (92-20-02) calcium liquid ionexchanger(membrane 
I) and from Corning (476235) and Orion (92-32-02) biva- 
l&t liquid ion-ex&aiger (rdembranes II‘ and IIIj with 
04Og of the appropriate exchanger and 0.17 g of PVC. 

All chemicals were reagent grade except the di-n-octyl- 
phenylphosphonate and calcium bis(di-n-decylphosphate) 
which were synthesized.6J1-13 Calcium bis(di-2-ethylhexyl- 
phosphate) was a gift from Corning Inc., U.S.A. 

All e.m.f. me~uremen~ were made rehtive to a Corning 
franc-junction ~turat~-~lomel reference electrode 
(Cat. No. 476109) with a Coming Model 112 pH/millivolt- 
meter in conjunction with a Servoscribe Model RE4541 
potentiometric recorder. Selectivity coefficients, K,,, were 
determined by a mixed solution method,‘4J5 with a fixed 
level of interferent, j. 
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Table 1. Constitution and properties of the membranes 

Membrane 
number 

Liquid ton-exchanger system 

Solvent mediator Sensor 

Lower limit of 
detection* for 

a%‘+, M Remarks 

I 

II 

111 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

XIII 

Onou(92-20-02) calcuun hquid mn- 
exchanger 

Coming(476235) dwalent liquid mu- 
exchanger 

Onon(92-32-02) dwalent hquld ion- 
exchanger 

4 x 10-6 Pale yellow transparent, soft and rubbery membrane 
wth no mclus~ons Good operatmnal hfetuue of 

~2 weeks 
45 x 10.’ Clear transparent. semi-ragId membrane wth surface 

for Cal’ and Mg’+ exudate Good operatwnal lifetuue of 22 weeks. 
3 x IO-’ for Mu*+ 

Cal+ Pale pmk transparent. semi-rlgld membrane wth 
lo-4 for ~gz+ surface exudate Good operatmnal lIfetIme of 

Mu” >2 weeks 
DI-n-octylphenyl 

phosphonate 
Dmonylphthalate 

24 x lo-” 

6 x IO-’ 

85 x lO-o 

22 x 10-S 

12 x 10-e 

6 x W6 

Transparent soft and rubbery but wth tendency for 
gel-bke mclusmns I” parts 

Transuarent soft and rubbery membrane but shnhtlv 
Calcium ba(dr-n- 
decylphosphate)/dt- 
n-decylphosphoric 

acid (1. I w/w) 

_ . 
more rtgtd than membrane IV Unsteady readmgs m 
presence of mterlerents 

RIgId membrane wth extenswe crystallme 

mclusions and considerable surface exudate. 
Unswtable for electrodes 

Transparent semi-rlgld membrane wth gel-hke 
mclusmns Some surface exudate 

Dean-l-ol 

Decan-l-01 (OlEg) 
plus dl-n-octyl- 
phenyl phosphonah 

(0.18 g) 
DI-n-octylphenyl 
phosphonate 

Dutonylphthalate 

Clear, transparent, soft and rubbery membrane wth 
no Inclusions. Good operattonal hfetuue of 
>2 weeks 

Soft. rubbery, but opaque membrane. Susceptible 
to electr~al mterference, , e., norsy output and 

wth low slope: is generally unsuitable for 

mn-selectwe electrodes 
The alcohol readtly exudes from the membrane which 
has extenswe crystalbne deposits LIfetIme 
-4 days Not coosldered suitable for further 

study. 
Ca’+ Cloudy white shrunken membrane wth no exudate. 

3 x 10e5 for Mg’+ Good operational hfetlme of -2 weeks 
bit?+ 

Erratic response State of membrane dependent on ambient condmons 
smce the alcohol component sohdlfies with a 

drop m temperature. 
8 x 10-q Semwgld but completely transparent membrane 

Some exudate on surface 

Octan-l-01 

Calcmm bis (6x-2- 

ethylhexylphosphatc) 
Decatt-l-01 

Dodecan-l-o] 

Dean-l-01 (@lag) 

plus dl-n-octyl- 
phenylphosphonate 

(01X$) 

*Lower limit of detection is that activity of calcium ions (or ions of interest) at which the emf of the electrode 
deviates by 9mV (that is, 18/zj, where zj is the valence of the ion of interest) from the extrapolated linear section 
of the calibration plot. 

RESULTS the electrodes assembled therefrom are summarized in 
The details of various membranes with alkan-1-01s as Table 1 and the selectivity coefficients in Table 2. 

solvent mediators, or di-n-octylphenyl phosphonate or di- Calibration slopes of functional electrodes were near-Nern- 
n-nonyl phthalate as plasticizing solvent mediators, and stian. The full range of alcohols included heptan-l-01, 

Table 2. Electrode selectivity characteristics of the membranes 

I.2 

(1;;‘) 

(lo-‘) 

I.5 
(lo-‘) 

0.56 
(lo-‘) 

2.4 
(lo-*) 

- 

86 x IO-’ 
(lo-‘) 

1.4 x 10-3 @I6 
(IO.‘) 

I.4 
(lo-‘) 

2.6 
(lo-‘) 

0 I2 

“l0; ” _ 

(10.‘) 

(:d-‘, 

_ 

57 x lo-’ _ 

(lo-‘) 
076 _ 

(lo-‘) 
_ 

071 
(lo-‘) 

0.18 _ 

(IO.‘) 
_ _ 

_ _ 

2 
(lo-‘) (1408_‘, 

_ 

026 _ 

(IO.‘) 

(lo-‘) 
092 II 

(all levels) 

3 ix Id-’ 

(lo-‘) 

(10-Y 

063 
110-v 

4.0 x Km’ 

(lo-‘) 

(lo-‘) 

O-65 

(10-v 
111 

IV 

V 

VI 
VII 

VIII 

(all I&Is) 
52 x loa’ 

(lo-‘) 
0.14 

(lo-‘) 

021 
(10.‘) 
13 

(lo-‘) 
‘014’ 

(IO.‘) 
- 

021 
(lo-‘) 

4.0 x 10-l 

(IO.‘) 

0.76 
(IO.‘) 

0.29 
(IO.‘) 

4.8 x 10-z 

(IO-‘) 
_ 
_ 

Q50 
(lo-‘) 

0 17 
(lo-‘) 

I.6 

(&;-‘) 

(lo-‘) 

2.4 
(lo-‘) 

086 
(lo-‘) 

(lbO7’) 

2 
(10.3) 

066 
(lo-‘) 

0.52 

$O-=’ 

(IO.‘) 
_ 

055 
(10.‘) 

5.7 x 10-Z 

(lo-‘) 

0.28 
(IO.‘) 

_ IX 
X 
XI 

- 
_ 

2.4 
(lo-‘) 

_ 

I.4 
(IO“) 

- 
050 

(lo-‘) 
- 

0 I7 
(lo-‘) 

(all levels) 
_ 

052 
(lo-‘) 

XII 
XIII 

(:O-‘, 

* Figures in parentheses refer to levels (M) of j at which the coefficients were determined. 



SHORT CZOMMUNICATIONS 909 

octan-l-01, decan-l-01, dodecan-l-01 and octadecan-l-01, 
but data are not included in Tables 1 and 2 for membranes 
of extremely poor quality. For example, heptan-l-01 and 
octan-l-01 exude readily and in neither case was the mem- 
brane with calcium bis(di-n-decylphosphate) as sensor suit- 
able for assembly into an ion-selective electrode. Dodecan- 
l-01 is sensitive to changes in ambient temperature and 
liable to crystallize from the membrane, whereas octade- 
can-l-01 merely gives a white sticky fibrous mass during 
attempted membrane fabrication. 

In general, decan-l-01 was the most promising alcohol 
as solvent mediator, but with the calcium bis(di-n-decyl- 
phosphate) sensor even it fails to provide membranes suit- 
able for ion-selective electrodes. 

DlSCUSSlON 

Weakly co-ordinating or non-co-ordinating solvents do 
not produce functional liquid-membrane ion-selective elec- 
trodes;“ only liquid-membranes incorporating co-ordinat- 
ing solvents such as alcohols, trialkyl phosphates and cer- 
tain phosphonates appear to be functiona14*’ This implies 
that the mediator not only dissolves the exchanger salt 
but also partly solvates the salt metal ion.5 Thus, the sol- 
vent may affect electrode selectivity by influencing the for- 
mation constants and partition coefficients which define 
the ion-exchange between the calcium species in the liquid- 
membrane and the other cations in the sample solution.4 

Whatever the reason, different solvent mediators are 
associated with significant differences in the selectivity of 
electrodes based on liquid ion-exchangers as sensors. Thus, . 
the selecttvity coefficient, I&.,,, for a PVC calcium ion- 
selective electrode based on a neutral sensor containing 
two ether oxygen atoms and the carbonyl oxygen atoms 
of two amide and two ester groups, vary3 from about 10 
in dibutyl sebecate mediator to < lo- * in p-nitroethylben- 
zene. Garbett and Torrance4*i6 found that the response 
of electrodes with membranes based on calcium bis(di-n- 
decylphosphate) sensor admixed with alkan-1-01s 
(Cs---Cm) and isomers of octanol as mediators, varied 
from little selectivity for calcium magnesium, nickel and 
copper with alkan-1-ols, to high copper selectivity (Cu $ - 
Ca>Mgx Ni) for certain branched-chain alkan-3-01s 
and alkan-4-01s. Electrodes with tri-n-alkyl phosphate 
(CO--Cm) solvent mediators showed4Bi6 that the lowest 
homologue gave an electrode which was marginally cal- 
cium ion-selective (Ca > Cu > Ni r Ma), whereas the 
higher homologues ‘gave somewhat bet& calcium ion- 
selectivity (Ca 9 Cu > Ni z Mg). 

In the present investigation, the homologous alkan-l-01 
solvent mediators have been disappointing in their ability 
to provide suitable PVC membrane electrodes, but the 
volatility and viscosity of mediators can also seriously im- 
pair the performance of conventional liquid-membrane 
ion-selective electrodes. For example, evaporation losses 
led to precipitation of exchanger salt with consequent 
blockage of the capillaries of the supporting membrane.5 
However, with those functional ion-selective electrodes 
that were obtained, interesting selectivity effects have been 
observed (Table 2). For example, membrane V gives an 
electrode with high selectivity towards copper. 

The selectivity assessments for calcium-response in the 
presence of alkali metal ions emphasize the influencei of 
the power term, (aj)‘ly, in 

a, = Kij(Uj)“’ (1) 

The rule that K, needs to be less than 1 for selective re- 
sponse to ion i, needs modification. Thus, even when 
K, > 1 there can be selectivity towards calcium if this is 
the primary ion, i. For example, with membrane VIII 
where KcaNa = 46 and KCaK = 14, the electrode is selective 
to calcium ions down to the 10e3M range even though 

the alkali metal ion level is as high as lo--‘M. Such a 
practical observation follows from equation (1). When i 
is bivalent and j univalent, K, needs to exceed the recipro- 
cal of the activity of j before the electrode completely loses 
its selective response towards i. 

The association of di-n-octylphenyl phosphonate as 
mediator with selectivity for calcium and of decan-l-01 
with equal selectivity for calcium and magnesium is well 
illustrated by the series of electrodes made from mem- 
branes VIII, XI and XIII. Thus, membrane XI, based on 
decan-l-01, shows little selectivity among the bivstlent 
cations, while membrane VIII, based on di-n-octylphemyl 
phosphonate, is clearly selective for calcium. Membwne 
XIII, with equal weight proportions of the two mediators, 
exhibits an intermediate selectivity pattern. Such trends are 
also consistent with the selectivity patterns of membranes 
I, II and III, and thin-layer chromatography on Kieselgef 
G with benzene-acetic acid (9:l) as developer and 
ammonium molybdate/tin(II) chloride as detection reagent 
suggests that the liquid ion-exchanger of membrane I con- 
tains di-n-octylphenyl phosphonate or a similar mediator, 
and that of membranes II and III involves decan-l-01. A 
comparison of the data for membranes IV and VII also 
demonstrates the effect of decan-l-01 in reducing selectivity 
among bivalent cations. 

CONCLUSION 

This investigation indicates that for the solvent media- 
tors examined, the most useful ion-selective electrodes 
based on calcium bis(dialkylphosphate) sensors trapped in 
PVC require di-n-octylphenyl phosphonate as solvent 
mediator, whilst acceptable PVC matrix membrane elec- 
trodes selective for bivalent ions can be made with calcium 
bis(di-2ethylhexylphosphate) as sensor and decan-l-01 as 
mediator. Although the presence of some di-n-octylphenyl 
phosphonate can reduce the rigidity of the membranes in 
the latter type of electrode, this must be controlled in order 
to avoid increase in selectivity for calcium and decrease 
in selectivity for other bivalent ions. 
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Stmumary-This study on several alkan-1-ols, di-n-octylphenyl phosphonate and di-n-nonyl phthalate 
as solvent materials in ion-selective electrode membranes based on calcium bis(dialkylphosphate) sen- 
sors trapped in a PVC matrix indicates that the best electrodes are made with di-n-octylphenyl phos- 
phonate. These are selective for calcium. The liquid alcohols readily exude from the PVC matrix, 
and solid alcohols are completely unsuitable for membrane fabrication. However, despite a tendency 
to be exuded, decan-l-of gives acceptable electrodes responsive to bivalent cations if cafcium bis (di-2- 
ethylhexylphosphate) is used as sensor. Several selectivity coefficients, I(czj, greater than unity were 
found, but though such values for j = Na or K do not involve complete loss of selectivity towards 
calcium, a value of Kcacu = 13 for a membrane with di-n-nonyl phthalate as mediator and calcium 
bis(di-n-decylphosphate) as sensor indicates greater selectivity for copper than for calcium. 
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INDIRECT CO~PLEXO~ETRIC DETERMINATION OF 3ERYLL~ 

ARTBUR DE SOUSA 

Brigus, Conception Bay, Newfoundland+ Canada 

(Received 7 August 1973. Revised 20 July 1974. Accepted 7 March 1975) 

It is well known that beryllium cannot be titrated directly 
with EDTA and is therefore determined indirectly Misumi 
and Taketatsu’ have described a procedure in which 
[Co[NH&] [H1Q2BeZ(C0&. (OH,]. 3(H,O) is preci- 
pitated and the solid complex is redissolved in a boiling 
solution of sodium hydroxide and, after acidification with 
hydrochloric acid, the Co is determined via EDTA tit- 
ration. The complete formation of the precipitate is time- 
consuming and there is a risk of contamination by any 
nickel present and of adsorption of foreign ions. The pre- 
cipitate cannot be used for gravimetric purposes. Several 
dete~i~tions made by the author, using this procedure 
and reagent grade solutions of beryllium sulphate gave low 
values for the Be, and when Cu*+, Ni2+, Cr3+ and MnZ+ 
were present. the values for Be were higher than those 
expected. 

An improved method is described here. Beryllium is pre- 
cipitated almost instantaneously from its solution at pH 5.2 
by the addition of 2ffj; diammonium hydrogen phosphate 
solution.z*3.4 When precipitated under proper conditions, 
berylhum ammonium phosphate conforms strictly to the 
formula Be(NH4)P0,.’ The precipitate is collected on a 
filter. washed and then dissolved in a hot solution of dilute 
hydrochloric acid. The solution is cooled, the pH IS 
adjusted to 3.5 and the solution is passed through a resin 
column in the cationic form (Na+) so as to retain Be’+ 
which if not removed from the solution would reprecipitate 
as Be(NH,)P04 when the solution is made alkahne for 
titration. 

Na,(NH,)P04 passing through the resin bed is collected 
and magnesium chloride solution is added to precipitate 
Mg(NH4)P04, which is collected, washed, and dissolved 
in hot dilute hydrochloric acid. A known and excessive 
volume of O.lM EDTA is then added to the solution to 

complex magnesium,6 and the excess is back-titrated. As 
Be(NH4)P04 is converted into Mg(NH+)PO, and the Mg 
content determined by EDTA titration, that of Be can be 
obtained. 

EXPERIMENTAL 

Reagents 

Diammonium hydrogen phosphate solution, 20% W/V. 

Dilute hydrochloric acid (1 + 1). 
Magnesium chloride solution 1M. MgCl,.6H,O (11 g) 

is dissolved in a small volume of water, 280 g of ammonia 
solution (sp. gr. @90) are added and the solution is diluted 
to 500 ml with distilled water. The solution is allowed 
to stand for several hours and then filtered into a glass- 
stoppered bottle. 

Ammonia solution (1 + 1). 
EDTA solution O.lOOM. 
~ag~slum chior~de ~rution @LOOM. Standardized 

against the 0.100&f EDTA. 
Eriochrome Black T indicator. A 1% dry mixture with 

sodium chloride. 

Apparatus 

Resin column consisting of a glass tube 1.8 cm internal 
diameter. 20 cm long, filled to a height of 12 cm with 
Dowex SOW-X8 resin fNa’-form 20 mesh). 

Procedure 

Adjust the pH of the beryllium solution to 5.2 by adding 
dilute ammonia or dilute hydrochloric acid. Then add a 
slight excess of diammonium hydrogen phosphate solution. 
Filter off the precipitate on a porosity-4 sintered-glass 
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filter. Wash the precipitate three or four times with cold 
water, in which the precipitate is almost insoluble (12 mg/‘l. 
at 15”).4 Dissolve the precipitate in hot hydrochloric acid 
(1 + 1). Wash the filter two or three times with water and 
add the washings to the beaker containing the dissolved 
precipitate. Dilute the solution to about 400 ml. Adjust the 
pH to 3.5 by adding ammonia solution (1 + 1). Pass the 
solution through the resin at a flow-rate not exceeding 
2ml/min. Faster flow-rates may lead to breakthrough of 
beryllium. Follow with 2OOml of water. Collect the solu- 
tion coming through the column in the same beaker as 
the Na,(NH4)P04 solution. Evaporate the solution to 
IO&150 ml. Make the solution almost neutral by adding 
ammonia solution dropwise. Then to the cooled solution 
add dropwise (2 drops/set) 10 ml of cold ammoniacal 
magnesium chloride ablution with constant stirring. When 
the solution becomes cloudy, discontinue stirring and 
allow the precipitate to settle for at least 10min. Collect 
the precipitate in a porosity-4 sintered-glass filter, wash 
the precipitate two or three times with ammonia solution 
(1 + 1) and then dissolve it by placing the filter and pre- 
cipitate in a 250~ml beaker with enough hydrochloric acid 
(1 + 1) to cover the filter. Heat gently while stirring to 
dissolve the precipitate completely. 

After the dissolution add a known and excessive volume 
of O.loOM EDTA and make the solution alkaline with 
ammonia. Back-titrate the excess of EDTA with O.lOOM 
magnesium chloride after adding the Indicator. The end- 
point is marked by the colour change from blue to red. 

Calculations 

Let N1 ml be the total volume of O.lOOM EDTA added 
and N, ml the volume of O.lOOM magnesium chloride 
required for the back-titration. The beryllium content will 
be (N, - NZ) x 0.9013mg. 

RESULTS AND REMARKS 

The procedure described gives very satisfactory results 
for routine analysis of beryllium metal, alloys and minerals. 
No interference from other ions has been observed after 
the precipitation of Be(NH4)P04, its dissolution and ion- 

Table 1. Pure beryllium solutions 

Be taken, Be found, Difference, 
mg mg % 

4.18 4.52 -5.5 
8.05 7.91 -1.0 

12.13 12.17 +0.3 
21.07 21.00 -@3 
30.58 30.49 -0.3 
47.15 41.03 -0.3 
60.54 60.21 -05 
73.80 73.68 -0.2 

Table 2. Beryllium alloys 

Be taken, Be found, Difference 
Alloy mg mg % 

Be 3% cu 97% 5.50 5.70 + 4.0 
Be 3% Cu 97% 15.45 1560 +1*0 
Be 1% cu 99% 12.13 12.23 +0.8 
Be 3% Cu 97% 20.17 2034 +0.8 
Be 1% cu 99% 16.45 16.50 + 0.3 
Be 2% Ni 98% 24.95 25.08 + 0.5 
Be 4% Ni 96% 21.72 21.90 + 0.8 
Be 5% Ni 95% 33.08 33.13 +0.5 
Be 5% Ni 95% 30.92 31.02 + 0.3 
Be 7% Al 93% 20.25 20.35 + 0.5 
Be 5% Al 95% 70.12 7024 + 0.2 
Be 4% Al 96% 80.72 80.90 + 0.2 

Table 3. Beryllium plus impurities 

Impurities 

5% Fe 
10% Fe 
5% Ti 

10% Ti 
15% Al 
20% Al 
2% Cr 
5% Cr 

Be taken, Be found, Difference 
mg mg % 

lOOGO 99.98 - 0.02 
lOOGO 100.20 + 0.20 
lOOGO 100.07 + 0.07 
10000 10010 +0.10 
lOOGO 99.97 - 0.03 
10000 100.15 +0.15 
100.00 100.08 + 0.08 
10000 99.90 -0.10 

exchange treatment. The standardization of the magnesium 
chloride solution against the EDTA titrant must be accu- 
rately done. Typical results obtained for beryllium solu- 
tions and alloys are reproduced in Tables 1, 2 and 
3 and show that the proposed method gives satisfactory 
results. Though the technique described may seem tedious, 
it gives good results in the beryllium industry where analy- 
ses are carried out in series. 
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Summary-An indirect complexometric method is described for the determination of beryllium, which 
is selectively precipitated as Be(NH,)PO,, then dissolved in HCl, and the solution passed through 
an ion-exchange column to retain Be and allow PO:- to pass through. Phosphate is precipitated as 
Mg(NH,)PO, and Mg in the precipitate is titrated with EDTA. Be is obtained from the Mg content. 
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In a previous paper’ we reported the behaviour of the 
I--selective membraneelectrode as an Hg*+-sensitive 
membrane-electrode.* The behaviour of the II-selective 
electrode relative to Hg*+ was also studied by Hiiro et 
aL3 This paper extends the analytical use of the Hg*+- 
sensitive membrane-electrode (our own pattern’) by 
employing it as indicating electrode for the potentiometric 
complexometric titration of some tervalent cations (Bi3 +, 
Fe”‘, Cr3+) for which no adequate electrodes exist. 

EXPERIMENTAL 

Apparatus and reagents 

The Hg’+ -sensitive membrane-electrode (composition 
3: 1 molar ratio of AgI to Ag,S) was used. The membrane- 
electrode potential was measured via the e.m.f. of the elec- 
trolytic cell 

SCE 11 s”d P~;No,_Bgar_agar 11 *eSt s”‘“t’on 1 ~~~$&rode 
Potential measurements were performed at room tempera- 
ture, with stirring, with a pH-meter accurate to + 2 mV. 

All reagents used were of p.a. purity. 

Determination of Bi3 + and Fe3 ’ 

The complexometric determination of Bi3+ and Fe’+ 
was performed by the substitution reaction with the Hg- 
EDTA complex (HgY’-); the Hg*+ liberated is titrated 
with EDTA in the presence of the Hg’+-sensitive mem- 
brane-electrode. (K&v- = 8.71 x lo*‘, KF~Y- = 1.26 x 
1O25 and KHsvl- = 6.31 x IO*‘). Because the HgY*- used 

contained a small excess of Hg”, a blank correction was 
needed. 

Working procedure. To a solution containing Bi3+ or 
Fe3+ add excess of HgY*- solution and approx. 0.5 g of 
hexamine to raise the pH to -4. Heat the solution to 
80-90”, cool, and titrate with EDTA in the presence of 
the Hg2+ -sensitive indicating electrode. 

Determrnation of Cr3+ 

The determination was performed by adding excess of 
H,Y*- to the Cr3+ solution and back-titrating with stan- 
dard Hg*+ solution in the presence of the Hg’+-sensitive 
membrane-electrode. 

Working procedure. Add EDTA solution in excess to the 
Cr’+ solution, adjust the pH to -4 with hexamine, boil 
the solution for 2-3 mitt, cool and titrate the excess of 
EDTA with standard Hg2+ solution. 

RESULTS AND DISCUSSION 

Table 1 lists the experimental results obtained for Bi3’ 
and Fe3+. Each result is the mean of two determinations. 
Table 2 gives the results for Cr3+ (means of three deter- 
minations). 

d+ 5.56 5.56 0 45 

1.38 1.34 - ,.o 20 

P.I,B 0.135 - 2.2 15 

The equivalence volumes were calculated by the Hahn- 
Weiler interpolation method.4 The true Bi’+ and Fe3+ 
contents for calculation of the error were established by 
using Xylenol Orange and sulphosalicylic acid respectively 
to indicate the end-point in complexometric titrations of 
these ions at IO-‘M concentration. The potential jump at 
the equivalence point was estimated graphically. 

From the results in Table 1 it is clear that both Bi3’ 
and Fe3+ may be determined with EDTA by using the 
Hg’+-sensitive membrane-electrode for end-point detec- 
tion. The Bi3+ determination is particularly accurate, the 
error obtained even at 10e4M concentration being below 
1%. Iron can also be determined satisfactorily at this level. 

The true value of the Cr3+ content was also established 
by chemical end-point indication. From Table 2, the 
titration of Cr3 + gives an error of < 1% at a concentration 
of IOe3M and the potential jump at the equivalence point 
is 85mV over 2% of the titration volume. Although at 
2.5 x 10d4M concentration the potential change at the 
equivalence point remains high (70mV), the accuracy is 
no longer satisfactory. 
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Summary-The paper reports the results obtained in the complexometric determination of Bi3+, Fe”+ 
and Cr3+ by using an Hg2+ -sensitive membrane-electrode for the end-point indication. The determina- 
tion of Bi3+ and Fe3+ is performed after addition of mercuric complexonate from which these cations 
release Hg 2+, by means of which the electrode senses the equivalence point. In the case of Cr3+ 
an excess of complexone is added and the surplus is titrated with a standard solution of Hg2’ in 
the presence of the Hg*+-sensitive membrane-electrode. 
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Use of thallium(II1) as an analytical reagent has recently 
been described.‘s2 Both direct titration with p-ethoxychry- 
soidine as indicator and an indirect method by iodometric 
back-titration are possible. Determinations of ascorbic acid 
with cerium(IV),’ ferricyanide,4 bromine cyanide,5 vana- 
dium(V),6 iodate,7 copper(III)* and many other rea- 
gentr?i8 have been reported. Bromate” and other 
methodszO* 21 have been suggested for its determination 
in drugs, and iodine22 and iodatez3 have been recom- 
mended for its determination in fruits and vegetables. 
Several modified methods2c27 have been suggested. A 
method for its determination in urine has been described.2s 
A rapid pototentiometric method has also been reported.2g 
The present method with thallium(II1) as a reagent can 
be employed for the determination of ascorbic acid in 
drugs and fruit. 

EXPERIMENTAL 

Reagents 

Thallic perchlorate was prepared by dissolving T&O, 
in 60”% perchloric acid and standardized iodometri- 
tally. 3”,31 A 0.2% solution of pethoxychrysoidine in eth- 
anol was prepared. 

Procedures 

For direct titrations the hydrogen-ion concentration of 
the reaction mixture should not be less than 05M during 
the titration. The solution was vigorously swirled after 
each addition of Tl(II1). The end-point was marked by 
the disappearance of the pink colour of the indicator. Typi- 
cal results are given in Table 1. Since ascorbic acid has 
a tendency to undergo aerial oxidation, all the determina- 
tions were carried out in an atmosphere of carbon dioxide. 
No indicator correction was necessary. In the indirect 

titration excess of thallic perchlorate was added to the 
sample and unreacted Tl(III) determined iodometrically. 

Determination of ascorbic acid in vitamin C tablets. The 
tablets were ground to a fine powder and dissolved in 
water. The solution was not colourless and hence indirect 
titration was used. Filtration had no effect on the results 
(Table 2). 

Determination of ascorbic acid in fruit. The edible portion 
of the fruit was crushed in a machine and the iuice com- 
pletely extracted. The solid material was separated by fil- 
tering the juice through a sieve and was washed several 
times. Ascorbic acid was determined by the indirect 
method because the juice was coloured. The results are 
given in Table 3. 

Table 1. Estimation of ascorbic acid with thallic 
perchlorate 

Direct titration, mg Indirect titration, mg 
Taken Found Taken Found 

1.76 1.76 0.352 0.350 
3.52 3.50 0.428 0.430 
528 5.30 0.704 0.700 
7.04 7.04 1.05 1.05 
8.80 8.85 1.408 1.41 

1408 14.1 7.04 7.04 
17.60 17.6 14.08 14.1 
21.1 21.0 28.16 28.2 
26.4 26.4 35.2 35.1 
35.2 35.2 42.24 42.2 
52.8 52.8 
70.4 70.4 
88.0 88.1 
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soidine as indicator and an indirect method by iodometric 
back-titration are possible. Determinations of ascorbic acid 
with cerium(IV),’ ferricyanide,4 bromine cyanide,5 vana- 
dium(V),6 iodate,7 copper(III)* and many other rea- 
gentr?i8 have been reported. Bromate” and other 
methodszO* 21 have been suggested for its determination 
in drugs, and iodine22 and iodatez3 have been recom- 
mended for its determination in fruits and vegetables. 
Several modified methods2c27 have been suggested. A 
method for its determination in urine has been described.2s 
A rapid pototentiometric method has also been reported.2g 
The present method with thallium(II1) as a reagent can 
be employed for the determination of ascorbic acid in 
drugs and fruit. 

EXPERIMENTAL 

Reagents 

Thallic perchlorate was prepared by dissolving T&O, 
in 60”% perchloric acid and standardized iodometri- 
tally. 3”,31 A 0.2% solution of pethoxychrysoidine in eth- 
anol was prepared. 

Procedures 

For direct titrations the hydrogen-ion concentration of 
the reaction mixture should not be less than 05M during 
the titration. The solution was vigorously swirled after 
each addition of Tl(II1). The end-point was marked by 
the disappearance of the pink colour of the indicator. Typi- 
cal results are given in Table 1. Since ascorbic acid has 
a tendency to undergo aerial oxidation, all the determina- 
tions were carried out in an atmosphere of carbon dioxide. 
No indicator correction was necessary. In the indirect 

titration excess of thallic perchlorate was added to the 
sample and unreacted Tl(III) determined iodometrically. 

Determination of ascorbic acid in vitamin C tablets. The 
tablets were ground to a fine powder and dissolved in 
water. The solution was not colourless and hence indirect 
titration was used. Filtration had no effect on the results 
(Table 2). 

Determination of ascorbic acid in fruit. The edible portion 
of the fruit was crushed in a machine and the iuice com- 
pletely extracted. The solid material was separated by fil- 
tering the juice through a sieve and was washed several 
times. Ascorbic acid was determined by the indirect 
method because the juice was coloured. The results are 
given in Table 3. 

Table 1. Estimation of ascorbic acid with thallic 
perchlorate 

Direct titration, mg Indirect titration, mg 
Taken Found Taken Found 

1.76 1.76 0.352 0.350 
3.52 3.50 0.428 0.430 
528 5.30 0.704 0.700 
7.04 7.04 1.05 1.05 
8.80 8.85 1.408 1.41 

1408 14.1 7.04 7.04 
17.60 17.6 14.08 14.1 
21.1 21.0 28.16 28.2 
26.4 26.4 35.2 35.1 
35.2 35.2 42.24 42.2 
52.8 52.8 
70.4 70.4 
88.0 88.1 
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Table 2. Estimation of ascorbic acid in vitamin C tablets 5. R. C. Paul, R. K. Chauhan and R. Prakash, Indian 
with thallic perchlorate J. Chem., 1971, 9, 879. 

Sample 
Reported by the 
manufacturer, mg Found, mg 

“Redoxen” 500 (706463, Roche) 503 * 1 
“Redoxen” 200 (709182, Roche) 195 + 3 
“Celin” 500 (1631, Glaxo) 490 f 3 
“Chewcee” 500 (4102-584, Lederle) 498 & 3 
“Citravite” 500 (3010, Pharmed) 502 f 2 
“C&on” 500 (33.205 YA Abott) 490 + 6 

Table 3. Estimation of ascorbic acid in fruit with thallic 
perchlorate 

Fruit 

Ascorbic acld. mq/loO~ 
Found by 

Found by the present 
Reported mdimetry method 

Tomato (round yellow) 20 201 *OS 20.1 f 04 

Tomato (ovoid flat red) 22 22 4 f 0.5 225+05 

strawberry (yellow) 80 86 f 2 85.9 + 3 

Strawberry (dark yellow) 80 83 * 2 83.3 f 3 

Amla (green) 600 608 + 3 610 f 5 

Amla (yellow-green) 600 591*4 590 + 5 

Lemon (yellow) 179+ 1 180+2 

Orange _ 81 f I so+ I 

Interferences 23. 

Citric, tartaric, succinic and malic acids, glucose, fructose 
and sucrose do not interfere. Cations such as Mn’*, CL?+, 
Fe”, Ni2+ Co2+, Zn2+ and BaZ+ have no effect on the 
direct titration. Sulphate and nitrate are without any effect, 
but chloride interferes. The inhibition by chloride ions has 
already been reported.” It appears that the oxidation of 
ascorbic acid occurs via complex formation between it and 
Tl(II1). The product, dehydroascorbic acid, is not oxidized 
by Tl(II1). 

24. 

25. 

26. 

27. 
28. 
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Summary-Thallic perchlorate is used for determination of ascorbic acid either by direct 
titration in acid medium (0.5N) or indirectly by addition of excess of the reagent and iodo- 
metric determination of the excess. The method is applicable to fruit juices and vitamin C tablets. 
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In recent years a variety of hydrazones have been prepared 
from 2-pyridylhydrazine, pyridine-2+arboxaldehyde, and 
related compounds for possible use as complexation rea- 
gents. ‘-’ Many of these possess the ferroin chromophoric 
group. Some closely resemble 2,2’-bipyridyl, acting as 
bidentate ligands and forming coloured complexes in reac- 
tions with iron( cobalt(H) and nickel(II).’ Hydrazones 
with terdentate chelating ability have also been synthesized 
and studied.24 An especially noteworthy feature of these 
is that they form much more intensely coloured nickel(I1) 
and cobalt(I1) chelates than do any other of the ferroin 
type chromogens. Even more striking and unexpected is 
the discovery that certain of the terdentate hydrazone deri- 
vatives will form highly coloured zinc(II) chelates.z*5 No 
practical application has been made of these for determin- 
ing zinc, perhaps because they are non-selective. However, 
sensitive methods have been developed utilizing these hyd- 
razones for the determination of trace amounts of other 
metals. Ryan and co-workers have described the use of 
pyridine-2-carboxaldehyde-2-quinolylhydrazone, one of the 
most sensitive chromogens known of this type, for the 
determination of palladi~,6 cobalt and nickel,’ and nickel 
in sea-water.* 

With the object of providing additional reagents of the 
hydrazone type, we have prepared the following new 
mono- and bishydrazones: benzil di-2-pyridylhydrazone (I); 
2,2’-pyridil mono-2-pyridyl-hydrazone (II); 2,2’-pyridil di- 
2-pyridylhydrazone (III); picolinanilide azine with benzil 
{IV); picolinanilide azine with 2,2’-pyridil (V): ~-2-pyridyl 
benzamide azine with benzil {VI) and with 2,t’-pyridil 

(VII); and N-2-pyridylpicolinamide azine with benzil (VIII) 
and with 2,2’-pyridil (IX). The preparation of the requisite 
intermediates is described in a previous communication.g 

An interesting aspect of some of the compounds pre- 
pared for the present study is that in addition to a ferroin 
group they also possess a carbonyl oxygen atom that is po- 
tentially capable of serving as a donor in concert with an 
imine-nitrogen atom to form a five-membered chelate ring. 
In this particular regard the compounds are very similar 
to the cl-diketone mono-a-pyridylhydrazone type ligands 
first prepared and characterized by Chiswell, Lions and 
Tomlinson,” except that the latter compounds do not pos- 
sess ferroin groups. 

Reagents 

EXPERIMENTAL 

Prepara~jon of amide azines witk benzif and 2,~-pyridi~. 
An equimolar mixture of diketone and substituted amidra- 

Table 1. Substituted amide azines with benzil and 2,2’-pyridil 

R,CNHR, 

II 
N-N==G-C-R, 

I I/ 
R3 0 

Analysis 

IV 
V 

Vi 
VII 

VIII 
IX 

Calcd., % Found, % 
Yield, m.p., Crystallization 

RI RZ R, % “C solvent F0UllUla c H N c H N 

2-C,H,N C&G GH, 63 147-148 G&OH G,Hz,N& 77.21 4.98 13a5 775 4.9 14.1 

2-x?N GH, 2-C,H,N 58 173-174 C,H,OH 7@92 446 20.68 709 4.6 206 
6 I 2-C&N GH, 37 145 C,H,OH G,H,,N& Cz,H,oN,O 7121 4.96 13.85 77.4 5 1 14.3 

GHs 2-C&N 2.C,H,N 58 208 methyl CUHIBNLO 70.92 4.46 2068 71.1 4.5 21 1 
CellOSOlV~ 

2-C,H,N Z-C,H,N GH, 32 154 C,H,OH G,H,,N,O 74.06 4.72 17.27 74.0 4.7 176 

2-CjH,N 2-C&N 2-C,H,N 47 173 C&OH G,H,,N,O 67 SO 4.20 24.06 675 4.2 24.2 
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Table 2. Properties of iron(H) chelates 

1 
Llgand Colour nil? c* L:Fe ratio Commentst 

1 Y&W 635 543 x IO3 ab,c,e 
II Green 621 1.30 x 10’ 2.1 d 
111 Green 595 8.3 x 10’ 2.1 

Yellow-green 573 104 x IO’ 3.1 
IV COlOUIleSS 
V Blue 618 8.3 x 10’ 31 b,d,e 
VI Colourless 
VII Y&W-g~~Il 668 144 x 10’ 3:l b.c 
VIII COlOUIlL?SS 
IX Green 665 9.8 x 10’ a.6.d 

* Molar absorptivity (lmole- i. cm- i) at wavelength of 
maximum absorbance. 

tu-complex too weak to identify; &weak complex 
requires large excess of ligand to form completely; c-com- 
plex insoluble in water; d-colour unstable with time; 
e-pH-dependent colour (green for pH > 10). 

zone [about 1 g each of the hydrazones of picolinanihde, 
N-2-pyridylbenzamide or N-2-pyridylpicolinamide’] in 
25 ml of ethanol was heated under reflux for 3 hr. After 
evaporation of the ethanol, the products were crystallized 
from the solvent mentioned in Table 1. 

Preparation of 2,2’-pyridil-2-pyridylhydrazone (II). A solu- 
tion of 1 g of 2-pyridylhydrazine and 2 g of 2,2’-pyridil in 
20 ml of ethanol was heated under reflux for 3 hr. Evapo- 
ration of the solvent and crystallization of the residue from 
aqueous methanol yielded 2.3 g (82%) of product melting 
at 108-109”. Found: C 67.3x, H 4.3”/, N 23.3%; 
Ci,HisNsO requires 67.32x, H 4.320/, N 23.09%. 

Preparation of benzil-his-2-pyridylhydrazone (I). A mix- 
ture of 1.5 g of benzil-2-pyridyl monohydrazonei’ and 0.7 g 
of 2-pyridylhydrazine was heated for 5 hr at 190-200”. The 
residue, on crystallization from ethanol, yielded @7 g (35%) 
of product melting at 180” (with sintering). Found: C 
7350/, H 5.20/ N 21.5%; C,,H,,Ne requires C 73.45x, 
H 5.14”/,, N 21.41%. 

Preparation of 2,2’-pyridil-bis-2-pyridylhydrazone (III). A 
mixture of 1.5 g each of 2,2’-pyridiI and 2-pyridylhydrazine 
was heated for 5 hr at 190-200”. The resulting product, 
on crystallization from aqueous ethanol, yielded 0.7 g 
(26”;) of product melting at 222-223”. Found: C 66.5x, 
H 4.6x, N 28.4%; C,,H,sNs requires C 66.74”/,, H 4.53%. 
N 28.67%. 

Solutions. (@Ol M) of the compounds to be tested were 
prepared by dissolving weighed amounts in ethanol. Stan- 
dard solutions of metal ions were prepared by dissolving 
weighed quantities of pure metal in a slight excess of either 

hydrochloric or nitric acid and diluting to a measured total 
weight with distilled water. 

Iron-free hydroxylamine hydrochloride solution and pH 
buffer solutions were prepared as described previously.” 

Apparatus 

A Cary Model 14 recording spectrophotometer and Cor- 
ning Model 7 pH meter with saturated calomel and glass 
electrodes were used for spectral and pH measurements 
respectively. 

Chelation studies 

The pH range over which complexation occurred, as in- 
dicated by colour formation, was determined for each 
metal ion and test compound combination. Absorption 
spectra in the visible range were recorded for accurately 
prepared solutions, all buffered at pH 7 (ammonium ace- 
tate buffer) to favour more complete complex formation. 
Ligand to metal ratios for the iron(I1) chelates were deter- 
mined by the mole-ratio method. Details for all three pro- 
cedures are described elsewhere.” 

RESULTS AND DISCUSSION 

All the coloured metal complexes are at least partially 
extractable into isoamyl alcohol. Those of I and III are 
quantitatively extractable at pH 7 by a volume of isoamyl 
alcohol equal to one-fourth or less of that of the aqueous 
phase. Most of the compounds (except II, V, and IX) and 
their metal complexes are insoluble in water but soluble 
in ethanol and in ethanol-water mixtures. 

Formation of the coloured metal chelates is favoured 
in ethanol-water solutions of pH 3-12. Maximum colour 
formation occurs in most cases between pH 6 and 9. All 
solutions prepared for spectral examination were therefore 
buffered at pH 7 with ammonium acetate. 

The results compiled in Tables 2 and 3 provide a basis 
for judging the potential analytical utility of the com- 
pounds as chromogenic reagents. Of the group studied, 
compounds II and III show the most promise as sensitive 
reagents for cobalt, nickel, zinc, copper and iron. Unfor- 
tunately both lack selectivity to the extent that if all five 
of the foregoing metal ions were present in the same 
sample, only iron could be determined without appreciable 
error caused by the presence of any of the others. Com- 
pound VII also shows promise as a spectrophotometric 
reagent for iron. It should prove superior to both II and 
III with regard to selectivity, becasue it does not form 
a coloured copper(I) chelate and the molar absorptivities 
of its cobalt(H), nickel(I1) and zinc(I1) chelates are consider- 
ably less than those of the II and III complexes. It is also 
a more sensitive iron chromogen than either II or III. 

Table 3. Absorption properties of chelates* 

Copper(I) Cobalt(I1) Nickel(I1) Zinc(I1) 

Ligand I,nm E l,nm E I,nm E I,nm E 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
IX 

430t 
496 
466 
475 
4757 

8 

4!5+ 
§ 

5.4 x 103 5317 4.6 x 103$ 497 4.9 x 10s 8 
1.62 x lo4 489 2.80 x lo4 474 2.80 x lo4 466 
203 x lo4 480 2.54 x 10“ 452 3.20 x lo4 452 

400 

4$5t 

§ 

4&t 

8 

3.8 x 103t 5.8 x 103t 2.6 x 103t 
: 4:O.l § 

; 
1.21 x 5 103 4!5t 

1.30 x 104t 475t 
I.8 x IO’? ,9 4& 9: § 

8 8.9 10”t 1.70 x 104t 4757 

s: 
2.40 x 104$ 
240 x 1041 

t 
s: 

4OOt 
§ 

!‘4 x 103t 

*Measured in the visible region for ethanol-water solutions (all yellow-orange in colour), buffered at pH 7 with 
ammonium acetate. 

t Not a band maximum but at shoulder or side of band just before reagent blank absorbance becomes appreciable. 
$ Weak complex; requires large excess of ligand to form completely. 
Q Spectra of metal chelate and of free ligand are very nearly the same. 
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I 2 3 4 5 

MOLE RATIO ILIGAND/ F.1 

Fig. 1. Mole-ratio plot for the reaction of III with iron( 
measured at 598 nm (open circles) and at 640 nm (solid 

circles). 

As expected on the basis of their structural similarities 
to previously studied hydrazones,z-5 compounds II and 
III form highly coloured chelates with zinc, cobalt and 
nickel. Neither, however, is superior in chromogenic 
properties to pyridine-2-carboxaldehyde-2-quinolylhydra- 
zone, which was found by Ryan and co-workers to be so 
exceptionally sensitive as-a nickel and cobalt reagent.6-8 

Comnounds IV. VI. and VIII do not form coloured 
compleies with irbn(Ii) or with cobalt(II), nickel(II), and 
zinc(I1). In the case of VI this is expected because it does 
not possess a ferroin group. The other two compounds 
have such a group, so it is believed that steric effects pre- 
vent chelation of iron(I1) as well as cobalt(II), nickel(II), 
and zinc(II), all of which normally form hexaco-ordinate 
octahedral complexes with ferroin-type ligands. Weakly 
coloured copper(I) complexes are formed by VI and VIII, 
presumably because steric hindrance is absent or less pro- 
nounced for tetraco-ordinate copper(I) which normally 
forms a tetrahedral complex with ferroin-type ligands. All 
of the other compounds have at least one ferroin group 
and give coloured iron(I1) chelates. Two of these (II and 
V), for which reliable mole-ratio data could be obtained, 
are sufficiently unusual to merit special comment. Com- 
pound II has one ferroin group and one aza-ferroin group 

(=N-C-N-N=) which chelate in concert to form a bis-che- 
late of iron( i.e., a complex with ligand to metal ratio 
of 2: 1. Compound V has two ferroin groups, but only one 
is functional (the other is the same as that in IV and VIII 
which also failed to function); ‘SI, V acts as a bidentate 
rather than a terdentate ligand for iron( giving rise to 
a tris-chelate (ligand to metal ratio 3:l). 

Remarkable behaviour is shown by III in reaction with 
iron(I1). The series of spectra obtained in the mole-ratio 
study reveals that a bis-chelate forms when the mole ratio 
of III to irodI1) is varied between 0 and 2. and that the 
bis-chelate is‘rapidly converted into a trislchelate when 
additional amounts of III are added. This is clearly indi- 
cated by the presence of a well-defined isosbestic point 
at 598 nm. Mole-ratio plots for data at two distinctive 
wavelengths are shown in Fig. 1. The unusually high labi- 
lity of the bis-chelate, enabling rapid conversion into the 
tris-chelate when excess of III is added, is probably a con- 
sequence of steric hindrance and weak bonding by the aza- 
ferfoin group. Further study of the chelation properties 
of III should prove rewarding in terms of elucidating rela- 
tionships among structure, bonding, and kinetics of chela- 
tion. 
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Summnry-Preparation of some new mono- and bishydrazones which possess the ferroin chromophoric 
group is described, together with results of spectrophotometric studies of their chelation reactions 
with iron( copper(I), cobalt(II), nickel(I1) and zinc(I1). Several of the new compounds show promise 
as chromogenic reagents for these metals. The results are also of interest with regard to structure-reac- 
tion relationships. 



918 SHORT COMMUNICATIONS 

Talanta. Vol. 22, pp. 918-919. Pergamon Press. 1975. Printed in Great Bntam 
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Commercial nitrate liquid ion-exchangers may be trapped 
in PVC-matrix membranes to give nitrate ion-selective 
electrodes with closely similar calibration and selectivity 
characteristics to those of their liquid-membrane counter- 
parts. Such electrodes have many physical, mechanical and 
cost advantages.’ 

Chlorate, iodide and perchlorate ions interfere seriously 
with each type of nitrate ion-selective electrode.’ However, 
the interference can be exploited: for example, periodate 
may be monitored with a perchlorate electrode’ and tetra- 
fluoroborate with a liquid-membrane electrode based on 
the tetrafluoroborate form of a liquid nitrate ion- 
exchanger.3 

This paper describes a short investigation on the 
calibration and selectivity parameters of a PVC-matrix 
membrane chlorate ion-selective electrode made from a 
nitrate-form liquid ion-exchanger converted into the chlor- 
ate form, and compares its behaviour with its nitrate ion 
counterpart. The nitrate ion-exchanger used was the tri- 
dodecylhexadecylammonium nitrate/n-octyl-o-nitrophenyl 
ether sensor/mediator system present in Corning 477316 
nitrate liquid ion-exchanger.’ 

EXPERIMENTAL 

Preparation of chlorate ion-exchanger 

Corning 477316 nitrate liquid ion-exchanger (1.5 g) was 
converted into the chlorate form by shaking its solution 
in 15 ml of chloroform with three 15-ml aliquots of 05M 
potassium chlorate (analytical reagent grade). The chloro- 
form was removed by evaporation over at period of three 
days from a beaker covered with a watch-glass. 

Construction of the PVC-matrix membrane electrodes 

Master PVC-matrix membranes were fabricated4 from 
solutions of 0.40 g of liquid ion-exchanger and 0.17 g of 
PVC in 6 ml of tetrahydrofuran. Discs were cut from these 
membranes for the ion-selective electrode assembly4 with 
mixed internal solutions of potassium chloride (5 x 
IO-“M)/potassium nitrate (5 x lo-‘M) and potassium 
chloride (5 x 10-2M)/potassium chlorate (5 x 10e2 M) 
for the nitrate and chlorate ion-selective electrodes. re- 
spectively. 

Potentials of the electrodes vs. a calomel reference elec- 
trode (Corning Cat. No. 476109) were measured with a 
Beckman Research Model pH-m&r for various test solu- 
tions maintained at 25 k 0.1”. The electrodes were blotted 
with tissue paper between measurements. 

Before use, each PVC-nitrate electrode was soaked for 
at least 1 day in O.lM sodium nitrate for nitrate-ion re- 

* Present address: Government Industrial Research 
Institute, Osaka, Midorigaoka 1, Ikeda City, Osaka Pref., 
Japan. 

sponse, and in 0.1M potassium chlorate for chlorate-ion 
response. The PVC-chlorate electrodes were similarly 
soaked and stored in O.lM potassium chlorate. 

RESULTS AND DISCUSSION 

C’aiytion of the PVC-nitrate and PVC-chlorate elec- 

The calibration profile of the PVC-nitrate ion-selective 
electrode in sodium nitrate solutions resembled that pre- 
viously described.’ For the chlorate ion-selective electrode, 
potentials were recorded in standard solutions of both 
sodium and potassium chlorate, the concentrations of 
which were first decreased from 10-l to 10e6M and then 
increased from 10m6 to 10-‘M (Fig. 1). All electrodes were 
free from hysteresis. 

General characteristics of the PVC-chlorate electrode 

Despite frequent exposure to interferents, the electrode 
showed minimal drift between calibrations and the only 
deterioration with time was a fall in calibration slope after 
16 days. Thus, the response was near-Nernstian, being 
60 mV on day 2,58 mV on days %I6 with a drop to 52 mV 
being characteristic of days 18-21. However, in the period 
between days 16 and 18, the electrode had been exposed 
to potassium periodate (a serious interferent) during an 
assessment of selectivity. The detection limit as defined 
(see Fig. 1) by an e.m.f. difference of 18mV between the 
calibration curve and the extrapolated linear section was 
consistently better than 3 x 10e5M. Thus, for the first 16 
days the calibrated detection limit was 1.5 x lo-‘M. 3 x 
10w5M on day 18 and 1.5 x lo-‘M on day 21. 

While static response times are fast (Fig. l), the dynamic 
responses are even faster, with the electrode consistently 
responding in less than 2sec and frequently in under 1 
second to a halving or doubling of the chlorate ion con- 
centration, such times including injection of diluent or con- 
centrate, mixing time and millivoltmeter/recorder response. 
For example, injecting 10 ml of water into 1Oml of IO-‘M 
potassium chldrate altered a steady e.m.f. reading of 
+ 52mV to a steadv + 70mV within 1.5 sec. the 1%mV 
difference comparing favourably with the expected 17-mV 
value for the induced change in chlorate ion activity. 

Calibration of an electrode fabricated directly from the 
nitrate form of the Corning 477316 liquid ion-exchanger 
with standard chlorate solutions gave a detection limit for 
chlorate of just 5 x 10m4M, an order of magnitude poorer 
than that noted above for the chlorate ion-selective elec- 
trode fabricated from the nitrate exchanger previously con- 
verted into the chlorate form. Furthermore, response times 
were of the order of minutes and were not improved by 
previously soaking the nitrate electrode in 0.1 M potassium 
chlorate for a day. Thus, it is essential to first convert 
the nitrate liquid ion-exchanger into the chlorate form to 
produce a viable chlorate ion-selective electrode. 
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Table 1. Selectivity coefficients of nitrate and chlorate 
PVC-matrix membrane electrodes 

Interfererit, 
j 

F- 

cl- 

Br- 

Nitrate 
electrode* 

KNOd 

8.7 x 1o-4 
(5 x 10_2M)$ 

9.5 x lo-at 

(5 :.ll:; l”) 
(5 x lO_%f) 

Chlorate 
electrodet 

K ClOj 

4.7 x 1o-4 
(2.5 x lo-‘M) 
2.5 x 1O-3 
(5 x lo-s&f) 

8.9 x 1o-2 
(5 x lo-J&f) 

Fig. 1. Response of 9-day-old PVC-chlorate ion-selective I- 4.2 
electrode in two mixed chlorate-nitrate solutions at 25”. (5 xl&M, (5 x 10-3&f) 
A, sodium or potassium chlorate, nitrate absent, slope = NO; 66x10-2 3:6 x 1O-3 ’ 
58 mV per decade; B, [NO;] = 5 x lo-%; C, (5 x lO_ZM) (5 x 10-i!@ 

WO;] = 5 x 10m3A4. Selectivity coefficients, KC,oJNo, at SO:- 1o-5 3.3 x 1o-4 
a, 064; b, 0.66. Figures adjacent to the symbols refer to 
the static response time (seconds) required for steady c10; 

potentials to be attained. 
NO; 

(5 x lo-%) 

Selectivity studies 

Alkaline conditions are detrimental to the PVC-chlorate 
ion-selective electrode as they are to the PVC-nitrate elec- 
trode:’ for example, at IO-‘M there is a fall in e.m.f. above 
pH 7.5, but steady readings and fast response times 
(< 5 set) prevail between pH 2 and 7.5. 

The electrode responds to various foreign anions, j, as 
well as to chlorate, according to the equation 

c10; 

10; 

10; 

BrO; 

(5 z&4) 
220 

(5 x 10_3M) 
8.2 x 10-2t 7.2 x 1O-2 

(5 “I::;‘“) (5 ;7Y4”) 

(5 :.:i; 5M) 
(5 x,,,‘,“- 5M) 

(5 x lo-%) (5 x lo-%) 

E = Constant - S log[aCio, + Kcio,j(aj)i’“] (1) 
where n is the charge on the foreign anion, S the 
calibration slope, and Kc,,,, the selectivity coefficient.5 
The mixed solution approach previously employed in 

* Data from Reference 1 unless otherwise stated. 
t This work. 
5 Values in parentheses are interferent concentrations. 

_ __ 
studies of the PVC-nitrate electrode’ was used for deter- 
mining selectivity coefficients. These are quoted in Table 1 cial in constructing a chlorate ion-selective electrode of 

and illustrated for nitrate interference of the chlorate superior character. 

electrode in Fig. 1 (curves B and C). 
In general Kc,o~, is less than ~~~~~ as expected from 

the value of 1.66 for KNox~,n. with the nitrate ion- 
selective electrode. Again, the characteristic high values for 
this tetra-alkylammonium-based ion-exchanger sensor are 
observed for Kclo, perhalate but, of course, of somewhat 
smaller magnitude than is the case for the corresponding 
K ,.,oIWlha,atc. Finally, it is interesting that of the halate 
ion species, chlorate appears to be the one preferred by 
this ion-exchanger in both the nitrate and chlorate forms. 
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Summary-An electrode has been prepared, consisting of a PVC membrane containing Corning 477316 
nitrate liquid ion-exchanger in the chlorate form, which responds to chlorate ions. It has a faster 
response (l-2 set) and lower limit of detection (3 x lo-’ M) than the nitrate electrode for chlorate 
determination. Selectivity coefficients for the electrode towards several other ions have been measured. 
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Methods for the determination of thiols, involving oxi- 
dation with iodine or reaction with a metal ton. are satis- 
factory and widely used. The fact that these methods do 
not differentiate between aromatic and aliphatic thiols 
makes other procedures desirable. The titration of thiol 
groups as acids has long been visualized’** and is explored 
in the present work. 

Aromatic thiols are much more acidic than the corre- 
sponding phenols. Benzenethiol and its derivatives with 
electronegative substituents can be titrated in dimethylfor- 
mamide or acetone with sodium methoxide, with Thymol 
Blue as indicator. A gradual and premature end-point is 
obtained in the titration of naphthalenethiol or derivatives 
of benzenethiol with electropositive substituents in the 
ortho or para positions when dimethylformamide is the 
medium and either Thymol Blue or Azo Violet is employed 
as indicator. However, such samples can be titrated satis- 
factorily in acetone, with Thymol Blue as indicator. In ace- 
tone, aliphatic thiols are not acidic to Thymol Blue and 
this permits an accurate titration of aromatic thiols in the 
presence of aliphatic thiols. 

These titrations are convenient and rapid, yielding sharp 
and stable end-points. Generally, a precipitate is either not 
formed or is crystalline and does not affect the accuracy. 

Reagents 

EXPERIMENTAL 

Sodium methoxide solution, 0.05 M, in benzene-methanol 
was prepared as described by Fritz and Lisicki’ and stan- 

dardized against benzoic acid m acetone, with Victoria 
Blue as indicator. 

Indicators. Solutions (0.1%) of Thymol Blue, Victoria 
Blue, and Azo Violet (p-nitrophenylazoresorcinol) and a 
0.2% solution of p-hydroxyazobenzene in acetone were 
used. 

All solvents were of reagent grade. 

Procedures 

Titration of individual thiols. Dissolve the sample con- 
taining 0.1-20 meq of thiol in 25 ml of solvent and 
add 35 drops of indicator (Table 1). Titrate with @05M 
sodium methoxide to a blue (Azo Violet or Thymol Blue), 
red (Victoria Blue) or yellow colour (phydroxyazoben- 
zene). 

When dimethylformamide is used as solvent, add 3-5 
drops of Azo Violet indicator to 25 ml of solvent and neu- 
tralize the acid impurities; add the sample and titrate to 
a blue colour. 

Pr~$~rc~rrtial titration of aromatic thiols. Dissolve the 
sample containing 0.1-2.0 meq of aromatic thiol in 
25 ml of acetone. Add 3-5 drops of Thymol Blue indicator 
and titrate with 0.05M sodium methoxide to a blue colour. 

RESULTS AND DISCUSSION 

Analytical results for the titration of aromatic thiols are 
given in Table 1. Except in the titration of B-naphtha- 
lenethiol and o-mercaptobenzoic acid, no precipitate was 

Table 1. Titration of thiols with sodium methoxide 

Compound 

Solvent 
and 

indicator 

Purity, % 

Present Comparison 
method* method 

Benzenethiol AcetoneThymol Blue 99.3 
p-Chlorobenzenethiol Acetone-Thymol Blue 99.6 
2-Mercaptobenzimidazole DimethylformamideAzo Violet 99.2 
2-Mercaptobenzothiazole DimethylformamideAzo Violet 97.6 
2-Mercaptobenzoxazole Dimethylformamide-Azo Violet 98.3 
o-Mercaptobenzoic acid Acetone-Azo Violet 99.73 
m-Bromobenzenethiol Acetone-Thymol Blue I 99.1 
/?-Naphthalenethiol AcetoneThymol Blue 978 
p-Biphenylthiol Acetone-Thymol Blue 98.2 
p-Toluenethiol Acetone-Thymol Blue 99.5 
p-Mercaptobenzamide AcetoneThymol Blue 978 
Methyl-o-mercaptobenzoate AcetoneThymol Blue 98.9 
p-t-Butylbenzenethiol Acetone-Thymol Blue 99.2 
Thioacetic acid Acetone-p-hydroxyazobenzene 97.5 
Thiobenzoic acid Acetone-Victoria Blue 98.9 

99.27 
99.7t 
99Q 
97.4t 
98.lt 
99.8t 
99.3: 
97.9t 
98.1t 
99.7.t 
97.66 
99.26 
99.5t 
97.8s 
990 

* Average of 10 determinations; standard deviation in the range 0.1-0.3%. 
t Pb(IV) titration.3 
0 Hg(I1) titration.4 
$ Compound dibasic, purity on the basis of one acid group. 
1 Iodimetric titration.’ 
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Table 2. Titration of aromatic thiols in the presence of 
aliphatic thiols 

Sample 

Benzenethiol 
l-Butanethiol 

p-Chlorobenzenethiol 
I-Dodecanethiol 

~n~ne~iol 
Toluene-a-thiol 

/?-Naphthalenethiol 
I-Pentanethiol 

m-Bromobenzenethiol 
1 -~exade~nethiol 

pToluenethio1 
Cyclohexanethiol 

p-Biphenylthiol 
I-Propanethiol 

Amount, mg 

Taken Found 

80.6 80.8 
56.2 - 

160.9 160.8 
1008 - 

189-7 190.1 
62-3 

75.8 75.6 
63-S - 

65.3 65.4 
70.8 

90.5 90.4 
63.2 

102.7 102.9 
88.6 - 

formed. In Table 2, results for the determination of aro- 
matic thiols in the presence of aliphatic thiols are given. 
The results are precise to 0.2%. 

The titration of o-mercaptobenzoic acid is interesting. 
In acetone, with Azo Violet as indicator, the first sharp 
colour change is from yellow to red, corresponding to the 
neutralization of the carboxyl group. A second colour 
change is from red to blue when the thiol group is neutra- 
lized. A mixture of 2-mercapto~z~i~zole with a car- 
boxylic acid could be analysed by this method. All aro- 
matic thiols are of about the same strength as carboxylic 
acids. This behaviour is also exhibited in the titration of 
thiol-carboxylic acid mixtures in acetone, with p-hydroxy- 
azobenzene as indicator. Therefore preferential titration 
of carboxylic acids is possible only in the presence of 2- 
mer~pto~nzimi~ole and aliphatic tbiols. In acetone, 
only the carboxyl group of o-mer~pto~nzoic acid is 
titrated when p-hydroxyazobenzene is used as indicator. 

Acknowledgemen&--Thanks are due to Evans Chemetics, 
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visual end-point detection with Thymol Blue, Victoria Blue, ~hydroxy~o~nzene or Azo Violet. Aro- 
matic thiols are titrated in the presence of aliphatic thiols in acetone, with Thymol Blue as indicator. 
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Amperometric titrations may be used for the determination 
of many organic compounds and are inherently more accu- 
rate and precise than the conventional el~trometric 
titrations. Silver nitrate has frequently been employed in 
amperometric titrations, especially in precipitation 
titrations of organic compounds with sulphur-containing 
functional groups. The products of such reactions depend 
on experimental conditions such as pH and solvent. Since 
organic isothiocyanates find extensive use as intermediates 
in the synthesis of polymers, their determination is of inter- 
est and vahre. Amperometric titration with silver nitrate 
can be extended to the determination of organic isothio- 

* Present address: Department of Chemistry, Himachal 
Pradesh University, Simia 171001, India. 

cyanates if these are first converted into the corresponding 
substituted thioureas. The only attempt in this direction 
appears to be due to F&t’ who determined small 
amounts of ally1 isothiocyanate by heating it with 25% 
aqueous ammonia for 10 min at 40”, and titrating the ally1 
thiourea thus formed, with standard silver nitrate solution 
amperometrically. 

Isothiocyanates have been reported to react significantly 
with water’ and hence the use of aminesz-6 (in place of 
~rno~a) has been r~o~end~ for their conversion into 
the corresponding thioureas. Organic isothiocyanates are 
quantitatively converted with n-butylamine in dimethylfor- 
mamide into the respective N,N-disubstituted thioureas5s6 
at room temperature. 

RNCS + C4H9NH, + RNHCSNHC,H+ 
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appears to be due to F&t’ who determined small 
amounts of ally1 isothiocyanate by heating it with 25% 
aqueous ammonia for 10 min at 40”, and titrating the ally1 
thiourea thus formed, with standard silver nitrate solution 
amperometrically. 

Isothiocyanates have been reported to react significantly 
with water’ and hence the use of aminesz-6 (in place of 
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mamide into the respective N,N-disubstituted thioureas5s6 
at room temperature. 
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Alkyl isothiocyanates require 10 min for the reaction 
whereas aryl isothiocyanates react immediately. In the 
present communication, the reaction has been utilized for 
the amperometric determination of small amounts of 
organic isothiocyanates. The proposed method involves 
treating an isothiocyanate with an excess of n-butylamine 
in dimethylformamide and titrating the resulting disubsti- 
tuted thiourea argentometrically in an ammonia- 
ammonium nitrate buffer, with amperometric detection of 
the end-point. 

EXPERIMENTAL 

Amperometric titrations were performed with a manual 
polarograph, a spot galvanometer, and a dropping mercury 
electrode. A saturated calomel electrode was connected to 
the polarographic cell through a potassium nitrate-agar 
salt bridge. 

All pH measurements were made with a pH-meter and 
glass and calomel electrodes. 

Dimethylformamide. A commercial grade was purified by 
standing over anhydrous sodium carbonate (analytical 
grade) for two days. The solvent was decanted off, distilled, 
and the fraction distilling at 148+149.5” was collected in 
a coloured bottle. 

Silver nitrate, O.O4M, standardized. 
n-Butylamine. An approximately O.lM solution was pre- 

pared by dissolving the desired amount (purified by distil- 
ling over barium oxide) in dimethylformamide. 

Organic isothiocyanates. Alkyl isothiocyanates were pre- 
pared by well-known methods.’ Phenyl isothiocyanate, 
commercial grade, was distilled before use. 

BufSer solution. Aqueous 1M ammonia-lit4 ammonium 
nitrate. 

Gelatine @OS% aqueous solution. 

Procedures 

From 2 to 5 ml of a solution of organic isothiocyanate 
in dimethylformamide were transferred to a glass stop- 
pered titration cell and 3 ml of n-butylamine (approximately 
QlM solution in DMF) solution were added. The volume 
of the solution was made up to lOm1 with the solvent. 
The flask was stoppered, swirled to mix the reactants, and 
set aside for IO min to ensure completion of the reaction. 
Then 5 ml of aqueous ammonia-ammonium nitrate buffer 
and 5 ml of gelatine solution were added. The volume of 
the solution was made up to 50ml with water, cooled to 
room temperature (2.5”), and deaerated by passage of a 
slow stream of nitrogen. The drop-time was adjusted to 
3 sec. A voltage of -0.56 V was applied to the dropping 
mercury electrode us. the saturated calomel electrode. The 
initial galvanometer reading was noted and the titration 
carried out with 004N silver nitrate. After every addition, 
the solution in the cell was stirred by a slow stream of 
nitrogen and the precipitate allowed to stand for a minute, 
before the current was recorded. The diffusion current 
remained constant before the end-point but then the cur- 
rent increased rapidly and linearly with each addition of 
titrant. Some results are recorded in Table 1. 

Table 1. Amperometric titrations of organic iso- 
thiocyanates 

Compound 

CH,NCS 

CH,CHINCS 

CH,CH&H,NCS 

(CH,),CHNCS 

CH,CH2CH,CH2NCS 

(CH&CHCH,NCS 

C,H,NCS 

Amount Amount 
taken, found, Deviation 

mg mg % 

1.390 1.388 
2.780 2.777 ;:; 

2445 2440 0.2 
3.700 3.695 0.1 
1.615 1.618 
3.890 3.894 8:; 

1.725 1.719 0.3 
3.956 3.965 0.2 
2.160 2.165 0.2 
4.320 4.308 0.3 
1.270 1.267 0.2 
4.290 4.285 
1.950 1.946 ;:; 

4.290 4.299 0.2 

RESULTS AND DISCUSSION 

The results recorded in Table 1 show that l-5mg of 
organic isothiocyanates (methyl, ethyl, n-propyl, isopropyl, 
n-butyl, Isobutyl, and phenyl) can be determined suc- 
cessfully by this method. The maximum error was about 
0.4%. In all the determinations, the concentration of the 
titrant was about 20 times that of the solution in the cell 
in order to minimize the dilution effect. The pH of the 
solution in the cell varied between 9.4 and 9.6. Under these 
conditions there was a continuous precipitation of silver 
sulphide up to the equivalence point as a result of the 
reaction between silver nitrate and thiourea (in a molar 
ratio of 2:l). 

The proposed method, besides being simple, accurate, 
and reliable, has the added advantage that no heating of 
the sample solution is required. Cyanamide, urea, and 
organic isocyanates, even when present in amounts up to 
25mg, do not cause any interference in the prescribed 
range of determinations. Organic thiocyanates, sulphides, 
and mercaptans, however, interfere. 
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Summary-An amperometric titration method is described for the determination of 1-5 mg of organic 
isothiocyanates, based on their quantitative reaction with n-butylamine in dimethylformamide to form 
N,N-disubstituted thioureas which are then titrated amperometrically in aqueous ammonia-ammonium 
nitrate buffer with silver nitrate (dropping mercury electrode at -0.56 V). The end-point corresponds 
to a silver: thiourea ratio of 2:1, with precipitation of silver sulphide. The method is simple, accurate, 
widely applicable, and gives reproducible results. 
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In a study of the behaviour of very low concentrations 
of metal ions and organic ligands as they appear in the 
oceanic environment, the need arose for a consistent set 
of stability constants for complexes of cadmium with some 
amino-acids. A survey of the existing literature’ showed 
that the available data were very inhomogeneous and in- 
complete. For that reason this investigation has been car- 
ried out. The stability constants were determined according 
to three different methods described in the literature. 

THEORY 

The three methods used are all based on potentiometry. 
Since the stability constants of complexes of cadmium with 
amino-acids are relatively small, it is necessary to intro- 
duce some corrections to the simple methods as they were 
described originally. 

The first method is that by Albert: which makes use 
of the pH-curve for titration of 1:2 mixtures of metal and 
ligand with a strong base. From the formation curve H 
us. log [L] the stability constants can be derived: 

log/I,, = logri - log(1 - -?i) - log[L] 
for 0.15 < Ii 6 070 

and 

log byL2 = -2 log [L] for Ti = 1.0 

The notation is as usual (e.g., Ringbom3) and charges are 
omitted. [L] is the concentration of free ligand; it can 
be calculated from the total ligand concentration, C, , the 
amount of base added, Chase,- the protonation con&ants 
of the l&and, and the pH. This simple method has been 
used by several workers, also for studies of cadmium com- 
plexes; in our case, however, the results were not satisfac- 
tory, probably because of the influence of ML2 in the 
region of low ?I. Therefore an iterative procedure was 
adopted. 

For each pH the first values obtained for /l are used 
to calculate the free metal ion concentration [M]: 

CM1 = CM 
hcOH) + BdLl + BdLIz 

It is then possible to obtain a corrected value of [L]: 

CL - Cl.,,, - [HI + COHI + ; xPu~o~,,CMl [OHI” 
CL1 = 

r=, 
BmCHl +%LCHI~ 

which allows calculation of a corrected value of [M], etc. 
In the case of a dibasic amino-acid, CL should be doubled. 

So for aspartic and glutamic acid the formula is written: 

2CL - Gase - CHI + COHI + it %cow,CM1COH1” 
CL1 = 

x=l 
BmCHl + &%,JHl* + 3/3dH13 

When these concentration values are constant they are 
used to recalculate /$,,r and /IklL2 in a different way: 

BML = 
fi . Ch( - 2[ML,] 

CM1 CL1 

= CL - a&J1 - 2BdMICLI’ 
CMICLI 

and 

r7.C, - [ML] 

BML’ = 2[M][L]’ 

= CL - a,&1 - BdMlCLI 
2CMICLI’ 

This procedure is repeated until two consecutive values 
of /? are satisfactorily constant. 

The second method was described by Hansen and 
RbZiEka,4 based on an idea proposed by Ringbom and 
Harju.’ In the present study their general formula 

l”g)%rx = PM + xlog aL(H) - 10gaML,(H,OHJ 

cm 
- log [(ML,)‘] 

was adapted in the following way, where the side-reaction 
coefficient aML,(H,OHj is included in fiML,: 

log BML = PM + log EL(u) 

- log CL - CM + a,dMI - C(MLJl 
G - a~dM1 - CPfLJ’I 

and 

log BML~ = PM + 2 log aLCHj 

The primes denote any side-reaction with protons or hy- 
droxyl ions. The measured quantities are pH and pM. 
When the stability constants for protonation of the hgand 
and for hydrolysis of the metal ion as well as the initial 
concentrations are known, the values of /IML and jIklLl can 

923 



924 ANALYTICAL DATA 

be obtained by iterative calculation, starting without inter- 
ference of (ML,)’ and (ML)’ respectively. The constants 
for side-reactions can be calculated as well.5 

The third method was the one by van der Linden and 
Beers6 also based on measurement of pH and pM. From 
the curves of 

( CM 
1% %L) = log Cm - aMton) + 1 

> 

plotted us. 

1ogCL1 = 1% a: ( > 
for different values of C,(Cr g C,) the nature of the 
complexes in the solution can be found, e.g., when the 
curves coincide and show a maximum slope of 2, only 
ML and ML, need be considered. Since this was true for 
all amino-acids studied, the stability constants could be 
obtained from the least-squares line for (aMu) - l)/[L] vs. 
CL] because in this case aMcLj = 1 + &r[L] + /IyLJL]*. 
They are obtained as the intercept and slope respectively. 

Chemicals 

EXPERIMENTAL 

The amino-acids used were DL-a-alanine, DL-valine, DL- 

serine, L-threonine, glycine and r.-aspartic and L-glut~mic 

acids. Most of these were chromatographically pure. Stock 
solutions were prepared (DlM), except for glutamic and 
aspartic acid for which O.OlM solutions were used because 
of their low solubility. 

A O.lM cadmium(H) solution was prepared from the 
nitrate and standardized with TRIEN. 

In all cases potassium nitrate was used to adjust the 
ionic strength to 0.1. Protonation constants were also 
determined at ionic strength 05. 

The titrations were done with 15M potassium hydrox- 
ide, which was daily checked with O.lM potassium hydro- 
gen phthalate. All reagents were of the purest grade obtain- 
able. 

Apparatus 

Measurements were carried out with a glass electrode 
(Electrofact 7GlIl) and an Orion 94-48 A cadmium(I1) 
ion-selective electrode (ISE), both versus SCE (Metrohm 
EA402). The pH was read on a Radiometer PHM 26 
(expanded scale); the potentials of the ISE were read on 
a Radiometer PHM 4c compensation meter within @2 mV. 
The titration vessel was thermostatically controlled at 
25 + 0.1”. An air-driven magnetic stirrer was used. The 
titrant was added from a Metrohm microburette. 

Procedure 

First the protonation constants of the ligand were deter- 
mined by titrating a 0033M solution of the l&and. Then 
the following systems were examined: 

(a) 3.0 x 10e3M cadmium + 6.0 x 10m3M ligand for 
method 1 

(b) 1.0 x 10F3M cadmium + 2.0 x lO_aM ligand for 
method 2 

(c) 1.0 x 10d4M cadmium + 2.0 x 10d3M ligand for 
method 3 

(d) 1.0 x 10e4M cadmium + 1.0 x 10m2M ligand for 
methods 2 and 3. 

For aspartic and glutamic acids system (d) contained only 
one third of these concentrations, and the determination 
of the protonation constants was done with a 6.7 x 10e3M 
solution of the acid. 

The cadmium ion selective electrode 

The potentials of the ISE us. SCE were converted into 

pCd values by means of calibration graphs obtained in 
0.02&f acetic acid-acetate (1:l) buffer, at ionic strength 
O.lM, by addition of cadmium nitrate from a burette. The 
concentration of cadmium was varied from 5 x lo-’ to 
5 x IO-“M. Preliminary experiments with the rather time- 
consuming calibration according to RdtiEka and Hansen’ 
showed that in cadmium buffers a linear response of E 
vs. pCd was found between lo-’ and 3 x lo-* or 3 x 
10-‘&f in acetate (pH 4.5) and borate (pH 9.1) buffers 
respectively. 

The electrode potential is given by E = E’ + Slog aCdl+ 
where S is the linear response (mV/decade), E’ the intercept 
of the line at aCdl+ = 1, and aCdi+ is the activity of the 
cadmium ion. The value of the activity coefficient is calcu- 
lated according to Kielland s to be -log y = 0.42 for ionic 
strength 0.1. During the main part of this study 40 
calibration graphs were made. Values of S varied from 
28.3 to 31.6 mV/decade and values of E’ from -67.4 to 
- 53.4 mV. About 60% of the calibration curves had a re- 
sponse slope between 30.0 and 31.0 mV/decade and a value 
of E’ between - 63.0 and -56.0 mV. These results are 
comparable with those given by Gardinerg Because of this 
variation every series of measurements was accompanied 
by at least three calibrations: one before system (a) and 
after system (d) and one between systems (b) and (c). 

Regular polishing of the electrode surface was necessary 
for proper functioning of the ISE. Perspex A2 polishing 
fluid (ICI) was used for that purpose. 

RESULTS AND DISCUSSION 

In the calculation of the stability constants the value 
log K, = log ([H’][OH-1) = -13.96 was used, as 
determined by Anderegg” for the same circumstances. The 
constants for the complexation of cadmium with hydroxyl 
ions were determined with the cadmium ISE in O.lM 
potassium nitrate medium, and found to be log ,!lCdoH = 
4.3 and log BcB(oH)Z = 8.3. The method used was that 
of Leden.” These values agree reasonably with the litera- 
ture.“3*9 

In Table 1 the measured protonation constants are 
given. These all agree very well with the literature.’ The 
stability constants of the cadmium complexes are summar- 
ized in Table 2. The values given in “Stability Constants”’ 
show differences ranging over more than one order of mag- 
nitude. After 1968 (the last year covered by this compila- 
tion so far) only few papers on this subject have been pub- 
lished, the most important being that by Miinze et aLi 
Their values for glycine, aspartic acid, glutamic acid and 
some others are rather lower, possibly because of the chlor- 
ide medium used. For these reasons it is hard to make 
a valid comparison with the literature, but one can say 
that there is no major disagreement. 

When the results of the present study are considered, 
we see that the values of phlL for the methods involving 

Table 1. Protonation constants of amino-acids at 25°C 

log BHL log BH2L 
Amino-acid I = 0.1 I =05 I =O.l I = 0.5 

DL-a-alanine 9.80 9.75 
L-aspartic 

acid 9.72 9.61 13.53 13.40 
L-glutamic 

acid 9.62 9.52 1386 13.74 
glycine 9.69 9.69 
DL-serine 9.14 9.06 
L-threonine 9.00 8.98 
DL-valine 9.61 9.54 

Maximum values of standard deviations are 0.01 at I = 
0.1 (KNOB) and 0.03 at I = 0.5 (KNO,). 
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Table 2. Logarithmic values of stability constants of cad- For the iterative calculation according to the method 
mium complexes with amino-acids [ionic strength 0.1 of Hansen and RdZiEka a computer program was devel- 

(KNOB), temperature 25”C] aped, which excluded those values that showed irregulari- 
ties caused by the phenomenon mentioned above. 

Method Albert’ Hansen4 v.d. Linden6 
Amino-acid BklL BM~~ &L BklLz & BYL~ Acknowledgement-The authors thank Mr. .I. C. Smit for 

DL-a-alanine 4.0 74 44 I.2 4.1 I.3 
writing the computer program. 

L-aspartic acid 4.7 8.1 4.9 8.2 4.8 8.2 
L-glutamic acid 40 7.1 4.3 79 4.1 7.1 REFERENCFS 

gl jcine DL-serine 

L-threonine DL-valine 

4.5 8.0 4.4 8.0 4.5 8.0 3.8 I.2 4.2 7.2 4.1 74 1. L. G. and E. Sill& A. Martell, Stability Constants of 

3.9 I.2 4.0 I.0 3.9 I.0 
Metal Ion Complexes, 2nd Ed., and Suppl. No. 1, The 

3.1 6.9 4.2 6.8 3.1 7.0 Chemical 1971. Society, London, 1964, 
2. A. Albert, Biochem. J., 1950, 47, 531. 
3. A. Ringbom, Complexation in Analytical Chemistry, In- 

terscience, New York, 1963. 
measurement of free cadmium ion tend to be somewhat 4. E. H. Hansen and J. RkZiEka, Talanta, 1973, 20, 1105. 
higher than for the method of Albert. This is probably 5. A. Ringbom and L. Harju, Anal. Chim. Acta, 1972, 59, 
caused by a difference between the expected electrode 33. 
potential and the measured one, the latter being 39 mV 6. W. E. van der Linden and C. Beers, ibid., 1974, 68, 
more negative. There is some indication that this effect 143. 
is most pronounced for the range of pH up to 7.5, which 7. J. RdZiEka and E. H. Hansen, ibid., 1973, 63, 115. 
is of relatively small interest in the present case. A study 8. J. Kielland, J. Am. Chem. Sot., 1937. 59. 1675. 
is in progress to find the cause of this phenomenon. The 9. J. Gardiner, Water Rex, 1974, t3, 23. 
B-values calculated cover the experimental results from pH 10. G. Anderegg, Helv. Chim. Acta, 1967, 50, 2333. 
7.5 up to pH 9-9.5, where the measurements were ended. 11. I. Leden, Z. Physik. Chem. (Leipzig), 1941, WA, 160. 
The results for flML2 correspond reasonably for all 12. R. Miinze, A. Giithert and H. Matthes, ibid., 1969, 
methods. 241,240. 

Summary-Three different methods were used to obtain the stability constants of the complexes of 
cadmium with several mino-acids. Two made use of an ion-selective electrode; the third was based 
on pa-measurement only. Values of /3 ML and buL2 obtained in @lM KNO, at 25” corresponded 
reasonably for most amino-acids examined and accorded with the values given in the literature, as 
far as comparison was possible. 

Blanta. Vol. 22 pp. 925-929 Pergamon Press, 1975. Printed m Great Br~tarn 

SPECTROPHOTOMETRIC INVESTIGATION OF THE REACTION OF 
ERIOCHROME CYANIN RC AND MAGNESIUM AND ALUMINIUM 

N. G. ELENKOVA and EK. POPOVA 

Higher Institute of Chemical Technology, Sofia 56, Bulgaria 

(Received 26 November 1974. Accepted 19 March 1975) 

Eriochrome Cyanin RC (ERCR) has been used both as THEORETICAL 
a chromogenic- reagent aid as a ‘metallochromic indicator 
for determination of many metal ions.‘-’ So far, however, Consider that the complex formation between a metal 

there is no consensus about the nature of its complexes ion M and the fully dissociated anion of ERCR, L, takes 

with magnesium or aluminium. It has been assumed that place according to the reaction (charges on the metal ion 

it forms a lake with maanesium. similar to those formed 
and L are omitted): 

with quinalizarin and curcumin, and that with aluminium 
it forms complexes such as Al(ERCR),, Al(ERCR) etc.3S5--7 
or that lakes”’ or undefined comoounds11~12 are mM + jOH_ + iH+ + nL + M,,,(OH),H,L, (1) 
formed. 

In the present work we have made a systematic study so the overall formation constant is 
of the magnesium and aluminium complexes of ERCR and 
find that 1: 1 complexes are formed, which may be pro- 
tonated in the case of aluminium; the magnesium complex CWOH).$iLnl 
is a mixed hydroxo-complex. ‘& = [M]“&]“Kk[H+](i-J> (2) 
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where K, is the ion-product of water. In the calculation EXPERIMENTAL 

of the conditional stability constant All reagents were of analytical grade. The 10e3 M mag- 
nesium chloride was standardized gravimetrically via mag- B’ 

nul 
= CMm’iOH)jHiLl = Bmnni~XH+l(i-~) 

C&r 
(3) 

C(L(H)C(M(OH) 
nesium pyrophosphate. The 10e3 M aluminium solution 
was standardized gravimetrically.r5 The 10T3 M ERCR 

us,,oHJ is the coefficient for the side-reaction of M with was prepared fresh daily by dissolving 0.5346 g of reagent 
hydroxide ions, and r+, that for the reaction between in a litre of water, and the lo-’ M solution by dissolving 
L and urotons.‘3 5.364 e of ERCR in lOm1 of 8 M nitric acid in a I-litre 

In logarithmic form, equation (3) becomes 

log !%naL(H)aM(OH) = lOg Bmni K’, - (i-.&H (4) 

giving the relation between the pH of the solution and 
the composition of the complex.i4 If only one complex 
has been formed, a plot of log B;nnaL(HjaMc,,Hj us. pH should 
be linear, with a slope of 0’ - i). The values of m and n 
can be determined by spectrophotometry at a given pH 
and various analytical concentrations of M and L. A set 
of measurements at various pH values gives the influence 
of the pH on the conditional stability constant pm,,. Thus 
after all possible side-reactions have been taken into 
account, the composition of any mixed (protonated or hyd- 
roxo) complex can be found from the plot of log 
&,,aLcHja,,,,OHj vs. pH. If more than one complex is formed, 
the slope of the line will not be an integer, but an average 

stan&rd flask, adding 100 ml of water, 8 g of sodium chlor- 
ide and 8g of ammonium nitrate and diluting to the 
mark.16 Ammonia buffer solutions (0.1 M) were obtained 
by mixing 0.2 M ammonia and 0.2 M ammonium chloride 
in appropriate proportions, and the pH-values were mea- 
sured with a pH-meter. Other pH adjustments were made 
with perchloric acid or sodium hydroxide solution. The 
ionic strength was about 0.1. 

The magnesium system was found to come to equilib- 
rium in 10min; the aluminium system took 90min, and 
was then stable for at least 3 hr. 

RESULTS AND DISCUSSION 

Magnesium 

“proton number”, e.g., Figure 1 shows the absorption spectra of 2 x 10V5 M 
ERCR solutions at various magnesium concentrations. The 

En. = 
CMmHpLnI + CMmH,,+ Al 

c5) 
absorption maxima are at &Onm for the reagent and 

C,C; 570 nm for the complex. The isosbestic point indicates for- 
mation of a single complex. Preliminary mvestigations by 

The overall stability constants ofthe two complexes would be the continuous-variations and mole-ratio methods showed 

B = CNJ-&LI 
the large effect of the total concentration of magnesium 

(6) 
and ERCR (in the region of l-6 x 10m4 M) on the curves. 

mpn rMl”fH’lprL1” To eliminate this effect of reagent self-association,” all - __ -_- 

and 
measurements were made on sufficiently dilute solutions 
m 30-mm and 50-mm cells. The absorbances of the mix- 

B 
CM,Ho+ ,+,I 

tures with various magnesium concentrations at a given 

m(p+l)n = ~,“[H+,‘P”‘[L,” (7) ;H and ERCR concentration (2-20 x 10e5 M Mg, 
aRCR:CMg = 4) were measured, and the measurements 

Combination of equations (5)-(7) gives repeated for fixed Cug and pH and varied CERCa. These 

i&WaWOH~ 

experiments were repeated at various pH values between 
10 and 11.5. At pH < 10 the absorbances were too small 

W’l” 
= /Amp, + /Lo+ unCH+l (8) and the equilibrium was unfavourable, whereas at 

pH > 11.5 the complex was fairly strong. The molar ab- 
and a plot of ~WaL(HJaM(OHJIH+]p us. [H’] would have sorptivity was obtained from measurements at a sufficient 
a slope of PmIp+ ijn and an intercept of &,, excess of the reagent as well as over a wide range of con- 

A 0.5 - 

o- 

-0 I I I I I I 
350 400 450 600 600 

Fig. 1. Absorption spectra of 2 x lo-‘M ERCR solutions at various Mg(I1) concentrations. CWgr 
1O-5 M: 14; 24; 3-8; 4-15; 5-30; 650; 7-70. 
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Table 1. The molar absorptivity of the Mg-ERCR complex at different pH values 

921 

PH 10.4 1@7 11.0 11.25 11.5 
e, lo3 1. mole- 1 CM- ’ 1.74 f 0.3 1.70 + 026 190 + 009 2.20 f @75 1.95 * 0.21 (mean 

1.90 f 0.14) 

Table 2. log P; , at different Mg(I1) and ERCR concentrations, pH = 11.0 

C 
%-4 M 

C 
;I&‘M 

C ERCR C I R<R 
= 1 x =6 x =l x 10-4&f =6 X 10-SM 

C saca, C ERCRI 
lo-‘M AA log B; 1 10-6M AA 1% 8; 1 

CM*, 
lo- M AA log B; 1 

Ckll’ 
lo- M AA log B; 1 

6 0086 4.66 5.4 0.199 4.61 5 0.070 4.64 4 0.037 4.57 
8 0.103 464 6.0 0.218 4.72 6 0.081 4.63 5 0.046 454 
9 0.116 4.67 9.0 0.304 4.71 8 0.103 4.66 6 O%O 4.94 

10 0.125 4.75 
14 0.141 4.73 
18 0.156 4.75 

Mean 
log P; 1 4.70 464 4.64 4.69 

Table 3. Mean log B;i values at various pH values, magnesium and ERCR concentrations 

Chlg, lo-‘M C EW.X> 1O-5 M log!%, fAlw8;, 

pH 2 4 6 2 4 6 

10.4 3.38 3.18 3.15 3.45 3.52 3.25 3.32 f 0.20 
10.7 4.02 3.95 3.99 3.96 4.18 4.12 404 If: @17 
11.25 4.85 5.18 5.33 4.80 5.01 5.23 5.07 f 0.23 
11.50 5.26 5.23 5.57 5.15 5.38 564 5.37 f 0.21 
11GO 4.62 f 0.15 

log B; L aLcH) aMdoH) 

4.83 
530 
6.03 
6.25 
5.70 

centrations, and was calculated by an iteration method’s 
(Table 1). 

Table 4. bill values for the various pH values 

Several methods (continuous variations, mole ratio, Rent 
and French)‘**ig were used to determine the formula of 
the complex. It was found that m = n, so to distinguish 
between the 1: 1 and 2: 2 complexes the method of propor- 
tional absorbances” was used, and showed that only one 
complex (mononuclear) was formed. To evaluate the condi- 
tional constants B; ,, absorbances were measured for given 
CMp (2-10 x lo-‘M) and different Craca, and vice versa. 
Then the optimum measurement conditions for obtaining 
the best values of 8;i were chosen, according to Nord- 
heim.*i This procedure was repeated until the calculations 
gave an optimal constant B;i value (Table 2). The results 
clearly show that P;i is constant at given pH and is inde- 
pendent of Chlg and Caacs, and this was confirmed statisti- 
cally.22 

PH log Bill 

10.4 8.43 
10.7 860 
11.0 8.70 
11.25 8.78 
11.5 8.75 

The arithmetic mean of the fii’i values and the confi- 
dence limits were calculated (Table 3). The values of ~,,~u) 
and aL(H) were calculated from the constants’3*21 log 
B uIcOH, = 2.6 and pK, = 11.83 + 004. The mean values 
of log B;IaL(H,hg(OH,, when plotted against pH, gave a 
straight line with slope 1.30 f 0.25 evaluated by least 
squares. Hence if i = 0, j = 1, the predominant complex is 
MgOHL”-. The overall stability constant of this complex, 
B , , ,, was calculated from equation (4), and the individual 
values are given in Table 4. 

os- 

06- 

07- 

06- 

A 
OJ- 

04- 

0.3 - 

02- 

QI - 

Aluminium 

Figure 2 shows the absorption spectra of the alu- Fig. 2. Absorption spectra of 8 x lo-“ M ERCR solutions 
minium-ERCR solutions. The absorption maximum is at various Al(III) concentrations. C,,, 10e6M: I-1.6; 
shifted to 555 nm for the complex. The pa-range investi- 2-4; 3-5.6; 4-8; 5-12; 6-20; 7-24. 
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Table 5. log j3’rr values for various aluminium and ERCR concentrations at pH = 4.0 

c,, = 4 x IO-bM c,, = 5 x 10-6M C,, = 8 x lO-6 M C,.cR=4x IOPM C,,,,=9 x IO-“M C,.c.=8x 10-6M 

CEIL-R. CERCR, GRCR. CA,. CA,. CA, 

IO.“M 1% 8; I IO-“M 1% 8; I lo-‘M log B; 1 10-s M I% B; 1 IO-‘M b I6 1 IO-“M log B; 1 

08 4.95 075 4.90 I2 4.84 0.6 5 02 IO 4.93 I.2 486 
I.0 4.9 I Ill 4.97 16 481 08 4.86 I2 483 16 474 
I.2 492 125 4.93 20 4.86 I.0 4.85 15 474 20 478 
I4 5.02 I5 4.81 24 4.74 I2 4.77 I 75 468 2.4 473 
I6 5.01 I.75 481 28 483 I4 4.69 2.0 465 2.8 478 

20 480 32 502 16 461 3.2 4 73 
MeaIl 

1% B; I 4.96 485 4.85 4.80 477 4.77 

Table 6. log /$‘r values for various aluminium and ERCR concentrations at different pH values 

CA,, 10-6M c ERCR, 1O-6 M 

pH 4 5 6 8 10 4 5 6 8 10 log 8’ir + A log B;, log 8; lG(L(H)aAI(OH) 

3.0 4.13 - 4.74 4.71 - 4.75 - 4.68 4.69 - 472 + 0.05 16.33 
35 4.92 - 4.93 4.66 - 4.68 - 4.68 4.19 - 418 f 0.05 15.43 
4.0 4.96 4.85 - 4.85 - 4.80 4.77 - 4.77 - 483 + 0.02 1461 
4,5 - 4.86 - 4.95 482 - 4.88 - 4.95 4.81 4.88 f 0.02 13.97 
5.0 4.88 - 4.92 4.87 - 4.95 - 499 4.89 - 492 + 0.02 13.66 
5.5 4.85 - 4.79 4.17 - 4.81 - 4.77 4.81 - 480 + 0.01 13.58 
60 4.38 - 4.38 4.41 - 4.37 - 4.29 4.30 - 436 + 0.02 1360 

Table 7. log /Ilo values calculated at different pH values 

pH = 5.0 pH = 5.5 pH = 6.0 

13.62 13.63 13.62 
13.66 13.57 13.65 
13.61 13.55 13.61 
13.69 13.59 13.53 
13.73 13.55 13.62 
13.63 13.59 13.54 

gated was 3.c6.0 at intervals of 0.5. The molar absorp- 
tivity was calculated by an iteration method,” and found 
to be 3.87 f O@l x lo4 l.mole-‘cm-‘. The values of 
m and n were again equal and the method of proportional 
absorbances showed m = n = 1. The conditional stability 
constants are shown in Tables 5 and 6, and were calculated 
as before. /Ii1 is independent of C,,, and Cs,,,. 

The formation of soluble polynuclear aluminium hyd- 
roxo-complexes depends on pH as well as the aluminium 
concentration.” According to Kragten,‘s polynuclear alu- 
minium complexes do not exist in dilute solutions 
(< 10e3 M), and for all calculations of I, we used 
Kragten’s values for /I, = [Al(OH),][H’]i/[A13f], namely 
log /I* = -4.3, log /I2 = -9.3, log /I3 = - 15, log (94 = 
-22. The aLcHj values were calculated from the con- 
stants pK, = 1.83 f O-02, pK2 = 5.74 f 0.04, pK3 = 
11.83 f 0+)4.r2 

The mean values of log jI;r~(~~~z~,(c~~, when plotted 
against pH, gave a straight line with slope of - 1.60 over 
the pH range from 3-O to 4.5, and a straight line with 
zero slope at pH z 5.0. These results suggest that two pio- 
tonated complexes may be formed at pH < 4.5 (AlH2L 
and AlHL) and that AIL (i = j) predominates at pH > 4.5. 
A Plot of /I; laL(OH)C(AI(OH analysis both showed tha[y+] us CH’] and regrre:sion 

1,1 was 2.58 + 1.3 x 10 and 
B ,2, was 1.96 k 0.24 x 10z2. The overall stability constant 
for AIL was /liei = 4.57 + 0.11 x 1Or3 (Table 7). From 
these stability constants we calculated the distribution dia- 
gram for Al 3+ AIL, AlHL and AlH,L as a function of 
PH for C, = lb-‘M (Fig. 3). 

IO 

% 

5’ 

Al 
r 

Fig. 3. Distribution of Al(II1) and complexes AlH,L, AlHL 
and AIL as a function of pH for a given value of C, 

(lo-” M). 
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Summary--The reaction of magnesium or aluminium ions with Eriochrome Cyanin RC in alkaline 
medium leads to formation of a complex of type ML. The molar absorptivities of the complexes 
are 1.90&0.14x 1031.mole-‘.cm-1 at 57Onm for the magnesium complex and 3.87 f 0.04 x lo4 
at 555 nm for the aluminium complex. The conditional stability constants of the complexes were deter- 
mined at various pH values, and hence the overall formation constants, which were found to be 
log bill = 8.65 + 0.06 for MgOHL, log b12, = 22.29 f 0.05 for AlH,L, log jlll = 18.25 f 0.14 for 
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The mixed stability constants of the Mn2+ Fe’+, Co’+, 
Ni’+, Cu’+. and Zn ‘+ chelates of four dicaiboxylic acids 
(I, n = 0; II, n = I; III, n = 2; IV, n = 3) containing ether 
linkages, HOOCCH@(CH2CH20)$H2COOH (n = (r3), 
have been determined by the procedure described earlier.’ 
The concentration of the metal ion was generally kept 
higher than that of the dicarboxylic acid to prevent the 
formation of chelates other than that having a metal to 
ligand ratio of 1: 1. 

Table 1. Chelate stability constants at an ionic strength 
of p = 0.10 (KNO,) and at 25.0 f 01°C 

log K1 

Reagent Mn 2f Fe*+ Co2+ Ni2+ Cuz+ Zn2+ 

I 2.52 2.6, 2.6, 2.7s 3.93 3.5s 
II 2.7, 2.3s 1.69 1.7, 3.39 2.6, 
III 2.9,, 2.7, 2.2, 2.3, 2.8s 2.6, 
IV 2.1, 2.4, 1.9* 1.94 2.65 2.1, 

The results are tabulated in Table 1. The stability 
constants of the reagents with each metal ion are not so 
large as those with the corresponding amines, 
H,N(CH,CH$IH)$H&H,NH, (n = 1-3).‘-‘j The log 
K1 values for reagent I are in the Irving-Williams’ order, 
but those for reagents II, III and IV are not. 
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Summary-The stability constants of the Mn’+, Fe’+, Co*+, Ni*+, Cu2+ and Zn*+ complexes with 
four acids of the type HOOCCH20(CH,CH,0), CH,COOH (n = O-3) are reported. For n = 0 the 
constants are in the Irving-Williams order, but not for n = l-3. 
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large as those with the corresponding amines, 
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LIGAND EXCHANGE REACTION BETWEEN EDTA 
AND ~ON(III~~NDICATOR COMPLEXES 

SALICYLIC ACID AND 1,2-D~HYDRO~-3,5-BENZENEDISULP~ONIC ACID 

E. MENTASTI and E. PELIZZETTI 
Istituto di Chtmica Analitica, Universita di Torino, Torino, Italy 

(Receiurd 27 February 1975. Accepted 5 March 1975) 

Previous kinetic investigations’ on the rate of formation 
of the F~III~chelate of EDTA showed that the main reac- 
tion pathways in acidic media ([II’] = 0.01~~ are given 
by: 

FeOH’+ + H,EDTA--* FeEDTA- + 3H+ + H,O (1) 

FeOH’+ + H,EDTA-+FeEDTA- + 2H+ + H,O (2) 

Pathways 1 and 2 fit the experimental reaction rate depen- 
dences on acidity; however, it should be noted that because 
of a “proton ambiguity” the possibility of a fast protolytic 
reaction before the rate-determining step (the first substitu- 
tion of entering EDTA species for water), such as 

Fe3+ + H EDTA’4-“‘- n e FeOH’+ + H “+ ,EDTA’3-“‘- 

cannot be ruled out. so paths 1 and 2 are kinetically indis- 
tinguishable from the reachons Fe3+ i- H,EDTA- and 
Fe” + H,EDTA’- respectively. In such circumstances, 
it is nevertheless possible to assign pathways i and 2 as 
the reaction mechanism by examining the reasonableness 
of the rate constants obtained, taking into account that 
FeOHZt has a higher reactivity (by a factor of 5 103) 
than Fe3 + .3Z4 

On the basis of these findings, we have undertaken a 
kinetic investigation of the displacement by EDTA of 
metal indicators complexed with Fe(II1): 

FeIn + EDTA--t FeEDTA + In 

where In = salicylic acid (H,Sal) or Tiron (1,2-dihydroxy- 
benzenedisulphonic acid, H,T). The reactions were found 
to be first-order with respect to both reactants (FeIn and 
EDTA) and to be unaffected by reverse reactions; the 
dependence of the reaction rates on acidity enable us to 
state that for both reactions the pathways involved are: 

(FeT’) FeSal+ f H,EDTAA 
FeEDTA- f H,Sal (H,T) f 2H+ 

(FeT+) Fe%&+ + H,EDTA- -% 
FeEDTA -I- H&l (H,T) + H+ 

and that these displacements, still involving a substitution- 
controlled mechanism, are slower than direct attack of 
EDTA on Fe(II1) (see Table 1). 

These systems are concerned in the end-point detection 
for chelometric titrations of Fe(III); in particular Schwar- 
zenbach and Flaschka’ pointed out that the high stability 
of the Fe(III)-EDTA complex permits a relatively selective 
determination of Fe in strongly acidic medium; the lower 
the pH, the more selective the titration. 

The present data yield quantitative information on the 
suggestion that such titrations should be performed with 
a moderately warm titration solution. In fact, assuming 
trtration of 1OOml of Fe(II1) at 18” and at pH = 2, with 
a titrant concentration of 5 x 10-‘&f, one drop of EDTA 
(about 5 x lOa ml) will produce at the end-point com- 
plete disappearance of the FeIn” colour with a pseudo 
first-order rate of -0.07 set- ’ which corresponds to a time 
of half-reaction of 5 10 set both for Tiron and salicylic 
acid, and the displacement, i.e., the end-point detection, 
becomes slower with increasing acidity. 
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Table 1. Rate constants and activation parameters for the reactions of Fe(II1) and FeIn with EDTA (f = 25WC, ionic 
strength = l.OM, NaClO,) 

Reaction 

FeOH*+ + H4EDTA 
FeOHZC + H,EDTA- 
FeSal+ + H,EDTA 
FeSal+ + H,EDTA- 
FeT+ + HBDTA 
FeT+ + HsEDTA- 

k, AH& 
103l.mole-‘. set-’ kcal/molu 

30 + 3 7Ltl 
110 + 10 6&l 

0.84 + 010 17+ 2 
14& 1 15 + 1 

0.58 + @lo 17 f 2 
17* 1 15& 1 

AS& 
cal.mote-‘.deg-” 

-15*3 
-15+3 
+8+6 
i-724 
+8+6 
+9+4 

Summary-Kinetic data on the displacement by EDTA of indicators complexed to Fe(W) (salicylic 
acid and Tiron) are discussed with reference to end-point detection in chelometric titration of Fe(II1). 
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ANNOTATION 

STUDIES WlTH DITHIZONJ.! ANALOGUES-II 

PREPARATION AND CHARACTERIZATION OF 2,2’-DICHLORODlTHIZONE AND 
THE INVESTIGATION OF ITS REACTIONS WKH SOME METAL IONS 

A. M. KIWAN and A. Y. KASSIM 

Department of Chemistry, The University of Kuwait, Kuwait 

(Received 15 August 1974. Accepted 7 March 1975) 

2,2’-Dichlorodithizone [l,S-di-(2chlorophenyl)-3-mercap- 
toformazan] was first described by Pelkis, Dubenko and 
Pupko’ who prepared it by the nitroformazyl method* and 
reported that its electronic absorption spectrum exhibits 
two characteristic peaks at 645 (1, ,,,) and 465 (d, m ) nm. 
More recently, Ramakrishna and Fernandopulle3 have 
repeated its preparation by the same method, and reported 
different wavelengths for the absorption maxima, namely, 
670 and 470nm respectively. They have also given data 
for the molar absorptivities of 2,2’-dichlorodithizone and 
some of its metal complexes. 

However, during our current studies on dithizone ana- 
logues, we have found that Ramakrishna and Fernando- 
pulle’s data are radically different from ours and so a re- 
investigation seemed desirable. 

This paper describes the preparation and characteriza- 
tion of 2J’dichlorodithizone (abbreviated hereafter as 
Cl,H,Dz) and reports the results of an investigation of 
its reactions with Ag(I), Hg(II), Cu(II), Bi(III), Zn(II), 
Cd(H), Co(II), Ni(II) and Pb(II) ions. 

Reagent 
EXPERIMENTAL 

The 2,2’-dichlorodithizone was prepared by the nitrofor- 
mazy1 method.’ It was purified by dissolving it in dilute 
isopiestically distilled ammonia solution4 followed by 
extraction into analytical-grade chloroform and finally pre- 
cipitation with 2% isopiestically prepared hydrochloric 
acid. It was washed free from acid and dried in vacua; 
m.p. 138-139” (literature values: 112-l 13”;’ 13803). Found: 
C 47.9x, H 3.4x, N 17.2x, Cl 21.7%; C,3H,,Cl,N,S 
requires C 48.290/, H 3.09x, N 17.33x, Cl 21.98%. 

Reagent grade salts were used and the usual precautions 
were taken with dithizone. 

Procedures 

The methods used for the determination of the molar 
absorptivities of 2,2’-dichlorodithizone and its metal com- 
plexes, their compositions, and the effect of pH on their 
extractabilities into CCL, were those which were used for 
dithizone.5m7 

The acid dissociation constant and the partitron coeffi- 
cient P, of 2,2’-dichlorodithizone were measured by apply- 
ing the technique used by Sandell.* The average value of 
pK, calculated from six determinations was found to be 
475 f 0.5. The average value of the partition coefficient 
between carbon tetrachloride and water was 6.1 f 1 x 
104. 

The partition coefficients, PM,_ for copper(I1) and zinc(H) 
complexes between carbon tetrachloride and water were 
determined by the technique used by Geiger and SandelLg 
The average values were 3.5 x lo4 and 1.5 x 10“ respect- 
ively. 

The extraction constants K,,, for M(Cl,HDz), were 

determined for the Zn(II), Cd(I1) and Pb(I1) complexes by 
performing extractions from 1M perchlorate solutions, and 
calculating the equilibrium concentrations of M(Cl,HDz),, 
M”+, Cl,H,Dz and H+. The concentrations of 2,2’-dichloro- 
dithizone and it3 metal complex were determined spectro- 
photometrically, M”+ from the degree of extraction, and 
H+ from the pH of the aqueous phase. 

The extraction constants of Hg(Cl,HDz), and 
Cu(Cl,HDz), were determined by following the procedures 
given by Takei and Kato.‘O 

RESULTS AND DISCUSSION 

Visible absorption spectra of 2,2’-dichlorodithizone and its 
metal complexes 

The introduction of chlorine atoms into the ortho posi- 
tions of the phenyl nuclei of dithiione was found to shift 
both absorption bands bathochromically to 644 and 
462 nm respectively (vs. 620 and 450 nm for dithizone). Our 
values are quite close to those (645 and 465nm respect- 
ivelv) renorted bv Pelkis. Dubenko and Puoko.’ but thev 
are-different from the values 670 and 476 nm given by 
Ramakrishna and Fernandopulle,3 which for reasons given 
later, appear to be incorrect. The positions of I max for 
the metal complexes were also found to undergo various 
shifts as shown in Table 1. 

The molar absorptivities of 2,2’-dichlorodithizone were 
also affected (Table 1). E, __.. for 2,2’-dichlorodithizone has 
increased to 2.97 x i06~le- .cm- ’ whereas I, msx has 
decreased to onlv 3.34 x 104. Ramakrishna and Fernando- 
pulle’s l 2 ,,J3.83 x 10“ talc. by us from their peak ratio) 
is too high. Further, the anamolous shape of the shorter 
wavelength band, the displaced positions of both absorp- 
tion peaks and the low peak ratio reported by them, cast 
serious doubts on the purity of their materials and/or the 
reliability of their data. 

The molar absorptivities of the metal complexes undergo 
analogous changes. compared with the corresponding 
metal dithizonates.’ ’ 

The spectral data which were given by Ramakrishna and 
Fernandopulle3 for the Hg(II), Ag(I), Bi(III), Pb(II), Zn(II), 
Cu(II), Cd(H), Co(I1) and Ni(II) complexes of 2,2’-dichloro- 
dithizone, given in Table 1, appear to be in serious dis- 
agreement with ours. 

Reaction between 2,2’-dichiorodithizone and metal ions 

2,2’-Dichlorodithizone was found to react with various 
metal ions in a stoichiometrically identical way to dithi- 
zone, giving primary and secondary 2,2’-dichlorodithi- 
zonates. The former are formed when the reagent is in 
excess, the latter when the pH and the proportion of metal 
to ligand are increased. 

The extraction data for metal complexes with 2,2’-di- 
chlorodithizone are included in Table 1, inspection of 
which reveals the following features. 
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Table 1. Characteristic absorption and extraction data for 2,2’-dichlorothizone and some of its metal complexes. Some 
values for the corresponding dithizone complexes are included for comparison. Values in parentheses are the molar 

absorptivities (l.mole- ’ .cm- ‘) x 10m3 

Lax (4 pH for 
This work* Ref. 3 complete extn. log K,,, PML log BML 

2,2-Dichlorodithizone 

Cu(Cl,HDz), 
Cu(HDz), 
Zn(Cl,HDz), 
Zn(HDz), 
Hg(Cl,HDz), 
Hg(HI% 
Cd(&HDz), 
Cd(HDz), 
Pb(Cl,HDz), 

PqHDz), 
Ag(Cl,HDz) 
Bi(Cl,HDz), 

644 (33.4) 
462 (29.8) 
541 (65.8) 
550 (45)” 
533 (97.2) 
538 (92)” 
485 (86.3) 
485 (71)” 
527(111.4) 
520 (88)’ ’ 
514 (70.8) 

520 (69)” 
460 (39) 
490(1047) 
539 (55.7) 
669 (26.7) 
545 (37.4) 
428 (41.3) 

670(33.1) 
470 
570 (77.4) 

560(105) 
425 (70) 
500 (80.9) 

550 (94.6) 

530 (90.3) 
430 sh. 

470 (38.7) 
520(76.1) 
5 14 (708) 
460 

- 
4.3-7 
<lo” 
7-9 

6-14 
<lO 
<IO” 
68 
&8.513 

55-75 

7-9 

6.88 3.5 x lo4 21.1 
10.48 22.3’ 
0.4 1.5 x lo4 14.9 
2.18” 15.05’4 

26.18 
26.8113 

1.47 
1.8813 
1.85 

-0.05’3 

* Except where indicated by reference number. 

(1) The ranges of pH for the complete extraction of 2,2’- 
dichlorodithizone complexes with copper( zinc(H) and 
cadmium(I1) are relatively narrower than the correspond- 
ing values for dithizone complexes. 

(2) The range of pH where mercury(I1) is completely 
extracted was practically unaffected by the presence of 
chlorine atoms in the ortho positions of the phenyl nuclei 
of dithizone. The extraction constant of the mercury(I1) 
complex has barely decreased from that for Hg(HDz)*.13 

(3) Both the extraction and the stability constants of 
Cu(Cl,HDz), are lower than those for Cu(HDz),. The cor- 
responding constants for Zn(Cl,HD,), are also slightly 
lower than those of Zn(HDz),. 

That copper(I1) is more sensitive than zmc(I1) to the sub- 
stitution by chlorine in the ortho positions of the phenyl 
nuclei of dithizone, may be explained on the assumption 
that copper(I1) complexes are square planar, whereas the 
zinc(I1) complexes are tetrahedral. The metal atom in a 
square planar environment would be subjected to relatively 
more steric hindrance from the substituents than in a tetra- 
hedral one, and hence the stability constant of the former 
complex may be more adversely affected than that of the 
latter. The centrosymmetric square planar configuration of 
Cu(I1) dithizonate” and the tetrahedral configuration of 
Zn(I1) dithizonate16 which have been established by X-ray 
structure determination, lend further support to our argu- 
ment. 
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Surnmary-l,5-Di-(2-chlorophenyl)-3-mercaptoformazan (2,2’-dichlorodithizone) has been synthesized 
and characterized. Its acid dissociation constant and its partition coefficient between carbon tetrachlor- 
ide and water have been determined. The introduction of chlorine atoms into the ortho positions 
of the phenyl nuclei of dithizone was found to affect the visible electronic spectra of the reagent 
and its metal complexes. The ranges of pH for complete extraction, and the extraction constanta 
for the Hg(II), Cu(II), Zn(II), Cd(II), and Pb(I1) complexes have been determined. The stability constants 
of the Cu(I1) and Zn(I1) complexes were also determined. Discrepancies between the present extensive 
data and the corresponding earlier data have been attributed to use of impure materials and/or inaccur- 
acy of measurements in the earlier work. 
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LETT’ER TO THE EDITOR 

ION-SELECTIVE ELECPRODES IN ARGENTOMETRIC 
TITRATIONS 

SIR, 

The first potentiometric argentometric titration’ was described over 80 years ago. The procedure, which utilizes a piece 
of metallic silver as indicator electrode, has proved its worth over the years, and is still used extensively today. 

In recent years, several authors2-6 have suggested that some of the new ion-selective electrodes are suitable for 
use as indicator electrodes in argentometric titrations, and it has also been suggested3-’ that a useful application 
is the titration of halide ions after oxygen-flask decomposition of organic compounds. Two types of electrode mentioned 
were the sodium-selective glass electrode, present cost about f20, and the solid-state silver halide electrodes, which 
cost over ElOO. By comparison, a piece of silver wire of suitable size should cost less than EO.25. Therefore, one 
would expect that the ion-selective electrodes must offer considerable advantages over the simpler and more robust 
silver wire. 

For titration of halides by utilizing the sodium electrode,3 satisfactory end-points were obtained only if the silver 
nitrate titrant was made up in 80% propan-2-01, and if the solution being titrated contained at least 90”/, of acetone. 
Also, sodium ions had to be absent. By comparison, titration of halides, using a silver wire electrode, is carried out 
here on a routine basis, in 30% aqueous acetone, and with an aqueous titrant. 

The use of a solid-state silver chloride or silver bromide electrode in argentometric titrations has also been described,’ 
and it was claimed that such electrodes could be used without interference in the presence of oxidizing agents such 
as hydrogen peroxide, provided that the pH was between 5 and 7. However, some simple tests carried out here showed 
that titrations using a. silver wire electrode are unaffected by peroxide provided that the pH is ~7. In more alkaline 
solutions, peroxide interferes with both the electrodes, the effect being more pronounced with the solid-state type. 
A further disadvantage of solid-state electrodes is their slow rate of response. 

From these two examples, it is apparent that ion-selective electrodes offer disadvantages rather than advantages 
over the metallic silver electrode in argentometric titrations. It seems a pity that so much effort has been wasted 
on the application of these powerful new analytical tools in a situation where they are not needed. 

Deportment of Chemistry 
University of Aberdeen 
Meston Walk 
Old Aberdeen 
Scotland 
21 March 1974 

MARY R. MASSGN 
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CORRIGENDA 

The paper entitled “Extraction with long chain amines-VIII. Extraction of the chromium-D~A complex and its 
colourimetric determination. Tulantu, 1974, 21, 1205”. should have been Part IX of the series and not Part VIII. 

On page 5.54, column 2 of the July issue (1975), delete lines 31-33 and substitute: 

24~M~z to excite solutions with apparatus similar to that of God, Hirokawa and Suzuki.48 App~cations 
to the analysis of steel have been ~-eported.~~-~~ 
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PRELIMINARY COMMUNICATION 

Hslvin E. aetn 

Ana*ifgk chee&ry Laboratory, Agrioultwal BnviroMlsntsT Quality Instit;ute, ARS, 

unit& Sbtes Department of Agrioultde, Beltsville, K,er~l8na 20705, U.S.A. 

(Beoeived 15 September 1975. Accepted 17 Seutember 1975) 

&en though a hi& degree of in8trumentaI nophistioation hae been developed for 

identifying md determiuiug peeticide reaidue6, the heart of the analytical methodology 

rumaln8 the utraotion aud clean-up. If an absolute clean-up were available *ad the 

identity of the residue known, amy method of determination could be wed, but thin is rarely 

the ease* In *noral, the analyst attempts to develop a clean-up method t&t will isolate 

th# n&due ia a ruffiaiently pure state so tbat a particutlar form of detsation and 

determiuation can be wed without eerioua interferenoes. 

Admrption calm chromatogmphy has been the oholae of many inveetigatoru for the 

iaottiou step. There has been mah dlacumion as to which adaorbeut ie the beat for the 

isolation of prmtioide residue& Caimmly wed adscrbents that exhibit high clean-up 

effioieney are almtdia,1~2 Flori~il,~~~ and oativated ahar~oal,*‘~ General roreening 

prooedurer for pelrtlclde reeiduea have been developed with all three. However, when 

almiua and Flori#il are wed, many of the polar residues are no firmly bound that the 

oolma hm to be deactivated by treatment with water in order to elute the residue. Thir 

dea&ivatiou aiuisiaee the clean-up efficiency, 60 tbat uuuanted interferenaea are elUt8d 

aloud with the compoti~~ derired, Charcoal haa a etrong affiaity for aromatic oompouuds 

and requires a solvent such a# bomeem to elute reeidueu exhibltfng aroaatioity. This 

type of solvent will alrro elute any pmnta that have been edeorbed by the &arcoal, which 

turn caum interhrenoe with the final andyaim. All three adsorbenta exhibit cheraicrorption, 

and in 8ome easer the deorption ia irreversible, or the oompouad of interest uudergoea 

undesirable chemical &au@#. 

Reoently, thie inwetigator obtained a sample of a new type of sllioa gel6 manufaotured 

for @l pmmoatlon or moleoular-sieve reperationrr as well a8 for adaorptiou or partition 

obromatography. It irr macro-porous and oryrtalline, iu contrast to the amorphous character 

aml emller pore diameter of the conventional gels. The specific surface area is reported 

to be le8e than that of aonventional gels. Under eontrolled oonditione its separation 

properties for emallmoleoule~ have proved to be unique and useful for separating both polar 

and non-polar reaiduee frau interfering aubatancee in extraots. It responds well to 

stepwise gradient elutiou by mixturea of organic solvents of inoreaeiug polarity. There is 

a ehrp IreparatiOn of pigmente, pesticides, and other canponente of extraote. When an 

e&ted fraation ie e~~t~~~ by TLC, there is little amearing of the baokground and 

nowpetetioide materials appear ae spots or bands. This type of developent on a thin-layer 

plate ia ideal for optical marming. 

935 

TX&. 22 IO/11 k 



936 Frelimiu&ry Coi,~~io:,tion 

The initial investigations showed that it was possible to quantitatively recover DDT, 

DDE, DDD, meth~ohlor, the two isomers af demeton and their sulphone and sulphoxide 

analogues, and carbofuran, j-ketoosrbofuran, j-hydroxyoarbofuran 8nd their jr-phenols. 

Apparatus and keagents 

Chromatographic oolumns, glass, medium-pressure type, l-on bore. 

Automstia fraction colleotor with timing and drop-count facilities. 

Silioa gel, Kerck EM-Gel SI200, 0..040-0.063 mm particle siee. 

II-, redistilled quality that does not discolour sulphuric acid. 

Aoetone and methanol, redistilled quality free frao oxidizing or reducing impurities. 

Frooadure 

Dry-pack 5 8 of the silica gel into the chrometogrcrphio column with the aid of euotlon, 

88nddahing the adrorhent between glase-wool plugs. Prewash the oolwm with her8ne muler 

l-2 pig preesnre (from a nitrogen cylinder with low-preeaurs regulator) until the adsorbent 

ie ocmpletely wetted with the solvent. Pipette 1 or 2 ml of the ample eolutian (contained 

in 20$ acetone in hexane) dropwise onto the oolumn. Add1 ml of hsrarne ard allow to soak 

into the oolumn under pressure. Add suooessirely 10 ml sach of 2, 5, 10, 15 and 2($ 

aoetone solutions in hexane to give stepwise gradient elution, and then 50 ml of 307d acetone 

in hemane. Collect the eluate in IO-ml fraotions at the rate of 4 ml,&& Evaporate the 

fraotions to 2 ml or juet to dryneee. Adjuat the eolutione to 2 ml in volrmre and tranefer 

them to an eutoamtic rpotter’l for spotting onto preooatsd ellioa gel Tfl: plater; develop 

ati virrusllee the platee, and quantify by optical eoanniag with a flhre-optlor refleotanoe 

denritometer.8 

RESULTS 

The figure ehowe the elution ourvee of the varioue peetioidee feeted. The peak 

heuhtr are piotorial, but the gradients and velures are faotual. The oompounde thrrt are 

eluted together are reeolvable on thin-layer eiliea gel plater. 

Pure eolvent eolutlone and alfalfa extracts were apiked at oonoentr8tlone equiv8lent 

to 0.1 ~$6 ani 1.0 &g. The range of recoveries wee fram 88 to 105% (average of 5 

determinations). 

The oolm bee been reoyoled eeveral hundred tinme and at111 gives the wme relative 

resolution with no eignificant 108s in olean-up effioienoy. up to 5 g of alfalfa ertraot 

me auooseefully cleaned up with the 5 g of eilioe gel in the colwm. 

SUMbUPY AND CONCLUSICSVS 

The eilioa gel ueed in this investigation Is unique in it8 properties. It h8e a mean 

pore diameter of 180 1, ie oryetalline in nature, and is homogenoue in appearance. Thie la 

In eharp oontraef to conventional eilioa gel, whioh ie heferogenoue with emall pore6 and hae 

no dleoernlble oryetallinity. 

sinoe this eilice gel hae a oryetelline structure, there should be more “free” (and 

Lee-reactive) hydroxyl groupe exposed. Thie means thet there ia very little or no 
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lnteraotion between adjeoant hydroxyl groupe. Thie mey aooount for ltrr unu8ual 8eparation 

propertier. Ordinarily a large-pore material would be expected to exhibit only moleoular- 

sieve properties. Under the conditions of gradient elution used in thir rttiy it appear8 

that the polarity of the molecule or certain eubrrtituent group8 l ffe#tn the partitioning 

between the adrorbent and the mixed solvent eyetern 80 that the selective adsorption effect8 

predominate. 

‘Phere ie much more to be learned about there types of gel. It is predioted that thi8 

gel will have universal application in pertloide re8ldue anelyei8. Be8earoh i8 going on t0 

utilise thie meterial in a more 8ophi8tic8ted and controlled menner. 

1. R. H(lller, 0. &net and Ii. Sohooh, Mitt. Oebiete. Leben8m. u* m.9 

2. E.Q. Iare and D.J. Webley, h8Lvsrf, 1971, & 249. 

3. P.A. Yille, J. Areoo. Off. Am. cbsm., 1959, & 734* 

4. W.P. McKinley and J.B. Mahon, M., 1959, g, 727. 

5* Y.E. Oets, *., 1962, 41, 393. 

6. R. Ralpaep and K.J. Klatyk, J. Chrometog., 1968, ;il, 8a. 

7* Y.E. Oete, J. Aeeoo. Off. Anal. Chem., 1971, s 982. 

8. II. Reroea, K.E. Hill and K.R. Borrle, Anel. Chem., 1968, &, 1608. 
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SCANDINAVIAN CONTRIBUTIONS TO ANALYTICAL CHEMISTRY 

E. RANCKE-MADSEN 
Royal Dam& School of Educational Studies, Department of 

Chemistry, Emdrupvej llSB, DK-2400 Copenhagen NV, Denmark 

R. A. CHALMERS 
Chenustry Department, University of Aberdeen, Old Aberdeen, Scotland 

(Received 8 July 1975. Accepted 2 September 1975) 

Summsry - A review IS given of the major contrbutions of Scandmavlan chemists to analytical 
chemistry, illustrating the great importance of their work in development of the science as it u known 
today. 

In thus article we aim to present the hrghlights of 
Scandinavian work 111 analytical chemistry, and to 
indicate the breadth of current mterests, and to 
show how strong are the hnks between past and 
present. It seems fair to say that m proportion to 
their numbers, Scandinavian chemists have played 
an outstandmg part in the development of the 
theory and practice of analytical chemistry, from 
its earliest days up to the present time. 

THE PERIOD UP TO 1900 

No-one 1s able to say wrth certamty who can-led 
out the first quahtatme or quantrtative analysis or 
when it was made. The answer would also depend 
on how complete the analysis ought to be in order 
to deserve to be so named. If we do not demand 
too much from an analysis, analyses were carned 
out far back m antiquity at a time when 
“chemistry” as such hardly existed. 

Withm historical times we can mention various 
names in connection with qualitative tests and 
with more or less imperfect quantitative determin- 
ations. First of all, Robert Boyle, (1627-91) who 
described among other thmgs a number of reagents 
to be used m the exammatron of mineral waters. 
From Scandmavla can be mentioned the Dane 
Oluf Borch (1626-90), even though hrs achreve- 
ments did not make an essential contrrbution to 
further developments. Borch proved that pure 
silver solutions do not turn blue when ammonia is 
added, as presumed till then, but that this effect 1s 
due to mclusions m the silver. In 1677 he pubhshed 
a guide to analysis of mmerals, Dzssertutzo de 
doclmastlce metalhca, which was translated mto 
German and Swedish. 

There is a temptation to say (paraphrasing a 
well-known chemical saymg) “Analytical 
chemistry 1s a Swedish science. It was founded by 
Bergman, of immortal memory.” At any rate, this 
assertion is not far from the truth. 

The contributrons of Sweden to the develop- 
ment of chemistry m the 18th century were very 
great, while the other Scandmavian countries made 
few contributions This outstandmg positron of 

Sweden was due to its abundance of mmerals and 
the work which was done m order to extract and 
utilize them. Durmg this century several Swedes 
distinguished themselves as chemists; the two most 
outstanding were undoubtedly Torbern Bergman 
(1735-84) and Carl Wrlhelm Scheele (1742-86), 
both of whom carned out analyses - perhaps 
better than anybody else at that time However, 
Scheele did not produce any literature on analysrs, 
whereas Bergman treated this SubJect in several of 
his papers. 

Qualitative analysis may be divided mto 
analysis by dry processes and by processes m 
solutions (wet methods) The first-mentioned is 
the older form of analysis, and dates back to times 
when there was an mcrplent interest m the metal 
content of ores and alloys. During the 17th and 
18th centuries, analysis by dry processes was 
worked out with a view to explonng and classi- 
fymg minerals An obvious method was to heat the 
mmerals, and such heatmgs were probably made m 
far-back ages without any special intentions. The 
minerals were examined more systematically by 
the Swede Magnus von Bromell(1679-1731); he 
heated them and found whether they were fire- 
proof, fusible, p However, analysis by dry 
processes was soon to a considerable extent based 
on the use of the blowpipe. 

As far as we know, the blowpipe was 
mentioned for the first time in 1669 by the Dane 
Rasmus Burtholm (1625-98) in his famous 
treatise on Iceland spar, but nothmg seems to 
mdicate that he is the inventor of the blowpipe. It 
was, however, in Sweden that the blowpipe was 
developed and used. About the middle of the 18th 
century it was used by Anton von Swab 
(1703-68) and Axe1 Fredrtk Cronstedt 
(1722-65). It has been debated which of them 
first used the blowpipe, but at any rate it was 
Cronstedt who first examined mmerals syste- 
matically with it. In 1758 Cronstedt pubhshed a 
Swedish textbook of mmeralogy, later translated 
mto English (1770) by Gustav von Engestrom 
(1738-18 13) who added detailed instructrons on 
the use of the blowpipe. 
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The mmeral analyses were camed out by 
heating the mineral on a piece of charcoal; this 
showed how the mineral behaved at a high 
temperature. Afterwards the mmeral was heated 
with a flux, three different ones being used - 
soda, borax, or sal mwocosmzcum (NaNH4P04) 
- and the expert analyst would then be able to 
draw his conclusions from what he observed. 

While Cronstedt analysed minerals, Bergman 
used the blowpipe for analysmg other sorts of 
substance as well, which meant an extension of the 
field of application of dry analysis. In 1779 
Bergman published a treatise on the use of the 
blowpipe. The blowpipe was also extensively used 
by Bergman’s pupils. I-Ils best puprl was probably 
Johan Gottheb Gahn (1745-1818), who con- 
tmued this form of analysis m the 19th century 
and taught it to Jons Jacob Berzelrus 
(1779-1848) It was Gahn who mtroduced the 
use of the platinum loop. 

Qualitative analysis by wet methods dates from 
the analysis of mmeral water. Thus Boyle used a 
number of reagents for examination of mineral 
waters, and m other countries m Europe mineral 
waters were the object of mterest at the end of the 
17th century. In Sweden Urban Huirne 
(1641-1724) began m 1678 to analyse mmeral 
waters, and several other Swedish names can be 
mentioned, especially that of Georg Brandt 
(1649-1768) who also used wet methods for 
analysis of ores and mmerals. 

In 1779 Bergman wrote on mmeral water 
analysis (De analysr aquarum) and in 1780 on the 
general use of wet methods of analysis 

Quantitative analysis can also be camed out by 
both dry and wet methods. That by dry processes 
1s the older; if the metal content of an ore was to 
be determined, the metal was won from the ore, 
and weights of the metal and ore were compared. 
Bergman thought that this method was very un- 
certam and he saw the importance of the wet 
methods. He introduced the gravimetric method in 
which is found the weight of a precipitate isolated 
from the dissolved sample. In 1780 he wrote on 
quantitatrve determmatrons (De praeclpitatls 
metallzs). He was aware that the precipitates had a 
constant composition and stated m a table the 
weights of the respective precipitates that con- 
tamed 100 g of metal. 

In all, Bergman wrote about 50 chermcal 
treatises and m several of them he gave analytical 
methods. Quantitative analysis was often very 
slow, but that did not bother the chemists of the 
time. For instance, m De analyst aquarum, 
Bergman says of a ferruginous precipitate that for 
some weeks it must be exposed m an open vessel 
to the rays of the sun, but such a prolonged drying 
causes no trouble at all as it 1s possible to take the 
precipitate on one’s travels! 

We should also mention the Fmmsh chemist 
Johan Gadohn (1760-1852) before we leave the 

18th century. Gadolin was born m Abe, studied 
under Bergman and later returned to the 
University of Abe. His first scientific paper from 
his time with Bergman was analytical (De analysi 
fern, 1781) and he continued his interest in 
analytical determmation of iron In 1780 Bergman 
had proposed a determination of iron by precipita- 
tion as Prussian blue, and later on Gadolm went 
into this subject more closely. He used the 
precipitated Prussian blue as the weighing form, 
and also described a titrimetnc method m which 
iron was titrated with potassium ferrocyanide [this 
was probably msprred by the work of the Insh 
chemist Richard Kirwan (1735 - 18 12)] . 

Gadolm also devoted some time to the analysis 
of mmerals, and one result of his analysis of a 
mmeral from Ytterby was that in 1794 he was able 
to publish the discovery of a new and hitherto 
unknown earth. The mineral was later called 
gadohmte, and the metal contained in it was called 
yttrium. 

From the first half of the 19th century we can 
mention many great chemists, but during the 
period about 1810-1830 the greatest name may 
well be that of Berzellus and m those years he was 
undoubtedly the leading analyst. 

In 1796 Berzelius started his medical studies at 
the University of Uppsala, and m 1800 he had 
already obtamed a position as doctor at the 
watermg place in Medevi, even though, he had not 
yet graduated. Thrs occupatron resulted m a 
treatise on mmeral water analysrs (Nova anaZysis 
aquarum Medevlenszum). Berzehus followed with 
great interest the development of science, and even 
though it has no analytical relevance it may be 
mentioned that his dissertation m 1802 was on the 
use of the galvanic current of the voltarc pile as a 
cure for various diseases of the patients m Medevr. 

During his first years as a graduate Berzelins 
continued hrs chemical experiments, partly in co- 
operation with Wilhelm Hismger (1766-1852). 
The results were partly electrochemical research 
achievements and partly the discovery of the 
element cermm, based on the analysis of a heavy 
mineral from Bastnis. In those years Berzehus 
struggled with heavy economic difficulties, and it 
was a great disappointment to him that a vacant 
professorship in 1805 was given to Conrad Quensel 
(1767-1806) and not to himself. For economic 
reasons Berzehus had to consider giving up 
chemistry, but the situation changed when 
Quensel died unexpectedly m 1806, and Berzehus 
was appointed his successor in 1807. It has rightly 
been mamtamed that through his death Quensel 
had a decisive mfluence on the development and 
history of chemistry. 

When Berzehus lectured on physiological 
chemistry to the medical students he discovered 
that the textbooks from abroad were very brief 
and often wrong. He therefore plunged into a 
systematic analysis of animal natural products. His 
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analyses were amazingly exact, and he became a 
deserving successor of Scheele, who may be 
regarded as the founder of organic chemistry. 
Among other things Berzelius proved that the 
prgment of the blood was a chemical compound 
~nta~g 0+5% of non. He published his results 
[~~e~~ingar I ~j~r~em~e~ (Lectures in Animal 
Chemistry)] m 1806 and 1808. 

.&sberirtelser (Annual Surveys of Progress in 
Science) 182 l-48. The first volumes of these 
surveys dealt with chemistry, mmeralogy, physrcs, 
astronomy, zoology, botany and technology, but 
the later ones only with chemistry and mmeralogy, 
and the 27 volumes comprrsed about 12000 pages. 

After 1810 Berzehus was especially mterested 
in mor~ic chemistry and mineralogy, and he 
particularly developed inorganrc analysis. In con- 
nection with quahtative analysa he speciahzed in 
the use of the blowprpe. Whrle Berzehus worked 
on the fust edrtion of his great textbook of 
chermstry (Larbok I Kemzen, published 1808-10) 
he met’ the nearly 70-years old J G. Gahn who 
taught him to analyse mmerals by means of the 
blowpipe. Later Berzelius lauded Gshn for his 
exceptional ability to carry out these analyses, and 
he made Gahn contribute to the chapter on the 
blowpipe. Berzelius too became a virtuoso of this 
form of analysrs and in 1820 wrote a book of 300 
pages on it. This book was published m several 
editions and was translated into German, French, 
English, Russran and Italian, and as late as 1845 
an enlarged and revised edition was pubhshed m 
Boston. When Berzelius was travelling he always 
took his blowpipe with him, and often impressed 
the people he visited abroad by the skill with 
which he used it (among others, Goethe, whose 
private collection of minerals he exammed m 
1822). 

Berzehus carried on researches mto all the 
disciplines of chemrstry. He mastered not only m- 
organic analysis but also organic, and made 
contribution to its development which will be 
mentioned below. 

Organic elemental analysis was mtroduced by 
Antozne Laurent Lauolsrer (1743-94) and rm- 
proved (ca 1810) by Louis Joseph Gay-Lussuc 
(1778-1850) and louts Jacques Thdnard 
(1777-1857). In 1814 Berzehus further improved 
the method Gay-Lussac and Thenard used a 
vertical combustion tube m whrch they placed the 
organic substance mixed with potassium chlorate, 
whereas Berzehus used a horizontal combustion 
tube m whrch he placed the sample mixed wrth 
potas~um chlorate and sodium chloride. The two 
French chemrsts found the hydrogen content by a 
laborious and not quite correct calculation of the 
quantity of oxygen used for the formation of 
water, whrle Berzelius weighed the water formed, 
which was partly absorbed in a calcium chloride 
tube 

When Berzelius started writing his textbook on 
chemistry he soon realized that the composition of 
many of the simplest chemical compounds was 
uncertain. As the elements of the chemical sub- 
stances seemed to be combmed in constant 
proportions, an analytical research might result m 
the determiuatmn of the equivalent weights of 
these elements and hence to the atomic weights. 
Berzelius needed to make the analytical methods 
more exact, and he began and finished a gigantic 
task. In 18 10 he published his first results, and in 
1818 he wes able to state atomic weights for 45 of 
the 49 elements then known. He determined 39 of 
these himself, as he usually rehed only on his own 
analytical work. Actually it is remarkable that 
many of the famous chemists of that tune did all 
the necessary experimental work themselves, even 
thwgh it was time-consuming and lengthy. The 
experiments took a lot of time, and generally one 
had to make one’s own apparatus and reagents. 
Now&days, when most experimental work is 
mstrumentsl and quick, most research work 1s 
done by teams and more and more seldom by mdi- 
vidual workers. 

From now on the Swedes’ leading position in 
analytrcal chemistry was at an end. As time went 
on, elemental analysrs was improved by chemrsts 
of many drfferent natlon~ties. A special chapter 
IS the dete~~a~on of nitrogen in orgamc sub- 
stances, but before this we should hke to mention 
the deter~ation of sulphur. About 1830 the 
Dane Wham Ch~ls~o~her Zezse (1789- 1847) 
camed on researches mto certain types of organic 
sulphur compounds. Zerse proved the presence of 
the sulphur by fusing his sample with metallic 
pota:sium, by means of which hydrogen sulphide 
was given off, and he determined the sulphur by 
fusmg the sample with potassium m&ate, by 
means of whrch the sulphur was oxidrzed to 
sulphate. 

It IS also worth mentions that the Dane 
Christen Thomsen Barfoed (1815-69), after he 
had written an excellent Danish textbook on the 
analysis of morgamc substances was inspired to 
write about organic substances. During the years 
1866-77 he worked on a quite original textbook 
on orgamc qualitative analysis which attracted so 
much attention that it was translated into German 
in 1881. Barfoed’s textbook was used for a 
number of years, but the idea of parallelling the 
qualitative analyses of both inorganic and orgamc 
substances was unable to survrve in the long run. 

Berzelius’s experimental efforts were quite The determmatlon of nitrogen m organic sub- 
overw~hmg during the years 1810-20, but he stances had always caused difficulty, but in 1831 
continued to publish experimental works nearly Jean Baptiste Humus (1800-84) found out how to 
until his death. To this must be added new determine nitrogen after a suitable combustion 
editions of hts textbooks and the publishing of whereby free nitrogen was evolved, then was 
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driven from the combustion tube with carbon 
dioxide and collected over a solution of potassium 
hydroxide This method was also difficult, but 
after various corrections and improvements is still 
used today, especially m its automated form. 

Dumas had also attempted a nitrogen 
determmation by means of a decomposition 
technique which formed ammoma, and several 
other chemists worked on the same prmcipie. The 
decomposition generally took place in basic 
medium, but generally the methods based on thrs 
prmciple did not yield satisfactory results 

Then m 1883 the DaneJohan Gustav Krzstuffer 
Thorsager KJeZduhl ( 1849- 1900) published his 
epoch-making method. On the 7th of March it was 
submitted to the Damsh Chemical Society 
(Kemisk Forening) and it was described m a 
Danish and a German periodical. The orgamc 
substance containmg nitrogen was destroyed by 
concentrated sulphurm acid, and after heating of 
the mixture nearly to boiling, potassmm per- 
manganate was added. Hereby ammonium ions 
were formed, and then ammonio was distilled off 
from alkahne medium and determmed titri- 
metrically. The method has since been modified m 
various ways but the prmciple 1s still the same, 
and smce 1883 many milhons of KJeldahl deter- 
mmations have been carried out all over the world. 
As we know, the greatest honour that can be done 
to a physicist is to name a unit of measurement 
after hrm, and normally the greatest honour which 
can befall a chemist is that his name 1s attached to 
a substance, an apparatus, a reaction or a method. 
However, the most exclusive must be to have one’s 
name made a verb, and any chemist knows what 
“to kJeldahl” means. 

In 1873 Kjeldahl graduated from the Technical 
University of Copenhagen founded by H. C. 
brsted. From the 1st of May 1875 he was 
employed by J C Jacobsen, the brewer who 
founded the Carlsberg Laboratory. Yjeldahl was 
appomted prmcipal of the chemical department 
(and later titular professor). He carrred on re- 
searches into enzymes and proteins, and it was m 
connection with this research that he was in need 
of a quick and reliable method for the deter- 
mination of nitrogen 

However, Kjeldahl soon gave up research on 
proteins, so after publication of his method it was 
rather seldom that Kjeldahl himself kJeldahled. He 
carried on research on starch and types of sugar, 
and here too was engaged m improvmg the 
methods of determination, but his efforts in this 
direction were not of the same lastmg importance. 
At the end of the nineties KJeldahl was m bad 
health; he died on 18 July 1900 whrle bathmg at 
Tirmldeleje (North Zealand). 

No history of Scandinavian analysis before 
1900 would be complete without mention of the 
Norwegians Guldberg and Waage and the Swede 
Arrhenius, whose theories are fundamental to 

modern analytical chemistry (and indeed to much 
of chemistry as a whole) The law of mass actton, 
advanced m 1867 by Cato Maximilhan Guldberg 
(1836-1902) and Peter Wuage (1833-1900) 
forms the basis of much analytical chemistry. The 
theory of electrolytic dlssocration, advanced in 
1884 by Suante Arrhenzus (18,59-1927), directly 
helped to develop the theoretical foundation of 
analytical chemistry, as Wdhelm Ostwald 
(1853-1932) at once went to Sweden to see 
Arrhenius, and thereby Ostwald’s own epoch- 
making work was clearly catalysed and 
accelerated. Arrhenius was awarded a Nobel Prize 
in 1903. 

THE PERIOD SINCE 1900 

Scandmavian contrrbutrons to analytical 
chemrstry durmg the present century show an 
mterestmg mingling of development of new ideas 
and continued application of old ones, and 
demonstrate very well that chemistry should really 
be regarded (dnd taught) as a unified drscipline, 
and not as a group of unconnected sub-disciplines. 
For example, we can easily hnk together the idea 
of Nrels Bohr, the use of the blowpipe, and 
Lundegirdh’s development of the burner that bears 
hius name, to arrive at flameemrssion and atormc- 
absorption spectrophotometry. 

Snmlarly, we can couple another indespensable 
concept in modern chemistry, that of pH by 
S(rensen, with the Brensted-Lowry theory and 
acid-base titrimetry. A great deal of developmental 
work on electrodes and electrochenucal methods 
has been done in Scandinavia, as is demonstrated 
by some of the contnbutions to this issue and by 
the extensive use of potentrometnc and coulo- 
metric methods both m analysis and in 
complexation chemistry. The schools of K. J. 
Karrman and G. Johansson, for example, are well 
known, and so is the work of J. R&i&z and his 
colleagues m Copenhagen on ion-selective 
electrodes. 

It is, perhaps, only natural that a large body of 
Scandmavian chemistry should be based on 
Guldberg and Waage’s law. The extensive develop- 
ment of methods of study of co-ordination 
compounds (which has made complexation 
chemistry yet another “Swedish science”) 1s 
associated wrth the names of Naels BJerrum and his 
son Jannzk, of Leden, Fronaeus, Rydberg (grandson 
of the Rydberg of “constant” fame), Dyrssen, and 
above all the late tars Gunnar Slllt% and his 
world-famous school at Stockholm. 

S&n‘s name is associated with the application 
of the powerful computer techniques now so 
extensively used for dealing with problems in 
equilibrium chemistry, and his pit-mappmg tech- 
niques and other mathematrcal methods, the 
programs such as LETAGROP and HALTAFALL, 
and the massive compilation (along with A. E. 
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Martell and others) of stability constants all serve 
as a lastmg monument to one of the great chemists 
of our time. 

Another outstanding contribution to modern 
analysis was the development by the late Anders 
Rmgbom (Finland) of the concept of conditional 
constants 111 calculation of reaction conditions for 
quantitative analysis The great merit of this was 
the recogmtron that logarithmic diagrams greatly 
srmplified the long-known methods of calculation, 
and that the necessary data could be assembled 
once and for all, and thus ehmmate the tedious 
arithmetic. His book Complexatzon m Analyttcal 
Chemrstry is a milestone in the development of 
analytical theory, but has perhaps overshadowed 
his many other contributions to analytical 
chemistry, which include much work on spectro- 
photometry and indicator theory. 

A significant new method for location of the 
end-point in titrimetry was developed by Gran in 
Stockholm and further devepped there by 
A. Johansson and Ingman and in Abo by Strll. 
This work may be regarded as m the mamhne 
Scandinavian tradition of potentiometrrc methods, 

The tradition of organic analysis has also been 
continued, notably by Kwsten m Uppsala and 
Verbef in Copenhagen, whose outstandmg con- 
tribution is the apphcatlon of simple quantitative 
determinations m quahtatrve analysrs. Orgamc 
analysis IS nowadays bound up with chromato- 
graphic methods, and here Arne Tlselius did 
pioneering work on the mechanism of separation, 
establishing the principles of frontal analysis, dis- 
placement chromatography and elution chroma- 
trography. His work on electrophoresrs gained him 
a Nobel Prrze m 1948. In gel-fdtratlon the 
proneermg work by Porath and Flodm and the 
development of “Sephadex” and its apphcatron 
are well known. Theodore Svedberg’s work on 
ultracentrifuges has played a highly srgmficant role 
in collard chemistry etc. and gamed a Nobel Prize 
in 1926. 

Several groups m Scandinavia are engaged in the 
development of analytical procedures based on 
~-perfo~ance liquid chromatography. In 
Uppsala, SchiIl and his co-workers are usmg pro- 
cedures based on ion-pair extraction systems for 
the separation and determination of pharm- 
aceuticals and their metabolites in biological 
samples. 

Links between the past and modem dxlalysls 
have already been mentioned. One of the most 
stnkmg 1s the renaissance of the “Berzehus” 
method of decomposition of silicates with hydro- 
fluoric acrd, Langmyhr and hrs fellow Norwegian 
workers in rock analysis have developed hydro- 
fluonc acid methods extensively and continued 
the Berzelius tradition of careful and accurate 
work 

Much work has been done on solvent extraction 
methods, especially m connection with complex- 
atron chemrstry, and the work of the Goteborg 
school (Dyrssen, Rydberg, and then co-workers) is 
well known The same school 1s very active m 
oceanographic analysrs and apphcation of 
computer techmques to analytical problems. In 
ion-exchange a leading figure is Olof Samuelson 
(Goteborg). 

The mmeral wealth of Scandmavra has naturally 
led to development of metaBurgica1 analysis, and 
here the powerful tool provided by EDTA has 
been extensively applied, notably in Finland by 
Kinnunen, Wennerstrand and Wiinnmen 

CONCLUSION 

In a short survey such as this, it is rmpossible to 
be exhaustive m cataloguing ~n~ibutlons to the 
field, and omission of a name or method IS not a 
mark of disrespect. Quite the contrary in fact, 
since the very large number of names that have to 
be left out 1s itself witness to the wade scope and 
vlgour of Scandinavian analytical chemistry. We 
have attempted - and, we hope, succeeded in the 
attempt - to select and present those areas of 
analytical chemrstry where Scandinavian workers 
have made outstandmg con~ibutions in develop- 
ment and exploitation of ideas, and m many cases 
have led the world 
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Summary - In the titration of an acrd HA wrth a strong base, [HA] dnninishes, on the whole, in 
proportion to the addition of t&rant. However, [HA] = QA[Hf [A], and iF [A] is kept constant 
[HA] will be proportional to [II]. Therefore if [H] mstead of [HA] is plotted agaimt ml of titrant 
added, one obtams a linear titratron curve. [A] is kept constant by add&on of NaA before trtratron m 
such high concentration that the formation of A can be neglected durmg the trtratron. When an acid 
stronger than acetic aad is titrated, sodium acatate can be usad as the added sah. Even mixtures of 
acids, mono- or polyba&, then yieldstraight titration curves since one is in fact titrating acetic-acid in 
the presence of excess of acetate. For weaker acids sodium sulphrte is used. In tha oxidation- 
reductron titration of, for example, ferrous iron wtth permanganate, the potential measured ts 
dependent on the ratio fFe*]/[Fe* 

will 
. 

before the titration, the potential 
If [Fe”] IS kept constant $ the addition of ferric chlonde 
be dependent only on [Fe 1. Since this diminishes in pro- 

portion to the added volume of t&rant, straight trtration curves can be obtained in thus case also. No 
correction for dilution should be made - 

The most widely used method for obtaming linear 
titration curves 111 potentrometric titrimetry is the 
ao-calIed Gran method.’ s2 In prmcrple this 
method involves plottmg the concentration of an 
approprrate sample species as a function of the 
volume of titrant added during a titration. One can 
then assume with good approximation that thrs 
concentration falls in proportion to the amount of 
titrant added before the equivalence point. After 
the equivalence point the ~oncen~ation of titrant 
undergoes a linear rise. For example, in the 
titration of a strong acid with a strong base th@ 
hydrogen-ion concentration decreases proportion- 
ally before the equivalence point; the hydroxide- 
ion concentration increases propo~ion~ly after 
the equivalence point. The simple expressions 
which Gran has presented are, however, limited in 
their apphcation. The expressions are not the same 
for titration of weak acids as for titration of strong 
acids, .nerther of these sets of expressions 1s 
applicable, therefore, to titration of moderately 
strong acids. In addition, the expressions for weak 
acids are only valid for acids with stabihty 
constants between 1 O3 and IO’ at normal concen- 
trations ( 1 g2 - 1 Cr’M). 

Ingman and Stills have developed Gran’s 
method for weak acids to include acids with 
stability constants up to 10’ ‘. Johansson4 has 
pointed out that the same expression can be used 
for strong and moderately strong acids and has 
described an automatic titration method which is 
based on the expressions derived. These expres- 
sions are rather complex but still useful If one has 
access to a calculator. 

A simpler method will now be described in 
which no complicated calculations need be per- 
formed, not even correction for dilution during 
titration. The only calculation done is the transfor- 

mation of, for example, pH into hydrogen-ion 
concentration, IX.. the calculation of the anti- 
logarithm of the pH. If one has access to an instru- 
ment which shows antilog pH, this calculation is 
also elimmated. Johansson6 has described such an 
mstrument. The titration curve 1s here auto- 
matically drawn, but of course one can transform 
measured pH values for a number of points almost 
as conveniently with the help of a pocket 
calculator and plot the titration mrrve by hand. 

In prmciple, the method involves choosmg the 
experimental conditions so that: 

(1) the sample concentration is kept propor- 
tional to the concentration that can be 
measured, 
(2) the sample concentration dimnushes m 
proportion to the amount of added titrant. 

The second condition can also be formulated in 
thrs way4 the t&ant shall chiefly react with a 
smgle species m the solution, and thrs reaction 
ought to be regarded as complete. If the observed 
values are plotted vs. the volume, a straight line 
results. 

When the method is applied to the titration of 
an acid HA with a strong base, [HA] is plotted 
against ml of base solution added before the 
equivalence pomt. [HA] is proportional to 
[HI [Al accordmg to the equilibrium equation, 
and if [Al can be kept constant [HA] will be 
proportional to [HI, which can, of course, be 
measured. Apphcatton of the method to 
oxidation-reduction involves keeping one of the 
components in the redox pair at constant concen- 
tration. For example, rf Fe(I1) is titrated with 
perma~~ate, the potential that 1s measured is 
dependent on the ratio (Fez+] /[Fe3+1. If fFe3+] ia 
kept constant, then the potential is dependent 
only on [Fe”]. [Fe*] or a constant X [Fe’+] can 
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therefore be measured and plotted agamst the 
volume of permanganate, thus resulting in a straight 
lme which mtercepts the volume axis at the 
equrvalence volume. 

Under the heading of examples, a more detailed 
account 1s given of the application of the method 
to trtration of acrds or bases and to determinatron 
of the sum of several acrds. In addition, the deter- 
rninatlons of iodrne with thlosulphate and Fe2+ 
w&h permanganate are treated under redox 
titrations The expressions given by Gran have 
shown themselves to be unsuitable for practical 
application to redox titrations. 

The fact that there is a linear relation between 
the sample coneenttation and the volume of 
trtrant added makes it also possible to con- 
veniently perform so-called one-point titrations. If 
one knows the approximate ~on~ntration of, for 
example, an acid in the sample solution, one can 
with a pipette add base equivalent to 
approximately 90% of the calculated amount re- 
quired for reaching the equivalence pomt, After- 
wards, the remanung hydrogen-ion concentration 
(proportional to the remainrng acid concentratron) 
rameaaured and in this way the total concentration 
of the aad can easily be determined. In a follow- 
rng article examples af such titrations are given. 

ExPlmnmNTAL 

Potenr~me~‘c m~~~n~ 
Potentiometric titrations are usually carried out by 

means of the cell shown in Frg. 1. 

reference sample probe for hydrogen ions, 
half-cell 

II I 
.WlWion metal ions, electrons etc. 

Frg. 1. 

Many types of electrodes can act as probes. Hydrogen-ion 
concentrations are usually measured by glass electrodes. 
The range of probes for metal ions, anions such as 
fluonde, and molecules such as ammonia, has been 
extended by the introduction of various ronselective 
eIectrodes. The ratlo bt;tdreen different ions 01 molecules 
atn also be detezmhied by means of redox electrodes, e.g., 
a #at&urn wire. 

If the ceil contains a glass electrode in the right-lmnd 
half-cell the emf of the cell may be described by an 
equation consrsting of three terms 

E=.!$o+Qlog[H+] +l$ (1) 

where Q is R TI@ lnI 0. The first term A’@* depends on the 
type of eeII and includes the standard potenti& the 
potential of the reference electrode, the asymmetry 
potential of the glass electrode and the invariant part of 
Q.b and the Iiquid-Iiquid junction potential, where 
+~II is % e activity coefficient of hydrogen ions. The 
second term accounts for the variation of the measured 
potential with the ~n~~~n of hydrogen ions ao 
cording to Nemst’s equation if acti+ies are repla&_py 
concentrations. The third quantity Ej includes the wutant 
part of the potential at the IiquWiquid junction and of 
&Jog m. This division into three terms is perhaps 
somew t artiflcid but nevertheless very practial. The 
term za - varies with changhg aridity and lo*c medium. 
Stro n$ y acidic solutions are avoided with the titration 

method described in this paper and rf in addition the iomc 
strength is kept constant, E, will be close to zero. The 
term can be neglected at pH >4 (see Table 1 in ref. 7). It 
follows then from (1) that. 

(2) 

and that 

[II] = const X antilog W/Q) (3) 

This quantity [H] IS recorded by the instrument 
described in more detail below. Usually it is not necessary 
to know the value of the constant. It is, however, possible 
to determine its value by calibratron with solutions of 
known [H 1. It should be stressed that although the glass 
electrode in principle responds to hydrogen activity it 
may nevertheless be caliiated wrth solutions of known 
hydrogen-ion concentrations.7 If the activrty factor is 
constant, this leads only to different values of the 
constant in formula (3). In order to ensure linear plots it 
is necessary that the Q-value is not only constant, but also 
correct. Q IS often called the slope. In the case of the glass 
electrode, it is constant over a large concentration range. 
The titration methods suggested here assume constant 
slope only over a few orders of magaitude. 

If it will suffice to plot the Matron curves by hand, 
one requires, besides the burette, only a pH-meter. It is 
most advantageous if the meter has a digital readtiut wltb 
at least 2 or, even better, 3 decimals. If one wishes to 
register the titration curves automatically, it may be 
suitable to use an mstrument which transforms pH 
dire&y into concentration.s Such an instrument works in 
the following way. For eaoh change of a pH-mtit or a log 
[H] -unit m the sample solution, the voltage of the ceil in 
Fii 1. is changed by Q mV. At 25’. 0 = 59.16 mV for a 
gl& electrode: This &age is mea&$d by a pH-meter, 
which is basicslly a voltmeter wtth high mput impedance 
which divides the measured voltage by Q and shows this 
value on a male. The pH-meter whrch was used ln the 
%x~~~~ (Orion model 801) also had an output which 
gave 10 mV for every change of input voltage of Q mV, in 
other words for every change of one unit in pH. This 
voltage has then been used to calculate [HI, which is the 
antdog of -log [HI. The instrument which carries out 
this operation was made by Optilab AB, Stockholm. The 
amphtlcation in this antilog apparatus can be adjusted so 
that one pH unit is equivalent to, for example, 100 mV; 2 
pH units are then equivalent to 1000 mV and 3 pH units 
to 10,000 mV. For every increase of output voltage by IO 
mV on the pH-meter, the voltage from the antilog unit is 
multiplied by 10. In or&r to cover the entire pH range 
without the voltage on the antilog unit becoming too 
great, one can connect an extra voltage source in -series 
with the cell to move the scale’s zero point. It is suitable 
to make the displacement in whore pH-steps (59.16 mV), 
m other words in whoIe powers of ten on the antilog 
scale. A Metrohm pH&mulator E 448 has been used as 
the extra vohage source. In some cases a combiition 
instrument has been used in which pH-meter, antilog 
attachment and digital voltmeter are built into one single 
instrument. This has aIso been built by Optgab AB and 
can possibly be &led CONC-meter or [ION] -meter sinee 
it indiostes dire&y a inundation. In most of the 
experiments described below, the output from the antilog 
apparatus has been written on a recorder (Metrohm 
Potentiograph E 336 A) whmh simultaneously shows the 
added volume of t&rant. The deflection is first adjusted to 
zero by short-oircuiting of the input. The electrodes are 
then dipped into the sampIe solution and amplitIcation on 
the antilog apparatus is adjusted so that fuII deflection is 
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obtained on the recorder. If one wishes to register only 
the tJnal tenth of the titration curve, the amplification 
should then be increased tenfold. When the titration has 
pasasd the equivalence point, the inverted concentration 
vahte is @&red, for example If[H]. Here it is suitai~le 
to adjust the ~p~~~n so that the lines before and 
after the 8quiv&nc8 point form the same angl8 with the 
axis. Th8 antdog apparatas then switches automatically 
from [H] to lf[H] at the equrvalence volume. 

EXAMPLEg 

As stated in the introduction, straight titration 
curves are obtained if the experimental conditions 
are chosen so that the demands specified there are 
met. This is elucidated m the following examples. 

A Acid-Base Tmations 

We can choose as the first example titration of 
a weak acid with a strong base. The main reaction 
during the titration 1s 

HA+OK=A-+HaO (4) 

On the whole, HA is consumed in proportion to 
the hydroxide addition before the equival8nGe 
point, and therefore if [HA] is plotted against ml 
of hydroxrde, a straight line is obtained. Thrs 
would be simple if one had access to an electrode 
which senses [HA], but since [HI is measured, 
[HA] must be calculated from the equilibrium 
condition 

[HAI = gHA[Hl [Al (5) 

where KDA is the stability constant of the acrd. 
If one can keep [A] constant, then 

IDA] a IHI (6) 
producrng straight lines, although with different 
slopes, rf [HA] or [HI is plotted against ml of 
hydroxide. The easiest way to keep [A] constant 
is to add a salt NaA at the start of the titration, 
Srnce A is formed durmg the titratron, enough 
NaA must be added for the change to be 
neglected. In the titration of O*OlM acetic acid, for 
example, sodium acetate can be added so that its 
concentratron 1s l&f. Devrations from the strarght 
line then become insignrficant. Thus condition 1 
(above) is satisfied. At the same time, condition 2, 
which requires that the hydroxide reacts with only 
one acid, 1s also met as is shown by the following, 

Usually when a weak acid is titrated, rt has 
partially dissociated mto H’ and A and both this 
ti and HA react with OH. Through the addition 
of 4 before titration, the dissociation becomes 
neghgrble. If @01&f acetic acid is titrated and 
acetate is added so that its concentratron is l&f, 
-log[H] becomes 6.5, which means that less than 
one ten-thou~ndth of the acetic acid has dis- 
sociated. 

In order for a straight line to be obtained, 
however, the reaction HA + Ofr *A+ Ha0 must 
be complete. Addition of AY displaces the equili- 

brium to the left, meaning that the weakest acids 
cannot be determined by the method suggested. 
This will be drscussed further in the section 
“Treatment as c~nd~t~na~ t~~at~~n”, 

TmW.w curves 

The equation of the trtratron curve before the 
equivalence point can be derived as follows. Assume 
the initial inaction of the acid is cm, that 
the sample volume 1s V. ml and that V ml of base 
with concentration CB are added. Further, we can 
assume that we add A from the b8gmning in 
concentration Ci. If it rs assumed that A is 
formed in proportion to addition of hydroxide, 

(Vo + VItAI = VoCi + VCB 

The combinatron of (5) and (7) yields 

(7) 

[HAJ “&A[HI x 
v&g f VCB 

v + v (8) 
0 

If one takes into consideration that according to 
defimtion 

VecB z V&h (9) 

where Ve is the equivalence volume, and further 
assumes that HA is consumed in proportion to 
addition of hydroxide, then 

(Vo + V)[HA] = VecD -VCB 

If (8) and (10) are combined, we obtain 

(10) 

v,-v =?(VoC’g + VCB)[H] (11) 

if v Co o A >> VCB, then (11) can be formulated 
as 

Ve-Vs constant x [H] (12) 

or, expressed in words, if [HI is plotted as a 
function of volume V of t&rant added, a straight 
line is obtained which intersects the volume axis 
when V = Ve, that is, at the equivalence volume. 
There should be no correction for dilution. This 
follows since both HA and A are diluted equally 
during the titration. 

In the derivation of the formula, we have made 
the following assumptions. 

(1) That V& >> VCB. This corresponds to 
our cohdition 1, So that deviation from the 
straight line will not be too great, V& should be 
50-l 00 times greater than VCB. If one wishes one 
can naturally use formula (11) instead of formula 
(12) for plotting and obtain a completely straight 
line. The formula can then be written as 

Ve- V = constant X IHI (13) 

If vo = 100 ml, CD = 0.1&f and c”A = 1116, the 
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second term in parenthesis = IO3 V. If one uses 
the simpler formula (11) Instead of (13), the 
deviation will be greatest around the half- 
neutralization point. 

(2) That A IS formed and HA consumed m 
proportion to the addition of base. ‘Fh~s 
corresponds to our second condition and assumes 
that HA and A do not take part in any secondary 
reactions and that the ~u~b~urn constant rs large 
enough for the reaction HA + OH + K + H20. 

(3) That [HI 1s proportional to the antilog of 
PH. The requirement for this 1s taken up m the 
~~odu~ion. 

In this example, before the titration of an acid 
HA, a salt of the same acid has been added. This is 
not necessary. If one wants to titrate hydrochloric 
acid, for example, one can add sodium acetate in 
excess. An amount of acetic acid 1s released 
equivalent to the amount of hydrochloric acid 
present; this acetic acid is then titrated. Another 
advantage in connection with this procedure 1s 
that the solution never becomes so acrdrc that one 
must take the term Ej in equation (1) into con- 
sideration. When titrating a polybasic acid such as 
oxalic acid m which both proton complexes are 
stronger acids than acetic acid, rt 1s suitable to 
choose sodium acetate as the addition. One 
obtains then a single straight line since it is 
actually acetic acid one is titrating. The same thing 
applies to mixtures of acids, which are stronger 
than or as strong as acetic acid. 

Chozce of salt to be added 

When choosing which salt is best suited as an 
addition in the titration of an acid or a mixture of 
acids, ane should above all make sure that 
condition 2 is met. However, many salts can be 
considered, and so one should choose a salt which 
can be obtain analytically pure and which IS in- 
expensive as well, Suppose one wants to determine 
an acid HB by titration and adds the salt NaA 
before titration. The acids HA and HB may be 
identical but need not be. The following reaction 
must then be take’n into consideration. 

HB+A-=HA+B- 

with the equrlibnum expression 

(14) 

P-W[Bl s -= 
IHBI IA1 KHB 

(15) 

If condition 2 is to be fulfilled, equilibrium (14) 
has to be displaced far to the right; in other words, 
only the acid HA should be present In concen- 
tration worth mentioning. Ai a condition one can 
set [HA] >lOOmBl . [B] willthenbenearlyequal 
to C’& the or&ma1 concentration of acid HB. 
One obtains 

IOOcprB 
KHAaKHB - 

[Al 
(16) 

If [A] = 1M and CfiB = O*OlM then Km ) KHB 

Sodmm acetate can be used in the titration of 
acids havmg a stability constant less than about 
105. For weaker acids one can choose, for 
example, sodium sulphite with log Km = 7$. The 
method is not usable for very weak acids (see 
below). 

In the titration of bases, the same rules apply, 
mutates mutandts. Addition of ammonmm 
chloride 1s suitable for titration of ammonia and 
stronger bases 

Logartthmrc dragrams 

For those famihar with them, logarithmic 
diagrams quickly give information as to whether a 
certain acid-salt combination is sunable or not. In 
Fig. 2 the titration of an acid HB is drawn with log 

KHB = 3.0 and C%B = O.OlM after the addition 
of sodium acetate to a concentration of 05M. Log 
Kwc has been assumed to be 4.50 (concentration 
constant at ionic strength 05). 

According to equation (14) [HAcl and [Bl are 
equal at the start. This corresponds to a vertical 
line through point 1. Here [I-L&] isO*OlM, [HI31 
10-s’3M, [Ii] 10’ 3M and [AC] = 05M. Thus, 
HAc is the only acid 111 appreciable concentration. 
During the titration HAc 1s consumed (and the 
small con~entratlons of H’ and HB) and one moves 
to the right from point 1 m the diagram. 

The situation represented by a vertical line 
through point 2 1s that which occurs at the 
equivalence pomt. Here the hydroxide-ion concen- 
tration is equal to the acetic acid concentration. 
(Actually it should be equal to the sum of 
[HAcl, [HBI and [HI, but the last two concen- 
trations are so luw that they can be neglected.) 
[HAcl = 104”M, [AC] = OSM, [B] = OOIM. 

Since the lines for [HAc] and [HI in the 
logarithmic diagram are parallel during the whole 
titration from point 1 to point 2, [I-IA] = constant 
x [H] and thus condition 1 is met. 

During the titration the acetic acid concen- 
tration drops from O*OlM at the start to 1.3 X 
10’119 at the equivalence point. The reaction is 
therefore as good as complete, and since only HAc 
1s titrated, one obtains a single straight line. 
Condition 2 1s met. 

Treatment as conditional trtmtion 

The method of conditional constants which 
Ringborn’ has so successfully used in many 
contexts is here also an excellent tool for cal- 
culation of the titration curves and for jud& 
wkuch acids can be titrated according to the 
suggested techmque. In order to determine which 
acids can be t&rated with thrs technique it can be 
advantageous to regard the method as a con- 
ditional titration of H with OH, and we assume as 
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before that an acid HB is to be titrated and that a 
salt NaA IS added. 

The mam reaction is taken to be 

H++OH-=HsO 

and the equilibrium equation 

(17) 

[HI [OHI =K, (18) 

Formation of HA and HB are regarded as side- 
reactions, and one takes these into account by 
mtroducmg the conditional hydrogen-ion concen- 
tration [H’] whrch represents the total concen- 
tration of H which 1s not bound to OH. Thus. 

[H’] = [HI + [HA] + [HB] (19) 

Furthermore, the srds-reaction coefficient (see 
Ringboms) is defmed by 

“H = IH’I /WI 

which can be calculated from 

(20) 

9 = 1 +KmfAl +g&B] (21) 

If (18) and (20) are combined, one obtains 

Kfi=Z&,= [H’][OH] (22) 

where K’ w is the conditronal ran-product of water, 
which IS constant if I~H is constant. 

Under these condrtions (oH bemg constant), a 
titratron of a weak acrd can be treated formally as 
a titration of a strong acrd, except that the value 
of the ion-product IS changed. Therefore rf [H] or 
[II’] is pIotted as a function of added volume of 
titrant, straight hnes which mtercept the volume 
axrs at the equivalence volume, although with 
drfferent slopes, are obtained m both cases. For 
CXH to be constant, it is necessary above all for [A] 
to be constant. The term KHh[Bl rs so small that 
it can be neglected fequatron (21)]. [Al changes 

somewhat durrng the titration since new A is 
far&$, but the requnement for the method is 
that new A &n be neglected in relation to total A. 

The value of K& can be calculated from (21) 
and (22). If KH;A = 104*‘, KHB = 103, [A] = 
OSM and [b] = 0,01&f, then &YH = lo4 *2 and K& 
= 1Cr9” (the same example as demonstrated with 
the logarithmrc diagram). During the titration [H’] 
changes from 0*01&f to 1@ *9 M at the equivalence 
point, At the hi-neutra~zat~n point [H’l = 
0.OOSM. The titration curve is straight almost the 
whole way and deviatron at the equivalence point 
rs n+gligible. If one does not plot the area near, thrs 
pomt but instead extrapolates the strarght portion 
of th8 curve, one obtams an intercept on. the 
volume axis at the equivalence volume. - 

Very weak acrds, for example the ammonmm 
ran *with log KHB = 9.5, give rise to very flat 
titration curves when titaated in the usual manner. 
Addition of the corresponding base, ammonia, in- 
creases the conditional ion-product to 10-“ *‘, 
wliic~ means that titration of a 0.01&f solution of 
NH; is not possrble. For practical purposes, the 
lme is drawn at acids whmh have a lower stabihty 
constant than lo*. In one of the examples below, 
the first two drssociatian steps of the phosphoric 
acid have been utilized for titration after addition 
of sodium sulphrte. 

Examples 

In Fig. 3 titrations of (a) acetic acid, (b) 
hydrochloric acid, (c) oxalic acid and (d) phos- 
phor&*aad are presented. In trtrations a, b, and c 
sodium acetate was added so that the concen- 
tration was 05M and in d sodium sulphrte so that 
the concentration was 0*25&f. Acid concentration 
was O*OlM in cases a and b and approximately 
O*OOSM in cases c and d. The volume in all four 
rnstances was 100 ml, Hydrogen-ion inundation 
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Fig. 3. Titrations with strong base of (u) acetic acid, (b) hydrochloric acid, (4 oxalic acid after addition of sodium 
acetate (04&f). Curve (d) represents a titration wSth strong base of phosphonc acid after addition of sodium sulphite 

(0-25&f). Zero on the volume axis has been displaced 1.00 ml for each titration. 

was recorded in arbitrary units against ml of 
titrant (0.098OM NaOH + 0.4M NaCl). Zero on 
the volume axis has been displaced 1 ml for each 
titration. The curves are practically straight lines. 
The equivalence volumes read from the curves are 
10.22, 10.19, 10.19, and 10.78 ml, and the 
expected values 10.20, 10.20, 10.20, and 10.82 
ml. In titration d the graph is curved in the vminity 
of the equivalence volume, but the correct value is 
obtained If the straight part of the graph is extra- 
polated to the volume axis. In all cases l/[Hl was 
recorded after the equivalence point. 

In Fig. 4 curves have been recorded for the 
titration of 100 ml of approximately 0*01&f NHs 
with O-l&f HCl (also approximately 0*4&f with 
respect to NaCl). Curve a represents a normal 
titration, pH against ml, and curves b and c 
titrations in which the sample solution was made 
05M with respect to N&Cl. In c only the 
titration curve round the equivalence point was 
recorded. The expected value was 9.80 ml and the 
values found 9*80,9-82 and 9-82 ml. 

It 1s important that the ionic strength is kept 
constant during the titration and that the right 
Q-value is used, m other words, that the 
temperature knob on the pH-meter is adjusted to 
the right value, since Q varies with temperature. A 
deviation of a few degrees makes no difference, 
however. 

B. Oxidation-Reduction Titrations 

Iodometm tltratzons 

Titration of iodine with thiosulphate is a 
typical example of areas m which the expressions 

stated by Gran2 cannot be applied. This is because 
one must add iodide from the beginning in order 
to keep the iodine m solution, and the Gran 
functions assume that one IS dealing only with 
iodide which rs formed durmg the titration. How- 
ever, if the amount of iodide added from the 
beginning is made so large that the iodide formed 
during the titration can be neglected, one can 
apply the same principles as in the previous section 
on acid-base titrations. Iodine concentration 1s 
plotted as a function of added volume of thro- 
sulphate, thus resulting m a strarght line which 
intercepts the volume axis at the equivalence 
volume. If the titration is carried out potentio- 
metrically, one measures primarily a cell voltage E 
which is dependent upon both iodine concen- 
tration and iodide concentration. If the latter is 
regarded as constant, then E wrll be dependent 
only upon the former. 

Let us assume that V. ml of an iodine solution 
with concentration Cl 1s to be t&rated with V ml 
of a thiosulphate solution with concentration CB. 
Furthermore, the concentratron of iodide in the 
iodine solution has been set at concentration e. 

f, + 2s20$- = 3f + sqoa- (23) 

If the titration is followed potentiometrically with 
a cell m which the probe in the right-hand half-cell 
in Fig. 1 is a platinum wire, one obtains 

Q [OXI 
E=Eb+-log- 

n [red1 
(24) 

where EL encompasses normal potential, reference 
potential and expressions for the mvanable part of 
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Fig. 4. Titrations of 100 ml of approx. O.OlM NHs with O.lM HCl. Curve (cl) represents a normal titration curve, 
pH agamst ml; curves (b) and (c) are titrations in which the sample solution was made 0.W with respect to 

NH&l. In (c) the sensitivity was mcreased tenfold. 

the activity factors and liquid-hquid junction 
potentials. If the activity factors and liquid- 
liquid junction potentials can be kept constant, 
do will be constant Q, as before, is RTF-’ In 
10 and n is 2 in this case. 

If one assumes complete reaction then 

voc’i VCB 
[red]=- +- 

vo+v vo+v 
(25) 

VoC1 VCB 
cs [ox] =_ - -=- 

v,+V Wo+v) 2(&.o+v) 
(P-e--v) (26) 

where Ve = equivalence volume, defined by 

V&g/Z = V&i (26a) 

(25) and (26) yield 

[ox] CB (Ve-v) -= (27) 
[red] 2( VoCy + VC,) 

If VCB << V,Ci)and (27) is substituted into (24), 
then 

v,_v= 2vocF 2 (E-E;) 
-x 1oQ (28) 

cB 

or 

2E 
Ve- V = constant X 1OQ (29) 

Thus If antilog 2E/Q IS plotted as a function of 
titrant volume V, one obtains a straight line which 
intercepts the volume axis at V = Ve. 

In Fig. 5 a titration of 10.00 ml of cu. O*OSAf 
iodme and 90 ml of water with O*lOOM 
thiosulphate is represented. The sample solution 
was 0*8M with respect to KI and the thiosul hate 

g ionic strength was adjusted to 0.8 with K 1. A 
platinum wire was used as the mdicator electrode 
and an Orion double-junction electrode Model 
90-02-00 as reference electrode. The mstrument 
yields a constant x antilog 2E/Q, and this value 
has been plotted manually against volume of thio- 
sulphate. The intercept on the volume,axis shows 
Ve = 10.50 ml, which is equal to the true value. 

Tztrarron of Fe(ZZ) 

If all non m a sample 1s m ferrous form, Gran’s 
functions for evaluation of a titration can be 
applied. If there is ferric ion present the titration 
curve 1s not straight and an evaluation according to 
Gran is difficult to perform. As m the previous 
section, one can avoid difficulties by addmg an 
excess of ferric iron from the begmning. According 
to Nernst’s formula 

[Fe2+] = [Fe3+l antilog (E&E)/Q (30) 

If [Fe37 is kept constant, [Fe2’l will be 
proportional to antilog (constant -E)/Q . 

Titration of ferrous iron with permanganate or 
with cerium(IV) yields linear titration curves d 
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Fig. 5. A titration of 100 ml of approx. 0*005&f iodine (0.8M KI) with O*lOOOM thiosulphate (0 8M KU). 

the solutions are made 0-W with respect to Fe3* 
before the start It 1s suitable to use ferric chloride. 
Tltratlon solutions of Ce(IV) are usually very 
acidic, and m that case the sample sohitlons must 
be adjusted to the s$e acidity and to the same 
concentration of complexing agents if the titration 
c&es are to be linear. 

Example. About 125 mg of two staddard 
ymples of’ iron oxides were weighed. These 
were dissolved in acid and the solutibns treated 
according to Zimmerman-Reinhardt in the idual 
way. Five g’ of ferric chloride hexahydrate weie 
then added to each sari@Ie sol&tion. Each sample 
was diluted to ca. 100 ml and titrated with 0*02M 
permanganatkr. D’uring the last tenth of the 
titrat&n, &‘tUog (-E/Q) was registered from full 
scale dn the! grap’h to near z$ro. The results were. 

Samples 1:64.8,65.0 %Fe (true value 64.9%) 
Samples2:71.1,71.5 %Fe(truevalue 71.1%) 
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Summary-The propertles and mechanism of operation of hydrogen-Ion selective glass electrodes are 
revlewed and a model usmg mformatron from recent research IS presented In the gel layer of a pH-glass 
protons or hydromum Ions are bound to negative charges m a slhcon network cross-hnked with 
bl- or tervalent metal Ions The composltlon of the gel layer IS dlvcussed, It 1s known that the outer 
part contams water The formation of a gel layer and Its destructlon m alkaline solutions are dlscussed 
Between the gel layer and the dry glass there 1s a transition layer characterized by a very high reslstlvlty 
This forms a barrier to Ion transport and prevents rapid corrosion of the glass The lomc moblhtles 
of various ions change drastxally with distance Inwards towards the dry glass The alkaline and aeld 
errors are dlscussed as well as the asymmetry potential By etchmg away the gel layers and the transltlon 
layers on both sides of the glass and then startmg hydration simultaneously on both sides, two 
symmetric layers can be produced This will result m an almost complete cancellation of the asymmetry 
potential Some apphcatlons to preclslon measurements and measurement m non-aqueous solvents 
are dlscussed 

For almost half a century the hydrogen-ton selective 
glass electrode has been a very important tool m the 
chemical laboratory A substantial Improvement dur- 
mg that time has resulted m much more rugged and 
convenient electrodes as well as m electrodes with 
better selectlvny and stab&y The early work was 
summarized m the classic book ‘The Glass Electrode” 
by Dole’ and further work was surveyed by Kratz 2 
The modern view of glass electrodes has been pre- 
sented by Bates 3 A number of reviews on the hydro- 
gen and alkali-metal ion selective glasses are collected 
m a book edited by Elsenman 4 The SubJect has also 
been reviewed by a number of authors 5-1 1 Although 
several treatises are available, fundamental mlsundert 
standmgs are quite common m general textbooks, 
as pointed out by Fisher l2 The pH-concept has 
been thoroughly and crmcally treated by Feldman,13 
Bates3 and Mattock I4 

This review ~111 concentrate on the mechamstlc 
aspects of the hydrogen-Ion selective glass electrode 
and an attempt ~111 be made to present a consistent 
explanation of the electrode behavlour The techm- 
ques developed durmg recent years have provided m- 
formation which IS taken mto account m the new 
model presented here 

HISTORICAL 

Glass was Included m voltaic piles by Rltter as 
early as 1802 and durmg the 19th century several 
researchers studied conduction through glass Thom- 
sonlS was the first to make experiments m which the 

* Present address Astra Pharmaceuticals AB, S-151 85 
Sodertalje 

t Present address AB Draco, Fack, S-221 01 Lund 

posslblhty of surface conduction had been excluded, 
and he showed that glass behaved as an electrolytic 
conductor The early work and theories were dls- 
cussed extensively by Cremer,16 who developed the 
technique for potentlometric measurements on cells 
with high internal resistances In his studies of glass 
membrane cells he found that the voltage changed 
when he added acid or base to the physlologlcal salt 
solutions on enher side of a membrane Further 
research was done by Haber and Klemenslewlcz,17 
who did a number of acid-base tnratlons with the 
aid of the electrode It was concluded that the phase 
boundary of the glass behaved as a reverstble hy- 
drogen electrode They were mamly interested m the 
theoretical lmphcations and did not reahze the practi- 
cal unportance of the electrode They knew that the 
glass surface swelled m water and supposed that 
adsorbed water formed a separate solid water-phase 
wnh well-defined hydrogen-ion and hydroxyl-ion con- 
centrations The hydrogen-ion activity m this water- 
phase remained essentially constant even when that 
m the surrounding solution was changed These 
assumptions made a thermodynamic treatment of the 
potential possible as a special case of Nernst’s theory 
of the electromotive forces It was stated” that the 
glass surfaces worked as hydrogen electrodes with a 
potential difference of 58 mV at room temperature 
for each tenfold change m the hydrogen-ion con- 
centration Without the glass membrane between the 
surfaces only small differences due to drfferences m 
fomc mobmtles should have appeared 

Freundhch and Rona,” and Freundhch,” clarnied 
the difference between the so-called “Haber-poten- 
teal”, the Nernst (or electrochemical) potential and the 
electrokmetlc (or zeta) potential The I;-potentral could 

953 
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be Influenced by ter- or quadrlvalent ions and by sur- 
face-active substances but the influence on the phase- 
boundary potential was very small It was concluded 
that the electrokmetlc potential arose between a 
liquid skm adsorbed on the sohd, and the bulk of 
the hqmd The Nernst potential was determined by 
the potential difference between the interior of the 
solid phase and the bulk of the liquid 

Hughes,” m 1922, was the first to turn completely 
to the practical and experimental aspects of the glass 
electrode He showed its usefulness by making direct 
comparisons between a glass electrode and a hy- 
drogen electrode The work of Hughes represented a 
breakthrough for the glass electrode, and the number 
of papers increased rapidly m succeeding years A 
detailed review of the early work IS given by Kratz’ 

Horovltz2’ studied the effect of changes m glass 
composltlon on the pH function He assumed that 
the glass played a more important role than that 
necessary for Haber’s solid water-layer model He 
also found that glasses could act as metal-ion selective 
electrodes A phase-boundary potential was supposed 
to arise as a result of an exchange adsorptlon The 
composltlon and blowmg of the glass were of lmpor- 
tance for the adsorption ability The conductlon 
through the glass was ascribed to sodium ions, m 
accordance with the findings of Warbug 22 The work 
of Horovltz was extended by his student Schlller23 
who mvesttgated sodmm- and potassium-ion selective 
electrodes. He also tned to make zinc-ion selective 
glass electrodes Mlchaelrs24 suggested that the glass 
could be treated as a semipermeable membrane m 
whch the transference number of the hydrogen ion was 
practically unity Dole could not accept MIchaelis’s 
theory as he realized that each surface potential 
was produced independently. Dole did not, however, 
express himself very precisely about the mechanism 
He used a statlstlcal thermodynamic approach’ and 
supposed that cqulhbrmm positions existed on the 
glass surfaces, which could be occupied by hydrogen 
or alkah-metal Ions 

The glass-electrode errors have been important m 
understanding the orlgm of the glass-electrode re- 
sponse, The alkaline error 1s a deviation from the ideal 
pH-response, which manifests Itself m the presence 
of alkah-metal Ions, especially sodium and hthmm, 
m the high pH-range This 1s equivalent to the metal- 
ion function first noted by Horovltz2’ and Schlller 23 
The term alkaline error was introduced by Dole dur- 
mg his systematic studies of devlatlons 25-28 The 
etching action of alkaline solutions on the glass elec- 
trodes was not known and the response degradation 
noted 2g after some days could not be explained The 
appearance of an alkaline error suggested an ion- 
exchange model, although it was supposed in the 
begmnmg that the ions were adsorbed on the glass 
surface The deviations m acid solutions were first 
reported by MacInnes and Belcher3’ and by 
Buchbock 31 In the former work it was suggested that 
anions might penetrate the glass Dole 32,33 observed 

similar deviations m non-aqueous solutions and salt 
solutions He interpreted the deviation m terms of 
a decreased water actlvlty m the solutions and he 
concluded that the electrode was m error if +*o was 
different from unity Measurements on magnesium 
sulphate solutions seemed to confirm the theory 34 
It was therefore concluded’ that “as hydrogen ions 
migrate from the solution to the glass surface, one 
water molecule per proton 1s carried along ” Because 
of the strong impact of Dole’s outstanding book the 
water theory held its posltlon for a long time Beck 
and Wynne-Jones35 summed up evidence against it 
m 1952 Schwabe and Glockner36 finally showed 
positively that halogen acids were taken up by the 
glass The newer hthla glasses also showed much less 
acid error, which was mconslstent with the water- 
actlvlty theory 

Ncolsky3’ used an ion-exchange model for the m- 
teractlon between the surface layer and the solution 
and he derived response equations from thermodyna- 
mic arguments Haugaard3” showed by electrolysis 
that only sodium ions (m a sodmm glass) passed 
through the electrode These conclusions were con- 
firmed m more accurate experiments by Schwabe and 
Dahms3’ 4o thus dlsprovmg Mchaehs’s theory 24 
Tendeloo and VoorspulJ4’ 42 suggested that the glass 
contained adsorptlon sites for Ions and they deduced 
equations which m contrast to Ncolsky’s equation 
predicted amon response Landqvlst43 also used an 
adsorption model but arrived at equations slmllar to 
those of Nlcolsky Haugaard44 45 developed a three- 
layer electrode model, m which the bulk glass was 
consldered to be covered by a gel layer on each side 
Hubbard rr a146347 found that some water was 
necessary for satisfactory function of the electrode 
They tried to correlate the electrode behavlour with 
the solublhty of glass m water By using an mter- 
ferometer method, Hubbard and Hamllton4* mea- 
sured the gel-layer swelling and the decrease m thlck- 
ness after chemical attack m solutions of various pH 

In fact, there was much uncertamty about the 
mechanism for several years A phase-boundary 
model or a dlffuslon-potential model was favoured 
It 1s the work of Schwabe and co-workers which 
seems to have resulted m a more general acceptance 
of the phase-boundary model Elsenman49 finally 
advocated a model m which the glass electrode poten- 
tial was attributed to a mlxed orlgm Both equlll- 
brmm ion-exchange at the glass surfaces and dlffuslon 
within the glass were supposed to contribute substan- 
tially to the observed potential 

THE GEL LAYER 

The gel-layer concept was developed by Hau- 
gaard 38,44345 and essential mformatlon about its 
propertles was provided by Hubbard et al 46,47 and by 
Schwabe et al 3g*40 When an electrode IS immersed 
m water, a gel layer 1s formed and sodium or hthlum 
Ions m the glass are replaced by hydrogen Ions from 
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Fig. 1 Concentration profiles inwards from the surface 
of a pH-electrode G = gel layer, T = transibon layer, 

D = dry glass 

the solution The amount of leaching and water 
uptake was found to depend on the glass composi- 
tron.2*50 The gel-layer thickness could be estimated 
from the ton-exchange.3g*40 

A sign&ant further step towards an understandmg 
of the gel layer was taken by Sendtsl and by Bouquet, 
Dobos and Boksay52 when they etched glasses in 
hydrofluortc acid. The outermost layer was dtssolved 
and by analysis of the etching solution the compost- 
tnln of the removed layer could be determined. By 
repeating the procedure on successive layers a con- 
centration profile inwards could be established They 
also founds3 that the alkali-metal ton concentratton 
was low at the surface but mcreased inwards m a 
drfferent way for drtferent glasses Somewhat later, 
electrical measurements were made by Buck,54*5s 
Buck and Kru1Ls6 Wtkby and Johansson,” and 
Brand and Rechmtz ‘* It was concluded that there 
was a surface film on the electrode whtch had a high 
impedance which was independent of the pH of the 
solution An independent method for analysts of the 
surface composition of glosses was developed by Bach 
and Baucke 59 They used argon sputtermg to excite 
hthmm ions at various depths and measured the 
lummescence of the removed tons The resolution m 
the depth co-ordinate IS higher than for the etchmg 
method 

By combmmg’ the etchmg technique with nnpe- 
dance measurements, Wlkby60 was able to show that 
a layer with high resistrvrty was mterposed between 
the gel layer and the dry glass. In this regron, called 
the transition layer, the concentration of alkah-metal 
ions changes abruptly from a low value m the gel 
layer to a higher value m the dry glass The results 
were confirmed with the ion-sputtermg tech- 
nlque.61s62 

The results of the mvestigations mentioned can 
now be summed up to provide a umfied description 
of the gel layer. When a pH-glass is immersed 111 
water for the first time, alkali-metal ions m the surface 
move out and hydrogen ions move m. The rate of 
this process is fast m the begmmng but slows down 

with time.60 Figure 1 shows the concentration profiles 
of the surface of a pH-glass electrode hydrated for 
some days The pattern shown 1s characteristic for 
all pH-glasses studied up to now The alkali-metal 
ton concentration is low m the gel layer even m neu- 
tral and acid solution 63.64 It has been shown that 
isotope exchange is very low m acid solution 39.40*65 
Boksay and Lengyel 66 have suggested that the 
remamlng alkah-metal tons in the gel layer are bound 
within impasses so that they cannot move out The 
concentration of btvalent alkahne-earth metal ions is 
essentially unaffected by the hydration The same is 
true for silicon, the small concentration decrease 
which occurs is a result of volume expansion 4s The 
accompanymg decrease m density has not been taken 
mto account in Fig 1 The gel layer thus has a 
roughly constant tome composition throughout and 
tt forms a well-defined regton hmtted on the inward 
side by the transition layer By usmg trttmm labelhng, 
Dobo@’ ” was able to measure the dtstributton of 
water m very soft pH-glasses The profile m the more 
durable hthra glasses in not known The water profile 
drawn m Fig 1 IS very uncertam 

The concentration profiles change with time as the 
transitton region moves inwards towards the bulk 
glass For most of the pH-range the rate of movement 
1s independent of the pH of the solution surrounding 
the electrode. However, the movement IS mhtbited m 
non-aqueous solution6g,70 and slows down in 
strongly alkahne aqueous medmm,” see Table 1 
This shows that both water and hydrogen ions are 
necessary for the formatton of a gel layer The silicon 
polymer at the outer boundary of the gel layer IS 
also attacked by water The rate of this attack m- 
creases rapidly above pH 9 4648*71*72 It can be mea- 
sured by analysmg the aqueous solutton for silicon 
The gel layer 1s thus located between two boundaries 
moving Inwards ” The electrical resistance of the 
transttton region mcreases when the region moves 
deeper mto the glass and the transport of ions 
through it becomes more dtfhcult As a consequence, 
the rate of leaching decreases, see Table 1 The trana- 
tion region thus prevents rapid corroston of the 
glass 62 The hthmm flux from an LOT electrode corre- 
sponds to 1 nmole crn2 hr-’ after 340 hr of hyd- 

Table 1 The formation and destruction of a gel layer on 
an Innold LOT electrode (25”C1 Rate of movement of the 
bouniames between gel la)er/s&tlon = VI, gel layer/bulk 

glass = V, 

Time hr 

44 

loo 
340 

86 
186 
44 
54 
88 

IOI 

SOlUtlOll I’, nm/hr V, nmlhr Thickness nm 

Water 1 14 @IO 90 
water 086 008 140 
water 0.55 005 300 
water _ _ 

Isopropyl alcohol co1 co1 130 
water _ _ _ 

0 1M NaOH co1 I 95 70 

0 IM NaOH co1 I 95 6 
0 IM NaOH <Ol I95 0 
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ration ” The reaction responsible for the release of 
sodmm or htl~ium ions is 

= 8oL1,,, bulk &FC) + H+(wln ) 

-3 r&OH (Iransltlon repon) + Ll+(soln ) (1) 

Transport of protons through the trans&~on regmn 
1s ratadet ermmmg for the reaction.59*74*75 The high- 
est transport barrier 1s located m that part of the 
transltlon regon which 1s closest to the gel layer 

A steady state IS approached w&m weeks or 
months The two gel-layer boundarzes then move with 
the same rate and the thickness remains constant. The 
destruction of the gel layer at the outer interface +$ 
normally slow but m strongly alkahne solution 
becomes fast, see Table 1 Smce the gel-formation 1s 
slow at thus p&I the whole gel layer may be lost wlthm 
a short tune. 

Most of the research work on glass electrodes has 
been concentrated on the development of suitable 
glass compositions As only certain combmatlons of 
elements gave homo~eous glasses the posszble varla- 
tton of myor components m the composttlon has 
been hmlted In addition the choice of composltlon 
IS restrrcted by the requirement of a low or moderate 
electrical resrstance of the glass. MacInnes and Dole76 
were the first to make a systematic investi~tion of 
the glass composltton for electrode purposes They 
developed a glass called Corning 015 (72% SlO,, 22% 
NazO, 6% CaO) which was shown to represent an 
optimum m the soda-lime system. Ssokolof and Pas- 
synsky” found that the glasses ~n~ining hthmm m- 
stead of sodium showed lower alkali error The range 
of useful glasses increased when pH-meters with lower 
grid current became available Perley78-80 studied the 
effect of additions of small amounts of La,OJ, Cs,O, 
BaO and CaO These multicom~nent glasses can 
@ve electrodes wth properties considerably superior 
to those of the simple hthla electrodes 78--*3 

To-day, sodium glasses are used only for electrode 
shapes which are dr@cult to blow (capdlary, micro 
and some flat electrodes) Modern bulb-tie pH- 
electrodes are mod&&tons of the Perley glasses 

The glass composition IS important for the gel- 
layer properties, as shown m Table 2 84 8s The 
sodium glass, Corning 015, IS easily attacked by water 
and it forms a thick gel layer The multicom~n~t 
lithia glasses are more durable, the hydration rate 1s 
slower and the gel-layer thickness 1s smaller The 
Radiometer B-glass 1s extremely durable, it acquires 
a very thm gel layer even after a long time of 
hydmtion and the alkaline error IS very low 

The gel layer contams a high concentration (20&f) 
of hydrogen ions, which remains constant, it forms 
a thin well-defined separate phase contammg water 
at least m the outer part and it therefore corresponds 
well to the solid water-phase lmagmed by Haber The 
sihca network serves as a support and provides the 
co-ions 

Table 2 Gel-layer formatlon on some glass electrodes with 
different durablhty 

Glass 

Hydration Get-layer 
tmle thtckness 
hr "ill TYP 

Col"l"g 015 
Na,O CaO SzO2 

loo 
190 

150 
500 

ingold LOT 
LIZ0 cs:o BaO 
1’0, La,O, SIO, 
lngold 201 
LllO, CSIO, BaO. 
CaO, TtOz, LazOx, 
szo* 
Rddtomctcr B-glass 
LIZ0 cao Flao 
La20, cs,o SIOr 

Radmmeter C-glass 
LtzO, CeOz, BaO, 

_LazO, MoOl. 802 

loo 
190 

I03 
190 

90 

72 

ELECTRICAL PROPERTIES 

The reslstlvlty of dry glasses has &en studied by 
glass scientists for a long time The res&ance has 
been measured as a function of temperature, usually 
well above room temperature Reviews of thus work 
have been written by Stevels,86 Mazurm,*’ and 
Owen.** 

The temperaturedependence of the glass resatmty 
follows an equation f?rst given by Rach and 
Hmnchsen 89 

log p = A + B/T (2) 

where p is the resistivlty m ohm cm and T the tem- 
perature m K The constants A and B usually have 
values of 15-4 5 and 3000-8ooO K respectively. The 
resistances normally gven for glass electrodes are 
those obtamed wrth dzrect current If a.c. is used for 
the rne~~rn~t it IS found that the reszstance de- 
creases rapidly when the frequency mcreases. At ‘some 
frequencies dielectric lossesrwlll occur 

Univalent alkali-metal ions serve exclusively as cur- 
rent carrlerss6-** m glasses suitable for pH-measure- 
ments Transport by hydrogen ions through a dry 
glass IS thus ruled out, but unsupported statements 
to the contrary are common 9o Prolonged electrolysis 
with current m one dlrectlon will cause depletion of 
current carriers at the negative side and the res@lvity 
may eventually increase drastlcally Such a polarza- 
tlon has a non-linear voltage dependence The normal 
glass resistance follows Ohm’s law even for dc 

Recent electrical measurements on certain glass 
electrodes by ac techmques showed that there were 
two resistwe com~nen~ which could be dtfferen- 
tlated by their frequency-dependence 5458 It was 
assumed that one was located on the surface or m 
the gel layer and that the other orwnated from the 
glass body By combmmg etching wrth resrstance 
rn~surern~~ Wlkby showed that the surface reas- 
tance dlscovered was located m the trans&on layer ” 
The measurements were made with a pulse technique 
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Table 3 TransitIon layer propertles 

GliWS 

Corning 015 

lngold LOT 

lngold 201 

Radwmetu B-glass 
Radmmcter C-glass 

Hydrutlon Transalon layer 
,ml~ Dwbdlty, rcs,s*ana, 

hr hr/mole Mfl 

loo I I x IO’ 06 

190 15 Y 108 09 

100 I7 x 108 I2 
190 23 x IO’ I5 
IM) 150 x 108 86 
190 213 x I08 I32 
90 II I x 108 58 
72 II I x 108 47 

and the resistive components were dlsplayed as tlme- 
constants The tlme-constant from the glass was m 
the msec range and that from the transition layer was 
of the order of tens of seconds The first perturbation 
thus almost decayed before the second started For 
some glasses the difference between the tnne-con- 
stants 1s smaller and for these cases a simple d c tech- 
nique with simultaneous etching was developed 64 
The time-constants discussed here are not observable 
m true potentlometric, I r, zero current, measure- 
ments They should not be confused with the tlme- 
constants of various electrochemical equlhbrla How- 
ever, they may be of importance when an electrode 
1s inserted into an instrument or during switching 
between different electrodes The equivalent mput 
capacitance of the instrument must be charged to the 
potential of the electrode. This charging current may 
be quite large at the moment of connection, as the 
a c resistance IS much lower than the specified dc 
resistance 91 The current passes through the electrode 
and the transItion layers. The effect of this electrical 
shock disturbs accurate measurements for several 
minutes under ordinary laboratory condltlons and it 
may be worse in non-aqueous solvents or at low tem- 
perature 

The resistance of the transition layer vanes with 
time and glass composltlon,74 see Table 3 This table 
also shows the chemical durablhty or the reciprocal 
flux of alkah-metal mns The durablhty 1s propor- 
tmnal to the eleotrlcal resistance of the transition 
layer and thus proportional to the inverse rate of 
movement of the transItion layer (l/V,, see Table 1) 
For a general-purpose electrode the total resistance 
IS around 500 MR and the bulk-glass thickness 1s 
about 0.2 mm The transition layer thickness 1s 10 
nm or less and’ its resistance can be seen m Table 
3 The reslstlvlty of the transition layer must thus 
be at least a thousand times that of the glass Both 
resistances are ohmic at small currents but when the 
current becomes equtvalent to the flux of a&ah-metal 
ions over the transition layer, the transition layer 
resistance becomes voltage-dependent ‘O The resa- 
tance of the transition layer increases rapidly m non- 
aqueous solution and may be ten times higher after 
a couple of days hP 

It has not been possible to measure the reslstlvrty 
of the gel layer. It has been estnnated64 that for Cor- 
ning 015 glass ft 1s less than a fifth of that of the 
bulk glass Elsenman, Sandblom and Walker9* stud- 

led 1-m thick glass membranes which were hy- 
drated throughout and found that the resistance varied 
with the solution composltlon It was at most 16 5 
kQ The glass composltlon was different from that 
of pH-glasses and the water profile 1s not known 
Measurements along the surface of some sodium alu- 
mmlum s&ate glasses have been made75 and this 
technique may provide more mformatlon about the 
gel layer resistance in the future 

Figure 2 sums up the dlscusslon and shows the 
reslstlvlty of various parts of a pH-glass electrode 
The gel-layer resistlvity may be anywhere wlthm the 
shaded area The temperature-dependence of a pH- 
electrode 15 given by 

R,,, = a,exp[+$] + A,exp[z] (3) 

which 1s an extension of the Rach-Hmrlchsen equa- 
tion to take the transition resistance mto account 
A, and A, are constants and AH, and AH, are the 
activation energies for current transport through glass 
and the transition layer respectively AH, 1s around 
15 kcal/mole and AH, 20-25 kcal/mole 57 The last 
term m equation (3) thus becomes more important 
at low temperatures and may dommate for a low- 
temperature electrode At higher temperatures, 6& 
80 , It can normally be neglected 

ALKALINE RANGE 
lorwuchangr 

A glass electrode shows Nernstlan response over a 
large part of the pH-range with high accuracy 93*94 
The electrode reaction 111 this range mvolves an 
exchange of hydrogen ions between r&OH sites m 
the gel-layer and proton acceptors 111 the solution 
as has been discussed by Baucke6’ The electrode 
potential may be written 

E = E” + ‘+ h iaH&/aH;,,,) 

As it 1s found experimentally that this equation holds 
It follows that the hydrogen ion actlvlty m the glass 
remams constant over the range of Ideal pH-response. 

--c 

Distance Inwards from surface, pm 

Fig 2 Reslstlvlty as a function of distance inwards from 
the surface of a pH-electrode G = gel layer T = transl- 

tion layer D = dry glass 
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Table 4 Ion-exchange capacrty of some glass electrodes hydrated for more 
than three weeks 

Electrode TYPO Ion 

Total number 
of sites 

nmolr/cm’ 

Beckman 42 
Ingold LOT 
(speamen No 1) 
Ingold LOT 
(speamen No 2) 
Ingold 201 
(specimen No I) 
Ingold 201 

(speclmen No 2) 
Metrohm UX 

Ingold HA 

Low temperature 
Low temperature 

Low temperature 

General purpose 

General purpose 

Nil+ 125 
Ll+ 54 

Naf 196 
Ll+ 83 
Na+ 317 800 
Llf I5 

Na* 80 lo0 
Na+ 50 

General purpose 

High temperature 

Ll+ 73 
Na+ 190 

Na+ 21 

In a solutton with low concentratton of hydrogen 
ions and high concentratton of alkali-metal tons there 
will be an ton-exchange 

Consequently the hydrogen-ton activity m the gel 
layer wtll decrease and a, + @e,) in equation (4) is no 
longer a constant 

The first measurements of the ton-exchange were 
made by Schwabe er al 39 4o h5 with an Isotope techm- 
que m aqueous soluttons Karlberg, and Wtkby and 
Karlbergs measured the ton-exchange of a number 
of glass electrodes If the sodium exchange of a hthta 
glass electrode 1s studied, the exchange can be post- 
ttvely differentiated from the flux of tons from the tran- 
sition layer according to reaction (1) The gel-layer 
thicknesses were known for the electrodes and the 
measurements were made m a non-aqueous solvent 
to prevent alkaline attack on the glass surface The 
ton-exchange capacity for some electrodes96 1s given 
m Table 4 The total number of =StOH sttes could 
be calculated from the total amount of hthmm Ions 
leached out durmg the formation of the gel layer, see 
Table 4 Apparently, only a small fraction of the sites 
m the gel layer 1s available for exchange Karlberg’s 
results, which were obtamed wtth non-aqueous solu- 
tions, are m quahtabve agreement wtth those estt- 
mated from Schwabe and Dahm’s measurements m 
water 

The number of sites available for ion-exchange m- 
creases only slowly when the gel-layer thickness m- 
creases e4 95-97 The exchange capactty during the first 
hours of hydration 1s rather low As only a small 
fraction of the sates 1s available for exchange and since 
the total available exchange capacrty IS almost con- 
stant even rf the gel layer grows, It can be inferred 
that the exchange takes place only m the outer part 
of the gel layer Even rf no experimental evtdence IS 
available tt 1s reasonable to assume that the con- 
centratron of exchangeable sites has a profile similar 
to that of water, see Frg I 

M~vetl rrrponw 

As a consequence of the parttal or complete ion- 
exchange In the gel layer the electrode ~111 no longer 

be an ideal hydrogen-ton sensor By takmg into 
account the ton-exchange, equation (5), Ntcolsky37*9s 
was able to extend equation (4) 

E = E’ + y In {aH+ + f&.&M+) (6) 

where h+ 1s the acttvtty of the umvalent metal ions 
m the solution and K, 1s the equthbrmm constant 
of the ton-exchange, equation (5) If an+ $ KHM~+, 
equation (6) describes an ideal pH-response and tf 
a, + << KHM+ tt describes an tdeal cation-response. 
Between these hmtts there 1s a region of mtxed re- 
sponse However, equation (6) predicts a sharper bend 
and a narrower region of mtxed response than that 
found expenmentally Therefore several attempts have 
been made to modify the Nicolsky equatron46s99-1 l3 
to account for this. The approaches have mcluded 
a supposed variation of activity coeffictents with con- 
centration, dtfferent binding propertres and defect 
equlhbna Ntcolsky himself tried a model m which 
the hydrogen tons were bound to sites with different 
bond strengths By adJustment of the parameters m- 
traduced it has m most cases been possible to obtam 
a reasonably good fit between the derived equations 
and the experrmentally-measured potentals. As satis- 
factory agreement has been obtained for different 
models, tt 1s tmpossrble to evaluate their relative 
merits Unfortunately the different parameters cannot 
be measured by independent methods When the 
composmon and properties of the gel layer have been 
elucidated experimentally as described above, the 
models should be re-evaluated to take this mforma- 
tion into account 

The theory can be extended to mclude tonic mter- 
dtffuston m the glass’ r4 and further development was 
descrtbed m a series of papers by Etsenman and co- 
workers 4,49*1 1 ‘-’ ’ 8 In addition to the phase-bound- 
ary potential there wrll be an electrtcal potential m 
the glass due to different mobrhttes of the mterdiffus- 
mg tons The dtffusron potenttal 1s Bven by the 
Nemst-Planck equation which can only be solved un- 
der certain condtttons The most rmportant assump- 
tions made by Ersenman ef al were that the standard 
chemical potential and the mobthty ratio of the mter- 
dtffusmg tons were constant and that the current and 
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solvent flow were zero The dlffuslon potential, V,, 
for two univalent ians, I and I, IS then 

where K,, IS the ion-exchange equlhbnum constant 
and UJU, IS the moblhty ratlo, and the primes ’ and 
” denote the activities at the two sides of the mem- 
brane Equation (7) IS a slight slmphficatlon of the 
equation given by Elsenman Og 

The most stnkmg feature of equatton (7) IS that 
the potential becomes independent of tune once the 
equlhbrla are established at the boundaries of the 
membrane The ionlc~on~entratlon profiles and the 
electrical-potential profile wtthm the membrane are 
changing with time but this change does not affect 
the measured potential It can also be seen from equa- 
tion (7) thar the dlffuslon potential will be zero when 
the mob&es become equal The derivation was made 
by supposmg that dlffuslon occurred mto a semi- 
mfimte sold phase and It 1s suggested that the prunes 
’ and n represent respectively the outslde and mslde 
of the glass membrane The model then does not 
exphcltly take mto account the differences between 
the gel layer and the bulk glass This point will be 
discussed later 

The mtroductlon of the diffusion potential did not 
change the form of the bend m the range of mixed 
response and therefore Karreman and Eisenman”’ 
introduced an empirical factor, n, relatmg the acttvlty 
and concentration 

a,=@? 

The overall equation for the total potential, which 
IS the sum of the phase-boundary potential and the 
ddfusion potential, then becomes 

V,,, = y In 

a:“” -I- ; (K,,u;)'" 

(9) 

which reduces to the Nlcolsky equation d n = 1 and 
II, = u,, see equation (6) 

In the experiments reported by Karlberg, only 
a small fraction of the sites was exchanged, see Table 
4 He showed also119 that the Ion-exchange was 
apparently complete m about one hour on a general- 
purpose pH-electrode The electrode potent& 
changed during the ion-exchange and the potentso- 
metric response was faster when the hydrogen tons 
moved out and sodium ions moved m than when the 
movement was m the reverse dlrectlon, see Fig 3 
This difference m rate IS to be expected from general 
theory”O If the hydrogen ion has a higher mob&y 
than the sodium ion m the gel layer From these mea- 
surements it IS possible to calculate the ratlo of the 
dlffuslon coeffiaents, which at a gven temperature 

20 30 40 50 60 

Time elapsed from the electrode transfer, min 

Fig 3 Potential change durmg Ion-exchange m a pH-elec- 
trode as a functton of ttme 

IS equal to the ratio of the moblhttes, see Table 5 
The data show that the softer glass has a higher ratio 
than the harder, which contams less water r)rymg 
also reduces the ratto From the ton-exchange capa- 
city data It follows that this moblhty ratlo IS valid 
for an outer part of the gel layer 

As discussed above, the hydrogen ion IS slower than 
the sodium ion m the tram&on layer by a factor 
of 103-104, ze, the ratlo DH+/DM+ IS OOOl-QOOO1 
The mob&y ratlo thus vanes over several orders of 
magnitude mth the distance from the surface to the 
bulk glass It IS very hkely that the water plays & 
unportant role for this vanatlon In the deeper pari 
the moving species may be the proton and m the 
outer part it may be a hydronmm ion This IS sup 
ported by the drymg experunents”9 m which it was 
found that the hydrogen-ion mobility decreased much 
more than the sodnun-Ion moblhty Although not 
experimentally shown, it may be inferred that thk 
exchange capacity shown III Table 4 relates to sites 
contammg hy~oxon~~ Ions rather than protons 
An exchange vvlth sodmm at the hydroxonmm sites 
can then. be assumed to be a fast process Further 
exchange should be a very slow process owing to the 
low mob&y of the protons and III the time scale I$ 
the expernnents an apparent equlhbrnun has be& 
reached 

The theory of Elsenman and co-workers resulted 
m equations whtch were mdependent of time as ds- 
cussed above, see equations (7) and (9) Karlberg 

Table 5 Raao between the dlffuslon c&&lent for hy- 
drogen tons and alkah-metal 1011s at the surface 

Ingold LOT hydrated 
Beckman E-2 hydrated 
Ingold 201 hydrated 
lnaold HA 
M&ohm UX 

hydrated 
hydrated 

In@d LoT hydrated 
Ingold LOT etched 
lngold LoT drwd 
h-&d 201 hydrated 
ln8oid 201 etched 
Ingold 201 dned 

Na+ 
NFi+ 
Nkt+ 
Na’ 
Na” 
LI’ 
LI’ 
Ll+ 
LI’ 
Ll’ 
LI’ 

80 

64 
63 
18 
38 

102 
I23 
28 
96 
70 
29 
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found on the other hand that the potentials changed 
dumg Ion-exchange, see Ftg 3 There IS thus a dacre- 
panty between theory and experiment but it can be 
explained on the bas1.s of the gel layer properttes dts- 
cussed In the dertvatton tt was assumed that the 
mobility ratio was constant but as discussed above 
it ts m fact varvmg over several orders of magmtude 
Thus uu+,&+ IS almost 10 close to the phase bound- 
ary and decreases to 0001 or less m the t~nsitlon 
region A close look at the derivation shows that 
tf the mob&y ratio varies with distance inwards, the 
dtffuston potenttal will become a functton of time As 
the dtffuston front moves mwards, the quotient m 
equation (7) will decrease and the dtffusion potential 
may even change sign The movement wtll be slower 
the farther the front moves inwards and therefore an 
apparently steady-state potenttal wtll be approached 
As the movement Inwards will become very slow tt 
should still be permisstble to use a semi-mfimte space 
as a diffusion model 

It may also be speculated that a model usmg vary- 
mg mob&y ratio should eventuaily be able to explam 
the broadening of the mixed-response region without 
empmcal assumptions about the activity like those 
of equation (8) Nicolsky98 assumed ion-exchange 
sttes wtth dtfferent properttes, which were evenly da- 
trlbuted m the glass. The model presented here also 
assumes that the properties of the sites vary, but m 
a non-uniform way wtth distance Inwards from the 
surface Structurally the vartatton depends on the 
water dtstrrbution and tts influence on the potential 
1s I’M the variatton m transport properties 

In addttton to the dtffusion potential discussed 
above there wtll also be a d~ffuslon potent& m the 
transmon layer Thts follows from the difference m 
mob&ties of hthmm ions and protons Baucke6’ 62 
was able to calculate the mob&y ratio from the con- 
~ntrat~n profiles A good agreement was obtained 
wtth mobility ratios esttmated from the electrical 
resistance of the transition region 73 A potential Jump 
has also been measured directly m the solid,64 it was 
about 90 mV and independent of the hydration time 
For an electrode hydrated on both stdes of the mem- 
brane the diffusion potentials m the two transition 
layers will cancel 

The alkaline error of a glass electrode increases 
with temperature and tt ts time-dependent 1*g3*12i For 
a number of electrodes kept m sodmm hydroxide 
solution Snnon et al 93 observed changes between 
- 10 2 and +9 2 mV during 2 hr The tlme-depen- 
dence IS most ltkely a result of the gel-layer destruction 
and 1s less for a durable glass 12’ 

Tramlent wponse and respome tzme 

Rechmtz and Kugler’23 noted a transrent response 
of cation-selective glass electrodes when the con- 
centration of an auxthary ion was changed At equth- 
brmm the electrode displayed only shght response but 
for a short time after the change a constderable tran- 
sient response was found KarlberglZ4 found that pH- 

electrodes also showed transient response m the range 
where the alkalme error Just starts The slope of the 
curve was dependent on the relative contrtbutions 
from the two tons to the potential When the slower 
sodturn ton moved mto the gel layer a peaked curve 
resulted When the sodmm-ran concentration m the 
solution was decreased and the sodium moved out 
from the gel layer a monotonic curve was recorded 
The change occurred within one minute for a pH- 
electrode, I e, much more slowly than for the catton- 
selective electrode 

Rechmtz’ ’ 5 suggested that two effects combme to 
gave the transient response, namely the relative ton- 
exchange eqmhbrmm constant for the two tons, and 
thetr mobtlity ratio A low mobthty ratio for any two 
tons mighf more than cancel a favourable ton- 
exchange constant As discussed above, tt has been 
concluded that for pH-glasses the mobility ratio 
varies with distance The mobility ratto u,.,+/uNa+ is 
high near the surface and therefore a high diffusion 
potential wtll be produced As the dtffusion front 
moves mwards, the mob&y ratio decreases and there- 
fore also the diffusion potential decreases This 
explanation 1s only quahtative and a full discussion 
must await the solution of the flux equation for a 
vat-table mobility ratio 

Disteche and Dubu~sson*26~127 studied the re- 
sponse time of Corning 015 glass electrodes and found 
a ttme-constant of about 30 msec Perley” noted a 
slow response at htgh pH The electrode 1s also slow 
m poorly buffered solutions’ *O r2* Rechmtz and 
Hameka’29 measured the time-constant of catton- 
selective electrodes and found an exponential ttme- 
de~ndence gtvmg a smgle time-consent, m contrast 
to some other ton-selecttve electrodes Buck et al ‘I3 

noted a slow response at high acidity Rechnnz130 
also reviewed and discussed response characteristics 
Johansson and Norberg 13’ found that a very slow 
but accurately exponential response was obtained m 
isopropyl alcohol medium The response time varied 
wtth the hydrogen-ion activity of the solution An 
explanation based on electrode kmettcs was for- 
warded but later m an attempt to extend the mvestr- 
gations, Wtkby and Karlberg’ found that the re- 
sponse time depends on the buffer capacity rather than 
on the actdity of the solution The tome strength of 
the solutton may also be important Under most 
laboratory condtttons, mass transfer lmnts the re- 
sponse time m aqueous solution but m flow kinetics 
dynamic errors, especrally at low iomc strengths, have 
been observed 133--13f In non-aqueous solvents 
several minutes may be required for equdbrmm13i 
and an acceptable quantitative explanation is not 
available as yet 

ACED RANGE 

In strongly acid solutton, t e, at least M, the pH- 
glass electrode shows a negative deviation It IS largest 
m solutions of halogen acids and sulphunc actd 
Schwabe et aE 36 concluded from electrochemical 
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experiments that acids penetrate the gel layer As a 
consequence the hydrogen-ion acttvtty m the gel layer 
mcreases and accordmg to equatron (4) there will then 
be a negative deviation. The error increases slowly 
with time m the acid solution 9o and it was shown”j 
that the penetration was a zero-order reaction for the 
halogen acids With sulphuric and phosphoric acrd 
the rate decreases with time, whrch suggests a partial 
dehydration of the gel layer It is much greater m 
hydrochloric than m sulphuric acid and tt is larger 
the softer the glass ‘36 Boksay et a1.i3’ found that 
the rate of penetration was proportional to the hy- 
drogen chloride vapour pressure. It was also suggested 
that the first step 1s an adsorption on the glass sur- 
face Later Schwabe et al 13* showed directly by 
radiochemical measurements that the halides pene- 
trate mto the gel layer and that the amounts are 
related to the molecular size, Cl > Br > I It has 
recently been shown by a coulometrtc technlque139 
that the amount that penetrates depends on the glass 
composition and the gel-layer thickness The 
penetratton of chloride mto a hydrated Ingold LOT 
electrode was 9 mnole/cm2 and into a hydrated 
Ingold 201 electrode 1 nmole/cm2 The former 1s a 
low-temperature electrode and the latter a general- 
purpose electrode The acid error is smaller the 
smaller the penetration There was much smaller 
penetration mto freshly etched electrodes It was con- 
cluded that the penetration mvolved only an outer 
part of the gel layer and this has been dtrectly con- 
firmed by Boksay r4” He etched away the outer part 
of the gel layer and found that the chloride was 
removed 

ASYMMETRY POTENTIAL 

If identical solutions are placed mstde and outside 
the bulb of a glass electrode and two tdenttcal refer- 
ence electrodes are immersed m these solutions there 
will usually be a small potenttal difference, This 
potential 1s called the asymmetry potential 

Cremer’” observed potential differences of about 
20 mV, between the mstde and outside of hts bulb 
electrodes and sometimes up to 100 mV Hughes14’ 
realized that the differences varied from one electrode 
to another as well as wtth time He also comed the 
term asymmetry potential Machines and Dole,‘” and 
Ztrkler,‘42 thought that hard glasses had larger asym- 
metry potenttal than soft glasses Theortes about the 
effect of time were also advanced142-147 and it was 
observed that the shape of the bulb was tmportant, 
complicated glass-work resulting m a large asym- 
metry potenttal 14s A spiral electrode showed an m- 
ma1 asymmetry potential of 100 mV It was also sug- 
gested that the potential reflects the different volumes 
separated by the membrane and that the leached 
alkali from the glass was the prime 
cause ” r4’ ‘49-1s’ The hydrostatic pressure15’ m- 
stde the electrode, the film at the electrode stem as 
well as differences between vartous parts of the mem- 

brane’ 52 were thought to cause asymmetry Pohsh- 
mg,‘49 dehydration’ 53 or chemical etchmg on one 
side2 ’ are all known to produce large potential differ- 
ences whereas annealtng 1s known to reduce them.‘54 
Haugaard3” claimed that the asymmetry potentral is 
a functron of pH, which was supported by Aten et 
al ls5 and by Kratz.2 The authors of this paper can 
add the observation that electrodes blown by un- 
tramed glass-blowers show larger asymmetry poeen- 
tral than those blown by professionals from the same 
melt 

Differences m the surface or the hydration between 
the inside and outside of the membrane are usually 
supposed to be the mam cause of the asymmetry 
potentral The behef that the curvature causes the 
asymmetry 1s also common and it seems to be sup 
ported even by recent mvesttgattons i5’ 

The increased knowledge about the glass-electrode 
surface layers forms a basis for a more detatled under- 
standing of the effects causmg an asymmetry poten- 
tial Meyer 15’ showed that alkah was lost from glass 
m a flame and that the leaching was therefore 
reduced Bach and Baucke59 have shown that drffer- 
ent pretreatments of the dry glass results m drfferent 
alkali concentration profiles from which it follows 
that there are structural differences m the surfaces. 
During normal glass-blowing the inside and the out- 
stde are surrounded by different gas mixtures and 
after blowing the temperature of the external surface 
wtll fall more rapidly than that of the mtemal side 
Inhomogeneities have also been observed by electron 
microscopy Is8 Hamilton and Hubbard”’ found that 
between 19 and 36 trmes as much Vtctoara Blue 3 
could be adsorbed on the inside as on the outside 
of an electrode bulb When etchmg both sides with 
hydrofluoric acid unttl the resistance m the su&rces 
vanished, Wikby ‘39 found that a much thicker layer 
must be removed from the inside than from the out- 
side Large differences were found between, the sur- 
faces of soft glasses like Commg 015 and Ingold ,LoT 
whereas the surfaces of hard glasses were almost the 
same Wrkby and Karlbergs found that if hydration 
of etched surfaces was started simultaneously no 
asymmetry potential was found If the hydration was 
started at different times there was a potential differ- 
ence which varied with time It may take weeks to 
attam a constant asymmetry potential and still longer 
for soft glasses An etching wrll probably also remove 
the thickness hmttation noted earher “’ Schwabelh’ 
studied the time-dependence of the asymmetry poten- 
ttal at vartous temperatures and found that the pH- 
change m the internal buffer solution was responsible 
for a large apparent asymmetry potential It was 
larger for soft glass, m more acid soluttons and at 
higher temperatures These changes were caused by 
alkali leached from the glass 

The most important source of asymmetry potential 
durmg normal electrode use is the change m hy- 
drogen-ton activity m the gel layer, see equation (4) 
The changing hydrogen-ton activity may m turn have 
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several causes If there IS hydrolysis of the silicon 
network the number of exchange sites will increase 
with tune and consequently the hydrogen-Ion con- 
centration will mcrease This effect should be more 
pronounced for soft glasses which are less resistant 
to chemical attack and form a thicker gel layer If 
the glass composltlons on the two sides have become 
different as a result of flame reactions the gel layers 
will acquire different amounts of hydrogen ions dur- 
mg hydration There are also large diffusion poten- 
tials m the transition layers which are almost mde- 
pendent of the gel layer thickness as discussed above 
Small dffferences may exist between these and this 
should especially be true if the glass compositions are 
different on the two sides as a result of glass-blowing 
etc 

The asymmetry potential can be made very small 
and almost mdependent of time if the surface layers 
formed during blowing are etched away with hydro- 
fluorlc acid and the hydration is then started slmul- 
taneously at both sides The Internal buffer solutions 
should of course be changed after some time as the 
pH Increases owing to a consumption of protons m 
the hydration process Under these condltlons the 
change m potential with time at the two surfaces will 
cancel almost completely 

CATION-RESPONSE ELECTRODES 

The ion-selectlvlty between hydrogen and other um- 
valent cations depends strongly on the addlbon to 
the glass of some tervalent metal oxides, such as those 
of alummmm, gallium and boron Small amounts of, 
eg , gadolimum oxide, modify the properties 162~163 
The first systematic studies of glass composltaons con- 
taming these elements were made by Lengyel and 
Blum164 who found that there was a shift to an alkah- 
metal ion-response even m acid solutions Only a few 
other mvestigatlons 165~166 were made until Ersenman 
and’co-workers”’ reported an extensive study which 
initiated a general interest in cation-selective elec- 
trodes Elsenman16’ also examined the atomic basis 
for selectlvlty. He calculated the change m free energy 
of the ion-exchange 

Cs+e,ass, + M+,,r, )* M+e,dFs, + Cs+,Fo,n , (10) 

for an G SlO- site or an (= AlOSl= )-site M+ 1s an 
univalent cation other than Cs+ The result showed 
that the selec&ty order was H+ 4 Ll+ > 
Na+ > Kf > Rb’ > Cs’ for the slhcate site and the 
reverse for an ahunmosihcate site The accuracy of 
the calculations IS low and they predict erroneously 
an Ideal H+-response or an almost ideal Cs+- 
response resptictlvelqi for the two sites Smce the negative 
charge 1s distributed on four oxygen atoms m the 
alummoslhcate site the field strength of the amon 
~111 be lower than that of a silicate site for which 
the charge is located on one oxygen atom Nlcolsky 
and Schultz168 used a mode1 m which = SlO- was 
treated as a weak aad sate and (= AlOh=)- as a 

strong acid site Using this view it 1s evident that 
a strong acid site ~11 form a salt with an alkali-metal 
Ion even m acid media The glasses containing alu- 
mmmm will therefore be alkali-metal ion-selective 

With this discussion as a background, only such 
mvestlgatlons on cation-selective glass electrodes as 
are relevant for a further understanding of the pH- 
selective electrode will be revlewed A comparison of 
the surface composltlon and surface properties might 
thus give valuable mformatlon Savage and 
Isard16g~‘70 showed that the addition of alummmm 
increased the chemical durablhty substantially An 
electrode leached at 60” became extremely sluggish. 
behavlour which was assumed to depend on the for- 
mation of a leached layer The drift of the electrodes 
was ascribed to changes m the degree of hydration 
of the ion-exchanged layer ’ 5o Elsenman4 interpreted 
ha trace~-dlffuslon experiments on NAS 1 l-18 and 
NAS 27-4 glasses to mean that the hydration m- 
creased with decreasing field strength The conclu- 
sion IS m contrast to that drawn by Savage and Isard 
for glasses with similar composition Figure 4 sum- 
marizes determmatlons of the alkali-metal ion profiles 
of some cation-selective electrodes The measurements 
were made by Boksay et al 17’,‘72 and by Wlkby ‘73 
The ion-profile for a pH-selective glass is also m- 
eluded for comparison The results have been 
obtained by etching away thm layers from the surface 
and analysmg the etching solutions for glass constl- 
tuents The concentrations ar&gglven as a percentage 
of the concentration m the bulk glass All pH-selective 
glasses studied form a well-defined gel layer, with a 
sharp rise m alkali-metal ion concentration at the 
boundary In this region the alkali-metal Ions have 
been replaced almost completely by hydrogen ions 
The amount replaced on the cation-selective elec- 
trodes vanes from one glass to another and varies 
inversely with the amount of tervalent glass-forming 
elements There 1s a gradual leachmg and the reaction 
proceeds at depth rather than as a complete replace- 
ment at the surface As much of the glass Seems to 
remam unchanged it might be suggested that the elec- 
trode reaction may take place m a sohd-state reac- 
tion’ l2 ’ ” between the orlgmal glass and the solution 
tti contrast to the case for a pH-electrode m which 

w 
Ftg 4 Comparison of concentration profiles mwards from 
the surface of a pH-electrode (- -) and two cation- 
selective electrodes (-) 

A A sodmm-sekct~ve glass, Piuhps G 1%Na 
B A soft alummmm s&ate glass 
C A pH-electrode of htlua glass, Radiometer C-glass 
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the electrode reactron mvolves hydromum tons m the 
gel layer. There 1s too little information available for 
any conclusions to be drawn about the need for, or 
the function of, a hydrated layer on a catron-selectrve 
electrode 

For a glass m contact with water, several processes 
may occur simultaneously, e.g., (I) an ion-exchange 
between alkali-metal tons m the glass and hydrogen 
tons m the solution, (a) a drssolutton of the glass sur- 
face by the reaction between the network and water, 
(zzi) a depolymertzatron process which occurs by the 
diffusion of water mto the surface layer and rts subse- 
quent reaction with the glass structure If process (zzz) 
1s small m extent an exponentral alkali-metal ion con- 
centration-profile may result, as shown by Boksay 
et CZI.‘~*“~ If, on the other hand, a glass 1s strongly 
influenced by process (zzr) the alkali-metal ton concen- 
tratron-profile varies almost stepwrse with the Qs- 
tance Inwards towards the glass bulk 53 The reason, 
on a structural baas, for the different concentration 
profiles between pH-selective and catton-selecttve 
glasses should therefore be the relative importance 
of (111). According to Boksay and Bouquet”’ a qum- 
quecovalent sthcon atom must be formed for the reac- 
tion to occur and this mvolves a prevtous dtstortron 
of a tetrahedral unit In a rigid glass contammg, e g , 
alummmm, the network is more extensively cross- 
hnked and therefore wrll be less attacked For each 
ahmnnmm atom replacing a &con atom m the net- 
work two termmal oxygen atoms will be removed, 
which increases the rigidity- 

Etsenman4S49 determined the tracer self-diffuston 
coeffictents for a number of glasses. He also calculated 
the self-diffusion coefficients of tons m the dry bulk 
glasses from avatlable resistwrty data He found that 
the tracer drffusron coefficients were lOO-10,000 times 
as great as the diffusron coefficients m the dry glass 
and ascribed the dtfference to a higher mobthty m 
the surface From this he concluded that there should 
be a hydration of the surface layers There was m 
fact an mitral rapid step which resulted from the high 
mobrhty m the surface and later a creep which corres- 
ponded to a dtffuston coefficrent of the same size as 
that of the dry glass Wrkby173 measured the resrs- 
trvtty of the surface layers of two alummosihcate 
glasses He found that the reststtvtty of the outermost 
surface layer was higher than that for the bulk glass. 
In contrast to the pH-glasses the high-reststrvtty 
region was distributed over the entire Ion-exchanged 
layer There seems to be no transition region, which 
IS to be expected from the ton-profile curves m Fig 
4. Too little IS yet known to explain the apparent 
contradtctrons between Ersenman’s and Wikby’s find- 
ings 

Ersenman”” studied the Ion-exchange on some 
catton-selective glasses and found exchange capacities 
varying from that correspondmg to a monolayer, to 
values about 1000 times higher The exchange was 
m some cases highly non-ideal Karlberg’s values for 
the ion-exchange capacrty of pH-electrodes, see Table 

4, he m the middle of the range reported by Etsen- 
man. After comparison with potentrometrtc selectr- 
vtty, Ersenman concluded that “there IS no correlation 
whatsoever between surface ton-exchange properties 
and the (steady-state) electrode potenttal selectmtres.” 
If this IS so, the differences m mobrhttes must account 
for the observed selectivitms, which nnphes a mob&y 
ratio of up to 7000: 1 for sodium and potassmm tons. 

APPLICATION TO pH-MEASUREMENTS 

Numerous research papers report on the apphca- 
tton of glass electrodes to measurements of pH under 
various condmons The early mvestrgattons were 
made with electrodes having composmons that are no 
longer m use and with mstruments and techmques 
mfertor to those common today As the electrode pro- 
perties were not well understood, the pretreatment 
may have been questionable It 1s therefore necessary 
to make remvesttgatrons m order to evaluate the 
limits of performance of modern electrodes, and only 
a few recent findings will be dscussed here. 

The most serious source of error for precrsron pH- 
measurements m the pH-range l-9 1s presumably 
changes m asymmetry potential 35 Covmgton and 
Prue”’ developed an extrapolatron technique for 
precise measurements when there 1s a linear drift 
Various features of the vanatrons of e.mf with time 
were considered m a subsequent paper “* A method 
for electrode-testing over a larger pH-range was also 
described 179 Karlberg measured the long-term 
stability of glass electrodes SubJected to various pre- 
treatments He found that large maxlma, also noted 
by others,*0,93 could occur when the electrode was 
transferred from sodium hydroxide solution to hy- 
drochlorrc acid Even m the reverse direction there was 
a dependence on the previous storage solution A dt- 
rect transfer from the acid to the alkali produced 
larger drift than a transfer uza drppmgs m buffer solu- 
tions of pH 3, 5, 7 and 9 

From what IS known today, for precrston measure- 
ment the electrode should be made from a durable 
glass, both sides of the membrane should be etched 
with hydrofluorrc acid, and the hydratron should be 
started stmultaneously for both sides of the mem- 
brane The electrode-should not be subjected to rapid 
pH-variations over a large pH-range and no swttch- 
mg should be performed before measurements.” If 
the electrode 1s to be transferred mto a solution 
before measurement rt should be ascertained that the 
electrode bulb has precisely the same temperature as 
the solutton,‘s’ or large transients may appear ‘sl 
The mput capacitance of the measurmg ctrcurt should 
also be small 9’ These precauttons should be followed 
by an evaluation of the electrode performance as des- 
cribed earlier 177*‘79 

In the alkaline range there wrll be an attack on 
the gel layer and rt may ultimately be completely 
removed Besides the alkaline error, which 1s ttme- 
dependent to some degree, there ~111 also be a drift 
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due to the alkalme attack “’ Not even the most dur- 
able electrodes available today are satisfactory m tlus 
range, especrally at higher temperatures Generally 
the storage time m alkalme solutions should be kept 
as short as posslbie 

The mtroductlon of llthla glasses made it possible 
to use glass electrodes for measurements m non- 
aqueous solutions ’ I” ‘82-190 Loss of water from the 
gel layer will cause a slow response. but relmmerslon 
m water ~111 restore the electrode pe.rformL 
ante 35~108~1g1 The electrode is subject to alkahne’42 
and acid errors which may be so severe that even 
a tltratlon becomes lmposslble ’ 93-1 95 Ivanovskaya et 
al.‘96-1g7 studted the potential-time changes between 
glass and hydrogen electrodes m gomg from aqueous 
to non-aqueous media. The speafic mfluence of 
orgamc solvents was also studied 1g8-200 It was con- 
cluded that the changes were due to the presence of 
a dlffislon-potential gradlent due to penetration of 
the solvent and perhaps dehydration of the surface 
layer For soda glasses the changes were several tens 
of mV and for hthla glasses an order of magnitude 
lower. No measurable penetration of isopropyl alco- 
hol could be found by Karlberg et al.‘O, however. 
The gel-layer growth 1s mhlblted m isopropyl alco- 
ho16g and the transltlon-layer resistance mcreases 
subsequently Furthermore, the hthnnn Ion flux 1s de- 
creased to a tenth of that m water 7o The response 
tnne ts decreased when the gel layer 1s etched away 
with hydrofluonc acid but the selectlMty properties 
change only httle.g7 Karlberg has also summed up 
some precautions for measurements m non-aqueous 
solvents.9’ 
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Summary-A theoretlcal mvestlgatlon has been made of the mterference from chlorine m the oxldatlve 
coulometrlc method for trace sufphur determmatlons A computer program (SOLGAS), based on the 
free-energy mmrmlzatlon prmclple, has been used to prednzt equzhbnum compositions of the products 
resultmg from combustion of a hydrogen sample conta~ing suiphur and chlorme The theoret& 
possibdlties of overcommg the Interference from chlorine and mamtammg a high recovery of sulphur 
ire described 

Chlorine and mtrogen are commonly associated with 
sulphur m petroleum products and chermcals Two 
of the most generally accepted methods’ for trace 
determmatlon of sulphur m hydrocarbons, namely the 
oxldatlve and the reductive mmo-coulometr~c 
methods, suffer from interference from ather chlorine 
or mtrogen Chlorine mterferes with the oxldatlve 
method, owmg to oxzdatlon of lodlde to mdme, which 
causes low results, while mtrogen mterleres w&h the 
reductive method The interference from nitrogen m 
the oxldatlve method can be almost ehmmated by 
addition of sodium azlde to the electrolyte 2 Sodium 
azlde has also been reported to be able to suppress 
the interference from chlorme m the oxldatlve 
method’ but for ~n~ntrations of chlorme htgher 
than 0 1% the interference begms to be severe This 
means that for chlorine concentrations higher than 
0 1% the oxldatlve method cannot be applied to trace 
sulphur determinations 

Another problem associated with the oxldatlve 
method 1s the non-stolc~orne~l~ conversion of sul- 
phur mto sulphur dloxlde HI& tem~ra~e and a 
low partial pressure of oxygen favour the formation 
of sulphur dloxlde Wowever, m most cases a rather 
high partial pressure of oxygen 1s needed to complete 
the combustion of an organic matrut It should still be 
possible to obtam a hgh recovery of sulphur dloxlde 
by ralsmg the t~~rature but It has been reported 
that a hxgh temperature produces the opposzte effect 
for organic samples contaming more than 006% of 
sulphur 3,4 Various low-temperature combustion 
methods have therefore been developed 

Two different types of oxidatlve methods have been 
described The first’-’ ut&zes a temperature m the 
range 700-900” and recoveries of 6%950/, are 
reported The recovery 1s higher than that expected 
from a thermodynamic &lculatlon of the eqmhbrmm 
between sulphur dloxlde, oxygen and sulphur tr~ox- 

lde The reported results m&cate that eqmlibnum has 
not been obtamed The relative standard devlatlon 
of more than 2”/, probably depends on the fact that 
these methods do not Involve eqmhbrmm condltlons 

The prmclple of the other approach to the oxlda- 
tlve trace method”** involves dllutlon of the gas mix- 
ture, obtamed m a low-temperature combustion, with 
an inert gas at high temperature (lOOO”) In this way 
the partial pressure of oxygen IS lowered and eqmhb- 
rmm 1s obtamed because of the high temperature 
used The recovery of sulphur dloxlde 1s close to 100% 
and the relative standard devlatlon for this technique 
is about 1% 

In this work the possibrlltles of overcommg the m- 
terference from chlorme m the oxldattve rmcro-coulo- 
metric method have been examined. When an organic 
sample 1s burnt m oxygen the mam chlorme-contam- 
mg product 1s HCl This compound does not interfere 
with the coulometrlc titration, m contrast to other 
chlorme-containing combustion products such as Cl, 
and HClO A theoretlcal mvestigation was therefore 
made m order to find the combustion condltlons 
which give a high recovery of sulphur dloxlde wlthout 
formatlon of mterfermg chlorine compounds The tra- 
dltlonal hand-calculatmg method was found to be un- 
suitable for this rather complex system Calculation 
of the equlhbrmm composltlon of a complex gas mix- 
ture can be greatly facdltated by appll~tlon of the 
free-energy mmnmzatlon principle p*lo 

THEORY 

For calculatmg the eqmhbrlum composltlon, 1 e , 

the positive set of mole numbers which gives the low- 
est possible value of the total free energy of,the system 
and whtch sat&es the mass-balance constraints, a 
computer program called SOLGAS” was used The 
aim was to predict the equlhbrlum composltlon of 

967 



968 ANDERS CEDERGREN 

the products resulting from combustion of a hydro- 
carbon sample contammg sulphur and chlorme, m 
an oxygen-argon atmosphere For the sake of sunph- 
city a certam hydrocarbon, cyclohexane, was chosen 
The system mvestzgated can be dlustrated by the fol- 
lowmg reactlon + 

GH,, + xS, + yC1, + ~02 + 

uAr--+Products (1)’ 

The eqmhbnum composltlon of this system was cal- 
culated at two temperatures, 1000 and 13CK)K ‘The 
~e~clents m equation (1X which are equal to the 
mput number of moles of each substance were varied 
m the followmg way 5 x 1W6 c x c 5 x 10m4, 5 x 
10-5<y<05,4~5~z~18,v=25and250 The 

total pressure was supposed to be 1 atm. The value 
Y = 250 was chosen m order to study the effect of 
ddutmg the ~mbus~on gas mtxture without chang- 
mg the total pressure The thermodynanuc data, I e , 
the values of the free energy for various substances 
and temperatures, were taken from JANAF l2 

At the begmmng of this work about forty different 
gases, mcludmg products of reaction with the quartz 
tube, such as SIC&~, HSQ,,,,, SQ(,, SIO,, 
SlS,, and S+*, were taken mto consideration. Most 
of them could be neglected as they were present m 
very small amounts. After these mltlal estmWons the 
followmg gases were considered to be the mam com- 
bustion products* CO, CO*, COS, E&S, HCI, HClO, 
ClO, Cl,, Cl, H20, SOz, SOS, Hz, O2 and Ar 

RESULTS AND DISCUSSION 

The dambutton of sulphur species 

Figure 1 shows the dlstrlbutlon of the sulphur spe- 
cues CO& H,S, SO* and SOs as a function of moles 
of oxygen added to one mole of cyclohexane contam- 
mg traces of sulphur The shapes of the curves are 
practically &n&al when the sulphur content 1s 

@./moles 

Fig 1 The dlstrtbutlon of the sulphur spews COS, H,S, 
SO2 and SOs as a function of moles of 0, added to 1 
mole of cyclohexane contammg 5 x 10m5 mole of S2 (0) 
SOz, (A) SOa, (Cl) H2S, (0) COS Unfilled symbols 25 
moles of Ar, T = 1000 K Partly filled symbols. 25 moles 
of Ar, T = 1300 K Fllled symbols 250 moles 6f Ar, T 

= 1300K 

varied m the range lo- ‘-lo- 3 moie Therefore the 
calculations were slmphfied by selectmg a fixed 
amount of Sz (5 x 10W5 mole) throughout this study 
Three dflerent cases are represented m Fig 1 (1) 
addltmn of 25 moles of Fgon at 1000 K, (u) 25 moles 
of argon at 1306 K, (zu) 250 moles of argon at 1300 K 

Let us first consider case (~1. The dlstrlbutlon curves 
show that for z r 9 m equation (1) practically all sul- 
phur 1s present as either SO2 or SOa As expected, 
the SO,-fraction decreases with mcreasmg amounts 
of oxygen For z < 9 the mam sulphur compounds 
are HzS and COS However, ~uil~brlurn calctdatatlons 
for this low temperature are probably only of theor- 
etical interest since separate experiments have shown 
that the equlhbrmm between SO,, O2 and SO3 1s 
not reached fast enough below 1200 K 

In case (II) the system at 1300K was studled As 
can be seen m the figure {for z > 9) the amount of 
SO, is mcreased compared with the s&&ion at 
lOOOK For z < 9 it is mterestmg to notice the rela- 
tively high fraction of SO* formed For example at 
z = 8 75, z e , under reducing condltlons where H2S 
and COS are expected to be the mam sulphur-con- 
taming components. the ~ulllbrl~ ~rn~sltlon 1s 
86% SO,, 12% H,S and 2% COS The reason for 
this can be understood by consldermg the water-gas 
equlhbrmm 

CO,,, + HzOc,, = CO,,,, + Hz(,) (2) 

which IS displaced to the left at elevated temperature 
This results m an mcreasmg amount of oxygen avad- 
able m the system, according to 

WW = HZW + !&w (3) 

In case (nl) the gas mixture 1s diluted at 1300K 
This results m an overall mcreasmg recovery of SO2 
The reason for this, when z > 9, IS that the partial 
pressure of oxygen IS decreased Below z = 9 there 
1s a large Increase of SO2 compared with the case 
with no ddution At z = 8 75 the composition is 98”/, 
SOz, 2% H2S and o”/, COS The water-gas equihb 
rmm (2) IS not affected by changes m pressure How- 
ever, the ~udlbrlum (3) 1s pre~ur~~nd~t. Ttus 
means that when the gas nurture 1s dduted the eqm- 
hbrmm (3) IS displaced to the right, which results m 
more oxygen (and hydrogen) bemg avallable m the 
system This fact evidently favours the formation of 

SO2 

Interferences fpom c~lorzne 

Figures 2, 3a,b,c and 4u,b,c show the dlstrlbutlon 
of the chlorme-contammg compounds HCl, HClO, 
Cl,, Cl, Cl0 for three chlorme concentrations In Fig 
2 the amount of chlorme present 1s equal to the 
amount of sulphur (S, = 5 x IO- 5 mole) whde m 
Fig 3 the amount of chlorine 1s 100 times as large 
and m Fig 4 lO,CW tunes as large as the amount 
of sulphur 

In Fig. 2, which deals with only case (zl), It can 
be seen that the amount of interfering chlorme com- 
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TX HCl 
P” Q 

Fjg 2 The par&d pressures (p, atm) of ~h~o~ne-~ntaini~g 
compounds and SO, as a function of 0, added to a 
sample contammg ! mole of cylcohexane, 5 x lo- ’ mol 
of Clz and 5 x 10s5 mole of S, T = 1300 K and Ar 
= 25 moles ( x ) HCl, (A) Cl, (A) HClO, (0) C12, (0) ClO, 

(01 SO* 

pounds IS at least four orders of magnitude less than 
the amount of sulphur dloxlde, mdependent of the 
amount of Oz added This means that no mterference 
IS expected and tlus IS m agreement with experunental 
results.” Calculations which are not shown m Fig 
2 show that there IS a decrease m the amount of inter- 
fering chlorine compounds when the temperature IS 
raised from 1000 to 13OOK 

Figure 3 shows the effect of a 100-fold mcreaSe m 
the input amount of chlorme for the three cases (I)- 
(W) The situation which IS represented m these figures 
corresponds to a cycbhexane sample contammg 0.4% 
chlorme and @008% sulphur (w/w). The mterference 
from chlorine m the trace sulphur determmatlon IS 
reported to begm at t&s chlorine level ’ As c-an also 
be seen m the diagram, the interference IS sqgmficant, 
especially for the low temperature of 1000 K (Fig. 3~) 
Consequently, It 1s possible to almost ehmmate the 
mterference at this chlorme level by mcreasmg the 
temperature to 1300K (Figs. 3b and 3~). By compar- 
mg Figs. 3b and 3c it can be seen that the amount 
of interfering chlorine compounds slightly decreases 
as a result of the dtlutlon of the gas nuxture [case 

WI 
The effect of a further increase m the mput amount 

of chlorme IS demonstrated m Fig 4 For oxldrwng 
condrtlons (es., for z > 9) the amount of mterfermg 
chlorme compounds IS about two orders of magm- 
tude larger than the amount of sulphur &omde. How- 
ever, consldermg the case (za) which IS represented 
m Fig 4c, It IS mterestmg to notice the posslblilty 
of overcommg the mterference from chlorme by using 
the range z = 8 5-8 8, the recovery of SOz bemg as 
high as 98-looo/, The relative amounts of HCl for 
the three cases (z)-(t~~) are represented m Fig 5 whzch 
has a better resolution than Figs 2-4 with respect 

I5 

02/moles 

(4 

i’ L’ 1. 

x 
HA 

5 
0 

Oz/ moles 

(4 

Fig 3 The partial pressures (p, atm) of chlorme-contammg 
compounds and SO, as a fimctlon of 0, added to a 
sample containmg 1 mole of cylcohexane, 5 x 10e3 mole 
of Cl, and 5 x lo-* mole of S, (a) 25 moles of Ar, 
hO&Q K, (a) 25 moles of Ar, 1300 K, (c) 250 moles of 
Ar, 13OOK (x f HCl, (A) Cl, (A) HClO, (0) Cl*, (U) CIO, 

(0) SO, 

TM. 22/12-c 



to this compound The condltlons for a high recovery 
of HCl are clearly demonstrated m Fig 5 

For the above-mentioned range z = 8 5-8 8, where 
the recovery of SO, IS high and the mterference from 

(a) 0 6 9 12 IS I8 

O,/ moles 

FXm J 
X 

t 

5 

Fig 4 The partial pressures (p, atm) of chlorine-contammg 
compounds and SO, as a function of 0, added to a 
sample contauung 1 mole of cyclohexane, 65 mole of Clz 
and 5 x 10m5 mole of S, (a) 25 moles of Ar, 1000 K, 
(b) 25 moles of Ar, 1300 K, (c) 250 moles of Ar, 1300 
K ( x f HCl, (A) Cl, (A) HCIO, (0) Cl,, (0) clo, (0) soz 
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O,/ moles 

Fig 5 The recovery of HCl as a function of O2 added 
to 1 mole of cyclohexane contammg etther 5 x 10V3 mole 
(filled symbols) or 5 x 10d5 mole (unfilled symbols) of 
Cl, (0) 25 moles of Ar, 1000 K, (A) 25 moles of Ar, 1300 

K, (Cl) 250 moles of Ar, 1300 K 

chiorme ~rnpo~ds 1s el~lnated, the ~qulIlbr~urn 
value of ~0, varies between approxunately lo- lf and 
10e4 atm By usmg, for example, the CO/COz couple 
it would be possible to buffer the gas mixture m order 
to control ~0, wlthm these lnnlts 

In an acid solution with Iodine as reagent, as m 
the ox&We coulometrlc method, both H2S and SOz 
reduce two eqmvalents of lodme This means that the 
amount of sulphur m the sample 1s equal to the sum 
of H2S and SO, If these are the only sulphur~n~ln- 
mg products As can be seen m Table 1 the value 
of this sum 1s high (> 95%) over a large p0, range 
Thus means that CO, for example, can be added so 
that a suitable ~0, 1s obtamed m the final gas mix- 
ture The values presented m the table were obtained 
at 13OOK for the followmg mput values 1 mole of 
cyclohexane, 0 5 mole of Cl:, and 0 5 x lo- 4 mol of 
S, One mole of (#Cl + Clz -t HClO) represents two 
redox equivalents m the tltratlon, which corresponds 
to a negative error of one mole of sulphur (half the 
number of moles of C1 gives the equivalent number 
of moles of Clzf 

The effect of addmg CO to a gas mixture contam- 
mg an excess of O2 can be Illustrated by the followmg 
example Cyclohexane contammg a large amount of 
chlorme and a small amo~t of sulphur 1s combusted 
m an excess of 0, accordmg to the reaction 

C,H,, + 05C1, -I- 1802 + 

5 x IO-’ S2 f 250Ar + uCO-+Products 

Table 1 The dlstnbutton of sulphur and chlorine com- 
pounds as a function of p0, Input amounts of S and 

Cl are 10V4 and 1 mole respectzvely (T = 1300 K) 

PO,, SO,, SO* + H$. (-$Ci + Cl, + HCIO). 
otm molr 7, mole “2 mok 

09x lo-" 996 996 4 x to-* 
14x ioes 999 999 3 x 10-V 
7 x lo-'2 971 996 3 x IO..’ 
3 x 10-12 918 983 2 x lo-' 
I x lo-'2 799 953 2 x IO."? 



Chlorine Interference m sulphur determination 971 

Table 2 The effect of adding CO to the combustion gas mixture with respect to the recovery of sulphur and to 
the ehmmatlon of mterfermg chlorme compounds 

At equlhbrmm 

CO added, SO% 
mole mole y0 

H,S + SO*, 
mole % 

(+Cl + Cl, + HClO), 
mole 

Error,* 
% 

PO23 
atm 

0 97 8 97 8 22 x 1o-3 - 2200 3 x 10-2 
15 990 990 10 x 1o-3 -1000 6 x 1O-3 
18 99 6 996 38 x 1O-4 - 380 9 x 1o-4 

20 978 994 31 x lo-’ -03 22 79 9 95 3 20 x lo-’ -02 ; ; :;I:: 

24 52 1 88 8 16 x lo-’ -02 6 x lo-l3 

* With respect to the interference from chlorme 

Table 2 shows the result at 1300K As can be seen, 
the interference from chlorme 1s ehmmated at CO- 
values larger than 20 moles Above this level the addl- 
tlon of CO must be carefully controlled because both 
the SO2 and HIS + SO2 recoveries decrease with m- 
creasmg amount of CO because there 1s then mcreas- 
mg formation of COS 

As shown m this paper there are theoretical possl- 
blhtles for overcommg the mterference from chlorine 
m the oxldatlve coulometrlc method However, the 
calculations are based on the assumption that eqmhb- 
rmm 1s attamed, which of course remams to be 
proved This assumption 1s hkely to be true at least 
at such a high temperature as 1300 K The theoretical 
mvestlgatlon presented m this paper ~111 soon be fol- 
lowed by an experimental study 
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CHROMATOGRAPHY OF AROMATIC COMPOUNDS 
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Summary-Complex nuxtures of aromatic compounds can be rapidly separated on anion-exchangers 
m the acetate form with acetic acid as eluent and determmed automatically by recording the absorbance 
m the ultraviolet Carboxylates are separated by Ion-exchange Hydrogen bonds between non-chsso- 
elated actds and the counter-tons mfluence the dzstrlbutlon coefficients Hydrogen-bondmg W&I the 
resm has a marked effect on the sorption of solutes con~lnlng phenollc protons Intramolecular hydro- 
gen-bondmg depresses thejr sorption Hydrophobic Interactions have a pr~ornln~t influence with 
hydrocarbons and with phenohc compounds contammg non-polar allphatlc substttuents The relattve 
importance of these mteractlons Increases with a decreased ion-exchange capacity of the resin 

A sharp chromatographic separatton of seven pheno- 
hc compounds on an anlon~x~~ge resm m 5M 
acetIc acid has been prevtously demonstrated by Hal- 
mekoslci and Hyle 1 Coarse re.sm particles were used 
and about three days were reqmred to effect the sep- 
aration More recently Rexfelt and Samuelson 
showed that several aromatic substances could be 
separated wlthm a few mmutes on a pelhcular amon- 
exchanger. Large separation factors were reqmred to 
achieve good separations. 

Chromatography on anion-exchangers m acetlc 
acid 1s a versatile tool m the analysis of complex mix- 
tures of ahphatlc hydroxy-acids but attempts to apply 

pelhcular resins have been unsuccessful The mam 
reason 1s that satisfactory detectors are not avattable 
Moreover, the amounts of separated solutes are so 
small that their lsolatlon for final ldentkatlon 1s dlf- 
ficult. Very often hydrolysates of products of blolog- 
cal ongm and waste-waters from various sources con- 
tam a complex rmxture of ahphatlc hydroxy-acids and 
aromatic compounds It was therefore of mterest to 
study the posslbllity of separatmg such nuxtures and 
findmg condltlons which permit a rapid separation 
of the aromatic compounds on an ordinary resm 

Most experiments were made m Jacketed columns 
(350 x 19 mm) packed with an anion-exchange res.m hav- 
ing quaternary ammonium groups The eluate was ana- 
lysed automatically (Chromatromx Model 220) by deter- 
mmmg the absorbance at 280nm except m the case of 
benzene winch was determined at 254 mn If not otherwise 
mentioned, the nommal hnear flow was 18 0 cm/mm (cal- 
culated for the empty part of the column) and the amounts 
of aromatlc compounds added were 0 3-3 5 ,ug. 

The volume dlstibutlon coefficients (DV) were calculated 
from the peak elutlon volume3 determined m runs with 
smgle solutes and with mixtures No systematlc devlatlons 

were detected when the nommal linear flow was varied 
In the range of 14-18 0 cm/mln The values were reproduc- 
rble to _t 1% over a per& of at least one month when 
the co1urn11 was used m 3M acetic acid or m dilute hy- 
drochlorlc acid It IS noteworthy that the sorption of aro- 
matic compounds increased when the acetate form of the 
resm had been used m 3M acetic acid m 30% ethanol 
at 70” for about one month For example, it can be men- 
ttoned that the D, value of phenol, benzene and methoxy- 
benzene increased by factors of 12,lS and 16 respectively 

The D, values of the strongly held solutes were deter- 
mined on a smaller column (725 x 2 5mm) to obtain 
sharper elutlon curves The D, of phenol determmed on 
this column differed by less than 2% from the value deter- 
mmed on the larger column 

RESULTS AND DISCUSSION 

E#ect of the eluent composltlon 

In agreement with the results reported by previous 
mvesbgators 1*4 Table 1 shows that D, decreases 
rapidly w&h mcreasmg concentration of acetic acid 
m the eluent For comparison, D, was also deter- 
mined on the same resin converted mto the chloride 
form These determmatlons were restrlcted to low 
hydrochloric acid concentration to avoid corrosion 
of the pump. In experiments with pure water the 
reproduclbdlty was unsatisfactory with both resm 
forms This can be ascr&d to loran-hydrolysis 

Only the benzotc acids are dissociated to an appre- 
clable extent m the media applied and only with these 
species can ion-exchange be of nnportance Increasmg 
the hydrochlonc acid concentration from OQO74 to 
0074M resulted m a shght mcrease m D, (about 2%) 
for phenol, 1,2-~~ydroxy~e and 2,6-dmethoxy- 
phenol The effect recorded with benzaldehyde was 
mslgnlficant With benzo~ acid the D, dropped from 
31 at the lower hydrochloric acid concentration to 
23 at the higher level Slmllarly, the D, value of 4- 

973 
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Table I Volume dlstrlbutlon coefficrents (03 at various ~on~ntmtlons of acetrc acrd (acetate resm) and in 00074M 
hydrochlorrc acrd m water (chlorrde resm) and 3M acetrc acrd (mrxed resm) Dowex 1-X8, 17-20 qn, 70” 

Benzene 
Naphthalene 
Phenol 
1 SDrhydroxybenzene 
1.4-D~hydroxy~~ene 
2-Methoxyphenol 
2,6-Drmethoxyphenol 
Methoxybenzene 
Benzorc acid 
2-Hydroxybenzolc acid 
3-Hydroxybenzotc acrd 
4-Hydroxybenzorc acrd 
2,5-Dthydroxybenzorc acid 
Benzaldehyde 
3-Hydroxy~~ldehyde 
1,3-Dlhydruxynaphthalene 
2 7-Drhydroxynaphthalene 

OOOIM OlM 1M 3M SM 7M HCl HCI 
HAG HAG HAc HAc HAc HAc in water m HAc 

671 6 10 505 3 15 194 100 110 442 
115 97 54 206 819 361 >150 34 

187 155 924 489 304 204 188 6 10 
485 38 18 1 8 76 531 3 73 292 883 
23 8 19 1 9 84 5 10 322 232 170 560 
127 979 5.53 285 159 101 154 406 
8 53 6 52 3 43 165 091 054 129 
972 8 32 5 84 3 05 163 126 177 478 

61 146 573 3 10 310 7 14 
>I50 79 >150 

>I50 33 136 754 70 136 
96 23 100 550 64 125 

>I50 127 >150 
541 409 2 IO 148 085 054 844 242 

28 5 198 930 3 83 2 10 132 249 51 
105 46 217 
62 252 129 

hydroxy~~olc acid decreased from 64 to 61 for thts 
change m eluent concentratron These results show 
that ion-exchange contributes to the sorpbon of hen- 

zorc acids but 1s of httle or no importance with the 
other solutes 

With the acetate form of the resm the largest con- 
centration dependence was observed with the carboxy- 
hc acids In addition to the factors of general tmpor- 
tance for non-electrolytes, the decreased dissociation 
and hence decreased con~lbutlons from ion-exchange 
affect then D, The 2-hydroxybenzoic acids which are 
dissociated to an appreciable extent even at a htgh 
acetic acid concentratton were not eluted with a 
reasonable volume of 3M acetic acid but were well 
resolved by the 7M acid Even some phenohc com- 
pounds, e g , dihydroxynaphthalenes, were held very 
strongly m 3M acetic acid but were easily eluted as 
well-sheath peaks at the hrghest acid con- 
centratton 

In addition to the decreased contributions from 
ion-exchange, the decrease m D, with increased acetic 
acid ~n~n~atlon can be attributed both to factors 
whreh mcrease the solubthty of the aromatic solutes 
m the external solutton (mcludmg formation of as- 
sociation compounds with acetic acid) and to factors 
which change the properties of the solution msrde the 
resm phase e g , by blockage of sorption sues 

As prevtously shown5s6 acetate ions (AC-) present 
as counter-ions 111 the resm have the ability to associ- 
ate with carboxyhc acids (HA) by hydrogen-bonding 
and give counter-ions of the type HAAc- This sorp- 
tion mechanism must contribute to the D, of the aro- 
matic carboxyhc actds With mcreasmg acetic acid 
concentration the importance of this sorption 
mechamsm decreases, owmg to com~~tlon with ace- 
tic acid for the proton-acceptmg carbonyl group m 
the acetate counter-ions This explains why the acetic 
acid concentration had such a marked mfluence on 
the D, of the jostle carboxyhc acids under condz- 
ttons where these were virtually non-dissociated 

To elucidate the influence of this sorption 
mechanism further, experiments were made with ben- 
ZOIC acid, 3-hydroxybenzoic acid and 4hydroxyben 
ZOIC acid 111 a mixed eluent which was 3M with re- 
spect to acetic acid and 0+0074M with respect to hy- 
drochloric acid These aromatic acids are virtually 
non-dtssoctated both m this eluent and 1x1 3M acettc 
acid This means that the species present m the exter- 
nal solutron will be vntually the same m both medta 
On the other hand the composition of the resm phase 
is drastically changed In the mixed eluent, the chlor- 
rde, which has a higher ton-exchange afhmty than 
acetate, is the dommant counter-ion. Separate exper- 
iments m which the resin was equlllbra~ with the 
mixed eluent, centrifuged and rinsed wtth water, 
showed that chloride constituted 95% of the counter- 

Table 2 Volume dlstrlbutron coefficrents (II”) m 3M acetic 
actd and 0~74~ hydrochlonc acrd Dowex l-X8, 17- 

20pm. 70 

Hydrochlortc 

AcetIc acrd. aad, 

D” D” 

1,2-Dthydroxybenzene 650 193 
1,3,S-Tnhydroxybenzene 169 42 
2-Hydroxytoluene 667 40 

3-HydrclxytokIene 699 39 
~~y~o~ytoluene 673 38 
ZADlmethyl-I-hydroxybenzcne 960 85 
1,2-Dtmethyl-~hydroxybenzene 887 66 
1,3-DImethyl-2-hydroxybenzene 625 48 

I-Hydroxy-2,4,5-trlmethylbenzene 123 33 
3-Methoxyphenol 520 35 
4.Methoxyphenol 3 69 236 
2.Methoxy-4-propylphol 8 55 133 
4-Allyl-2-methoxyphenol 641 84 
I.2-Dtmethoxybenzene 144 12 I 
IJ-Drmethoxybenzene 3 05 32 
1,4-Dmxthoxybenzene 243 244 
l&3-Tnmetboxybenzcne 1 12 10% 

1,3,5-Tnmethoxybenzene 338 33 
4-Hvdroxv-3-methoxybenzolc aad 126 50 
3,5-i),-tert-butyl-4-h;dmxy- 

benzo~c acld 
2-Hydroxybenzaldehyde 
4-Hydroxybenzaldehyde 
L4.Dthydroxybeozaldehyde 
aHydroxy-3-methoxybenzaldehyde 
Benzosutnone 

>lSO >I50 

2 58 172 
447 27 7 
9 38 66 
284 210 
039 I 28 
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ions m the washed resin Only a small amount of 
hydrochloric acid (0 1 mmole per g of dry resin) was 
present m the washmgs. The results given m Table 
1 show that the aromatic acids were held much more 
strongly by the acetate resm than by the resm which 
was mainly m the chloride form, while the solutes 
lacking carboxyhc acid groups were held less strongly 
by the acetate resin These results support the conclu- 
sion that association with counter-ions contributes 
markedly to the sorption of the carboxyhc acids. 

Since hydrogen-bonding of a phenolic proton to 
proton-accepting groups m other stationary phases 
is of great importance even in aqueous solution,7~8 
the question arises whether the formation of snnrlar 
associated species between phenols and the acetate 
counter-ions contributes sigmficantly to the sorption 
of phenohc compounds The fact that the D, values 
of 1,3-dthydroxybenzene and 1,4-drhydroxybenzene 
were only slightly higher on the nnxed resin than on 
the acetate resm, while the other compounds lacking 
carboxyhc acid groups were held much more strongly 
by the mixed resin, suggests that this mechanism has 
a sigmficant influence 

Relatlonshps between the structure of the non-electro- 
lytes and thezr retention data 

Many mechanisms have been suggested for the 
sorption of aromatic compounds onto ion-exchange 
resms.g,lo No doubt various types of mteractions co- 
operate and it IS often difficult, if not Impossible, to 
drstmgursh between, for mstance, hydrophobic mter- 
actions (sorption enforced by water-structure)” and 
mteractions between x-electrons m the aromatic 
solutes and the stationary phase Conclusions con- 
cerning the Influence of different types of mteractions 
are complicated by the presence of acetic acrd m the 
eluent, but this is necessary for efficrent separations 
for analytical purposes Despite these complications 
there exist relationships between the structure of the 
solutes and their distribution coefficients, which per- 
mit prediction of the elutron order 

For many aromatic solutes there exist great similar- 
ities between the elution order m aqueous media on 
cation-exchangers and anion-exchangers as well as on 
other polymeric stationary phases Naphthalene and 
its derivatives are held more firmly than benzene and 
the correspondmg derivatives on all the ion- 
exchangers so far studred2.g mcludmg the acetate and 
chloride forms of the amon-exchanger studied m the 
present work (Table 1) The same holds true when 
polyvmylpyrrohdone7 or polyamrdes’ are used as 
stationary phases Theoretically, the interactions 
between x-electrons in the aromatic solutes and the 
stationary phase will increase wrth increasing number 
of aromatic nuclei Cyclohexane is, however, held 
much more strongly than benzene on the resins stud- 
ied m the present work Smce it is known that the 
decrease 111 free energy for the transfer from an 
aqueous solution to an orgamc solvent is larger for 
cyclohexane than for benzene” this observatron 

strongly mdrcates that n-electron mteractrons with the 
stationary phase are less important than the hydro- 
phobic mteractrons. 

The effect of hydrophobic mteractions is reflected 
m the D, of the aromatic compounds contammg non- 
polar ahphatic side-chains As expected, the mtroduc- 
non of methyl groups resulted 111 a sigmficant increase 
in D, (Table 2) The larger contributions of ethyl and 
propyl groups’ strongly mdrcate that the hydro- 
phobic mteractions are very important even 111 acetic 
acid medium The decrease m free energy for the 
transfer of alkenes from aqueous solution to the pure 
hquid hydrocarbon is less than that observed for 
alkanes I2 This permits us to predict the followmg 
order of mcreasmg D, 2-methoxyphenol < 4-allyl-2- 
methoxyphenol < 2-methoxy-4-propylphenol. This 
elution order was found to be valid also for pelhcular 
anion-exchangers ’ 

The much larger D, of benzene and naphthalene 
at low eluent concentrations on the chloride form 
than on the acetate form shows that non-polar mter- 
actions (mcludmg water-structure enforced sorption) 
are strongly affected by the counter-ions Slrmlarly, 
benzaldehyde and methoxybenzene lacking hydroxyl 
groups, and the phenohc compounds with the hy- 
droxyl group involved in mtramolecular hydrogen 
bondmg (2-methoxyphenol and 2,6dlmethoxyphenol) 
were held much more strongly by the chloride form, 
whereas the D, of phenol was the same on both resm 
forms The D, of 3-hydroxybenzaldehyde was higher 
for the acetate form than for the chloride form Lrke- 
wise, 1,3-dihydroxybenzene and l,Cdihydroxyben- 
zene, which are lacking mtramolecular hydrogen 
bonds, exhibited larger D, on the acetate resin m 
dilute acetic acid The results mdrcate that the 
relative importance of the non-polar mteractions is 
less for the acetate resin than for the chloride resm, 
while the contributions to D, from mteractions with 
the phenohc groups are more important for the ace- 
tate form 

To elucidate the influence of the ions present m 
the resin phase, experiments were made with a mac- 
roreticular styrene-divmylbenzene resin lacking 
exchange groups (Amberhte XAD-2) l3 In lrnA4 ace- 
trc-aad benzene was held much more strongly than 
phenol Both solutes exhibited much higher D, than 
wrth the anion-exchangers, whereas the opposite was 
found for 13-drhydroxybenzene The distribution 
coefficients decreased markedly m 3M acetic acid but 
the elution order was the same as at the lower con- 
centration Hence, the order was the reverse of that 
for both forms of the anion-exchanger, independent 
of the eluent concentration On cation-exchange 
resms of sulphomc acid type (H+ and Na+ forms) 
with the same polymer matrix as that of the amon- 
exchangers studied, these compounds were eluted m 
the order 1,3-dihydroxybenzene, phenol, benzene, 1 e , 
m reversed order compared to the anion-exchange, 
Moreover, the sorption was much less than that on 
the amon-exchanger 4 A decreased sorption of non- 
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Table 3 Volume distribution coefficients (D,) at 70” in 3~ 
acetic acid on Ammex A-28 (8-12pm) and Dowex l-X8 

(17-20~) 

Lkmne 

1,3-D~hydroxybenzene 
l,CD~hydroxyknzene 
2-Hydroxytoluene 
2,4-Dmethyl-l- 

Amrnex A-26, Dawex l-X8, 
D. D” AlnD, 

911 3 13 I 07 
9 50 865 009 
503 505 000 

144 667 077 

hydroxybmzene 

I-Hydroxy-2,4,5- 

25 7 9643 0.98 

trmethylbenzene 389 123 115 
2.Methoxyphenol 588 290 071 
CMethoxyphenol 703 369 064 
2,bDtmethoxyphenol 398 164 0 89 
Lknmc acld 189 145 027 
Benzaldehyde 375 149 @92 

polar non-electrolytes with an increased ion-exchange 
capacity has also been demonstrated.14p15 Evidently 
salting-out effects due to the ions present m the resms 
have a great influence on the distribution coefficients 
The results reported m the present work show that 
the counter-ions have a great Influence, but most 
likely the ions fixed to the resin matrix are also of 
great nnportance 

In this connection rt is worth mentioning that qua- 
ternary ammomum salts exert a pronounced saltmg- 
m effect on both benzene16*17 and benzene deriva- 
tives ‘* The larger drstrrbutron coefficients for the 
anion-exchanger compared to the cation-exchanger 
can therefore m part be ascribed to the fixed quatern- 
ary ammomum tons m the amon-exchanger 

Tables 1 and 2 show that for comparable com- 
pounds lackmg intramolecular hydrogen bonds the 
sorption on both forms of the anion-exchanger m- 
creases for mcreasmg number of phenohc groups 
These results mdicate that there are spe&c mterac- 
tions between free phenohc protons and the amon- 
exchanger. The observations that 2-methoxyphenol 

and 2-hydroxybenzaldehyde with mtramolecular hy- 
drogen bonds were held less strongly than the tso- 
merrc species and that 2,6&nethoxyphenol had an 
extremely low D, which could be ascribed to stem 
hmdrance and mtramolecular hydrogen bonds, sup 
port this conclusion. The reversed eluuon order of 
benzene, phenol and 1,3drhydroxybenzene compared 
to that on the non-ionic resm and on the catron- 
exchanger strongly indicates that these spectic mter- 
actions are due to the tons within the amon- 
exchanger. This conclusion 1s further supported by 
the observation4 that mtramolecular hydrogen-bond- 
mg increases the sorption onto catronexchange resms 
and by the experiments with the amen-exchanger m 
the mtxed eluent The results mdtcate that hydrogen- 
bondmg m which the phenohc proton 1s involved 
contributes signmcantly to sorption onto the acetate 
form of the amon-exchanger but that this type of m- 
teractron is also of importance for the chloride form. 
The observations9 that m ethanol and butanol, com- 
pounds contammg phenohc hydroxyl groups are 
retained effectively by the chloride form, while the 
distribution coefficients of aromatic hydrocarbons are 
very low, support this conclusion In this connection 
it is worth mentiomng that hydrogen-bonding 
between chloride ions and hydroxyl groups m non- 
aqueous media has been demonstrated.lg 

Influence of the exchange capacity 

The co-operation between non-polar mteractrons 
and hydrogen-bonding of the phenohc proton to the 
anion-exchanger can also explain the effect of the 
number of fixed iomc groups m the resin phase on 
D, observed m the experunents referred to in Table 
3 Both anion-exchangers were styrene-dwmylben- 
zene resms of the benzyltnmethylammonnun type and 
the exchange capacities determmed per ml of bed 

Eluote volume, cm3 

Fig. 1 Separation of (1) 26dimethoxyphenol, (2) 2-methoxyphenol, (3) 1,4-dlhydroxybenzene, (4) 
1,3-dihydroxybenzene, (5) benzolc acid and (6) Chydroxybenzolc acid m 3M acetrc acid at 70” Column 

350 x 19mm, Dowex l-X8, 17-2Opm Nominal hnear flow 18 Ocm/mm 
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volume were very slrmlar (Dowex l-X8, 1.11 mmole/ 
ml, Ammex A-28, l-23 mmole/ml). On the other hand 
the exchange capacity per unit weight of the resm 
(determmed for the dried chloride form) was much 
higher for Dowex l-X8 (3.13 mmole/g) than for 
Ammex A-28 (2.21 mmole/g). As expected wrth regard 
to the larger concentration of non-substrtuted aro- 
matic rmgs m Aminex, benzene was held much more 
strongly on this resin than on Dowex 1. The differ- 
ence m ln D, was even larger for 1-hydroxy-2,4,5- 
trlmethylbenzene~ and is ascribed to mcreased non- 
polar mteractions due to the methyl groups and to 
the shreldmg of the hydroxyl group. Qn the other 
hand l+dihydroxybenzene exhibited the same D, on 
both resins Tlus IS explamed by mcreased contribu- 
tions of hydrogen-bondmg to the resm and decreased 
non-polar interactions. As expected, A In D, was also 
small for the other two solutes which had a pro- 
nounced abthty to participate m hydrogen-bonding 
(1,3dihydroxybenzene and benzoic acid) whereas 
A In D, was very large for benzaldehyde, which lacks 
proton-donatmg groups, and 2,6-dlmethoxyphenol 
(mtramolecular hydrogen-bonding and steric hm- 
drance) Intramolecular hydrogen-bondmg explams 
the larger A ln D, of 2-methoxyphenol compared to 
its Isomer 

The results presented above show that a co-oper- 
ation between non-polar mteracttons and hydrogen- 
bonding can explam not only the elutton order on 
a given resin but also the differences between resins 
of different exchange capacities The fact that the D, 
values and the elutron order are affected not only 
by the counter-ions but also by the exchange capacity 
lends great versanhty to the separation method For 
some solutes the separation factors are much more 
favourable with a resm of high capacity, whereas with 
others the opposite is true 

PRACTICAL APPLICATIONS 

The distribution coefficients presented above show 
that most of the compounds studied can be well 
separated on amen-exchangers m both tome forms. 
Smce standard pumps made of stamless steel can be 
used at high concentrations of acetic acid, and m 
addition the elutron positions can be controlled by 
proper choice of eluent concentration, a resm m the 
acetate form is preferred With solutes such as dihy- 
droxynaphthalenesandbenzotcacldsn is recommended 
to choose a high acetic acid concentration (e.g , 7M) 
whereas with other solutes a lower concentration (e g , 
3M) is preferred A chromatogram recorded m this 
medium usmg a resin with a relatively large bead 
diameter (Dowex l-X8, 17-20 ,u), is given m Fig 
1 The SIX solutes were separated withm 55 mm The 
peak areas were reproducible withm f 1.5% or 
better 

The distribution coefficients given m Table 1 show 
that a mixture contammg benzene, phenol, Zmethoxy- 
phenol and metboxybenzene cannot be separated m 

001 1 I I I 

29 30 31 32 33 

103 

7 

Fig 2 Influence of the absolute temperature (“K) on the 
volume distribution coefficients in 3M acetic acid Column 
350 x ‘9mm, Dowex l-X8, 17-20,~ Nominal lmear 
flow 18 0 cm/mm 0 Z,dDimethoxyphenol, 0 2-methoxy- 
phenol, A 1,4-dihydroxyhenzene; 01 1,3-dihydroxyhen- 

zene, 0 berizolc acid, 1 4-hydroxybenzolc acid 

these media but that the conditions are favourable 
for a quantitat&e separation m 0 1M acetic acid and 
even at lower concentration. 

The temperature greatly mfluences the distributron 
coefficients. For this reason repro&&e results are 
obtained only with thermostated ~01~s. With all 
solutes studied (Fig 2) the distribution coet%cients m 
3M acetic acid decreased with increasmg tempera- 
ture In some systems the separation factors were 
lower at a higher temperature However, smce at the 

Eluate wlurqe, cm3 

Fig 3 Separation of (1) benzaldehyde, (2) 2-methoxy- 
phenol, (3) Cmethoxyphenol, (4) 1,3-dihydroxybenzene, (5) 
2-hydroxytoluene and (6) benzoic acid in 3M acetic acrtl 
at 70”. Coluinn 350 x 19mm, Ammex A-28, E&12- 

Nommal linear flow 7 7 cm/mm 
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5 IO 

Eluote volume, cm3 

Fig 4 Separabon of (1) glucomc acid, (2) glucuromc actd, 
(3) 4-methoxyphenol and (4) 1,3-drhydroxyhenzene m 3M 
acettc actd at 70” Column 350 x 19 mm, Ammex A-28, 
8-12 m Nommal hnear flow’ 7 7 cm/mm Broken lme 
ul~a~olet-~~~r, 254 nm (0 64 absorbance = 2x) mm) 
Full hne d&erentta~ refractometer, Laboratory Data Con- 

trol Model 1107 L 

same nommal flow, broader peaks and htgber pres- 
sure drop are obtamed at low temperature, tt ts 
recommended to run the separattons at elevated tem- 
perature As an example of the effect of the tempera- 
ture on the broadenmg of the elutlon curves it can 
be mentioned that the height of a theoretrcal plate 
(calculated for 1,3-dthydroxybenzene) was 3 4 mm at 
30”, 2 3 mm at 50”, 1.9 mm at 60” and 15 mm at 70 
The values refer to ex~r~~~ at a nommal lmear 
flow of 18 0 cm/mm With regard to the m&b&y 
of the resin, 70” was chosen as the highest tempera- 
ture m this lnvestigatlon Likewnse the flow-rate has 
great effect on the peak broadening At 70” the plate- 
height decreased to 0 7 mm at a linear flow of 4 cm/ 
mm and to 04mm at 2~/mm 

Like other separations on ton-exchange resms, 
those of aromatic compounds can be improved mark- 
edly by decreasmg the part& stze of the resm beads 
This is illustrated by the chromatogram (Fig 3) 
recorded m an experiment with Ammex A-28, g-12 
m, at 70” and a nominal lmear flow of 7 7 cm/mm 
Slight overiappmg occurred between 2-methoxy- 
phenol and 4-methoxyphenol (separatton factor 1 18) 
whereas the other solutes were completely separated 
The last ~rnpo~d was eluted within 9Smm The 
height of a theoret& plate calculated for 1,3-diiy- 
droxybenzene was 0 14mm The results show that 

sotptton equ~ib~~ is estabhshed very rapidly and 
that the rate-determmmg step IS the drffusron inside 
the resm partcles. 

In practtce, many types of aqueous solutions con- 
tammg both strongly polar aliphattc hydroxy actds 
and aromatic compounds have to be analysed Smce 
the aliphatlc acids gwe no sign&cant response in the 
ultravtolet-monitor these do not mterfere wtth the 
chromatographtc analysts, but tf tt IS destred to Isolate 
the arotnatm solutes for add&tonal tdenttficatton or 
preparattve purposes, advantage can often be taken 
of the fact that many ahphattc acids appear earlter 
on the chromatogram than the aromatic compounds. 
Figure 4 illustrates the separation of two aromatic 
compounds m a solution contammg glucomc and glu- 
curomc acids. It 1s seen that at the acetic acid con- 
~ntra~on used, the ahphatlc acids appeared early on 
the chromatogram as well-separated peaks recorded 
by a differential refractometer These acids were well 
separated from the aromattc compounds, which 
appeared as discrete peaks Under the condrtions 
used, the last peak was completely eluted wlthm 
50mm 
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Summary-A general method for coulometrtc tttratton of alkylphenols wtth anodtcally generated bro- 
mme 1s described The reaction IS carrted out in a water-acetic actd medium and the reacttvtty 1s 
governed by varying the water content and the concentratton of bromtde ton and by the addttton 
of pyrtdme In that way all types of alkylphenols can be titrated quantttattvely For phenols contammg 
more than one free ortho and para posltlon, the titration can also be carried out either to the monobro- 
mmatlon stage or to the full brommatlon stage The mean relative error IS k 12% for monobrommatlon 
and + 1 5% for full brommatlon A method for rapid determmatlon of the number of free ortho and 
para posltlons m alkylphenols by using two coulometrlc titrations 1s also described 

Brommatton has histortcally been an tmportant 
method for the quantitattve determmation of phenols 
The phenol brommatton method was introduced by 
Koppeschaar’ as early as the previous century and 
it has, with certam modtficattons, been m frequent 
use smce then ‘-’ The first more general quantttative 
phenol brommatron method was described by Smith 
m 1956 ’ Instead of free bromme, as used m the Kop- 
peschaar method, an aqueous solution of potassium 
brormde and potassmm bromate was added m slight 
excess to a solution of the phenol m acetic acid which 
had been further acidified with hydrochloric acid 
Potassium lo&de solution was then added and the 
iodme formed was mediately titrated with thiosul- 
phate, starch bemg used as mdicator. For slowly 
reactmg phenols a larger excess of bromtdebromate 
and longer reaction tune was employed Only full 
brommation took place, t.e., hydrogen at all free posi- 
tions ortho and para to the phenohc hydroxyl group 
was replaced by bromine 

Coulometric brommation methods for phenols, m 
which bromme is anodically generated from bromide 
ion by using a constant current and the amount of 
bromine consumed by the phenol is calculated from 
the magnitude of the current and the time of reaction, 
are of fairly recent date Carson’ seems to have been 
the first to utihze a coulometric bromometric titration 
for the determmation of a phenol He determmed 8- 
hydroxyqumohne m an aqueous solution which was 
0*2M with respect to sodium bromide and 09OlM 
with respect to hydrochloric acid The fact that the 
fully brommated phenol was partly precipitated made 
the method somewhat unreliable 

The most comprehensive investigation m this field 
is due to Lichtenstem” who brommated phenol and 
nme methylphenols m aqueous solution which was 
0.2M with respect to potassium bromide and 1M with 
respect to sulphuric acid In all cases monobromma- 
non took place except for 3,5_dlmethylphenol which 

was dibrommated The errors varied between 1 and 
5% The dependence of the apparent bromme con- 
sumption on the pH of the titration medium was first 
pointed out by van Zyl and Murray” and was later 
more closely studied by CJta and Ku&a l2 It was 
found that the reactivity of the phenol towards bro- 
mme increased with increasing pH. Thus, at pH 3, 
o-cresol apparently consumed three moles of bromme 
per mole and at pH 5 m-cresol consumed four. As 
these phenols have only two and three vacant ortho 
and para posittons, respectively, bromme must be 
used up in connection with other reactions than sub- 
stitution at free ortho and para positions and/or elec- 
trons are transferred at the anode m reactions other 
than bromme formation 

In previous coulometric bromometnc titrations of 
alkylphenolsg-‘4 water was used as titration medium 
throughout and the pH ranged from -0.3 to 8 The 
lowest value used for the constant generatmg current 
was 0 3 mA and the highest 15 mA The titrations were 
generally followed biamperometrmally with two plati- 
num electrodes, and the indicator currents plotted 
manually against time 

INFLUENCE OF VARIOUS FACTORS ON THE 
BROMINATION REACTION AND TITRATION CURVE 

Among the mvestigations discussed above, only one 
seems to offer a more general method for monobro- 
mmation without side-reactions lo However, only a 
limited number of phenols was titrated, and it is ques- 
tionable whether the titration medmm used (water) 
is smtable as a solvent for alkylphenols with larger 
alkyl groups As it was Judged desirable to develop 
a general coulometric brommation method which 
could be apphed to all types of alkylphenols, a sys- 
tematic study of several factors affectmg the bromma- 
tion reaction and the shape of the titration curve was 
undertaken 

979 
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Tztrutzon rnedzum 

The composltlon of the tltratlon medium has a 
decisive influence on the brommatlon reaction As 
mentioned above, previous investlgatlons of coulo- 
metric bromometrlc titrations of alkylphenols were 
made with water as tltratlon medmm, often resulting 
m higher values than would be expected for regular 
nuclear brommatlon Water also appears to be un- 
suitable as a solvent for both alkylphenols and their 
brommatlon products Because of good experience 
with acetic acid as medium m bromld*bromate 
tltratlons of phenols,’ it was decided to try mixtures 
of acetic acid and water as media for the coulometrlc 
titrations. 

Acetlc acid-water mixtures turned out to functron 
excellently 111 that no uncontrollable overbrommatlon 
occurred and the reactlvlty of bromme towards 
phenol was a function of the ratio of acetic acid to 
water, mcreasmg with the water content At the hlgh- 
est water content used---40y0 v/v (60 40 medmmbthe 
solvent properties of the medmm are still satisfactory 
Nearly all of the phenols tested can be quantitatively 
monobrommated either m this medmm or, for more 
reactive phenols, m a medmm contammg loo/, v/v 
water (90 10 medium) 

Only one very reactive phenol was fully brommated 
m the 60 40 medium and none m the 90 10 medmm 
In order to brmg about replacement of hydrogen by 
bromme at all free ortho and para positions, 5% v/v 
of the acetic acid was exchanged for pyndme m the 
60 40 medwm, glvmg a 55.40 5 medmm A still faster 
medium (55’35 10) contams loO/,v/v pyrldme The 
accelerating effect of pyrldine on the brommatlon of 
phenols was pomted out by Ingberman15 and seems 
to be rather specfic for this base l6 The active bro- 
mmatmg reagent 1s believed to be a pyndme-bromme 
complex One of several possible structures 1s pyn- 
dmmm bromide perbromlde (PyH+Br-,Br,) which 
was used by Wllhams et al ” for the brommatlon 
of phenols m the presence of 1,1,3,3-tetramethylguam- 
dme. 

Three mam solvent composltlons with varymg con- 
tent of acetic acid, water and pyrldme were utlhzed 

Table 1 CornposItIon of media used for brommatlon of 
phenols 

Acetx acid, Water, Pyrldme, 
Medmm % VIV % vlv % v/v cBJ7, 

I-l 55 35 10 ’ 01 
II-1 55 40 5 01 
II-2 55 40 5 04 
II-3 55 40 5 12 
III-1 60 40 - 01 
III-2 60 40 0.4 
III-3 60 40 - 12 
IV-1 90 10 - 01* 
IV-3 90 10 - 12* 

*In these cases hthmm bronude was used Instead of 
sodium bronude because of the low solubdlty of the latter 
m 90% v/v acetlc acid 

m this work (see Table 1) However, m order for bro- 
mme to be generated, the solution must contam bro- 
nude ion, which also influences the brommatlon reac- 
tion Although the effect of bronude concentration on 
the rate of brommatlon has been studied m connec- 
tion with the coulometrlc brommation of tyrosme,‘s 
the bromide concentration does not seem to have 
been used for modifymg reactlvlty In this work It 
was found that, w&m each solvent group, the reactl- 
vlty could be graded by varymg the bromide con- 
centratlon, the reactlclty decreasing as the con- 
centration mcreased Thus, each solvent group could 
be dlvlded mto several subgroups as shown m Table 
1 

In a solution contalnmg both bromine and bromide 
Ion the reaction 

Br, + Br- +Br; 

takes place Bromine has been shown to be the active 
reagent when tyrosme IS brommated m acid solu- 
tlon’* and also for the monobrommatlon of 8-hyd- 
roxyqumolme m the 5-position However, on further 
brommatlon to the 5,7-dlbromo-8-hydroxyqumolme, 
trlbromlde ion as well as bromme takes part m the 
reactlon.19*20 We are not aware of any smular kinetic 
mvestlgatlons of the brommatlon of alkylphenols but, 
as the brommatlon-promotmg properties of the 
titration medium decrease with increasing bromide 
concentration, It may be assumed that tnbromlde Ion 
1s not the mam brommatmg reagent 

As mentioned previously, the pH of the titration 
medium 1s also significant for the brommatlon result 
As there 1s a decrease In pH from medium I to 
medmm IV, the difference m the reactivity of a phenol 
nught be due partly to the pH-change It should, how- 
ever, be pomted out that the reactlvlty-mcreasmg 
effect of pyrldme 1s not due to the pH-change. This 
could be shown by addltlon of sodmm acetate mstead 
of pyrldme to medium III, until the pH of medium 
II was attamed, and then titrating phenols 111 this 
medium No full brommatlon resulted (see also ref. 
16) As m the present work it was found possible to 
arrive at the desired varlatlon m reactivity by chang- 
mg the contents of acetic acid, water and pyrldme 
and the bromide concentration, no attempt to regu- 
late the pH has been made 

Generatzng current 

It 1s evident that the generatmg current should 
ideally have such a value that bromme 1s formed with 
the same speed as It IS consumed m the electrophlhc 
nuclear substltutlon reactlon If the current IS too 
high, a certain bromme excess will exist with accom- 
panying risk of side-reactions such as oxldatlon and 
bromme substitution m ride-chams If the current 1s 
too low, the analysis time will be long and unavold- 
able side-reactions of unknown nature can exert a 
dommatmg influence, causmg erroneous results A 
current of 3 mA was found to be sultable when deter- 
mmmg phenols m amounts ranging from about 300 
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to about 2000 pg, depending on the molecular werght 
and the number of entermg bromine atoms (see the 
followmg section). 

Amount of phenol 

The amount of phenol titrated 1s not mslgmficant 
There 1s in fact a lower as well as an upper lmut 
for a trtratable phenol The lower hmrt 1s set partly 
by the fact that a certam rmmmum drstance 1s needed 
on the recorder chart m order to get an accurate mea- 
sure of the time (see Fig 1) Another factor which 
influences the lower lrmrt 1s the correspondence 
between the rates of bromme generatron and con- 
sumption The electrolysrs trme, measured on the 
recorder chart, grves the generated amount of bro- 
mme, which agrees more or less exactly with the 
amount consumed m the nuclear substrtutron reac- 
tron However, there will always exist a certam error 
which becomes relatively more stgnificant when 
smaller amounts of phenols are titrated 

The upper hmrt for the amount of phenol whrch 
can be tnrated with good accuracy, 1s partly deter- 
mmed by certain side-reactions at the generator 
anode and partly by a contammatron of the mdtcatmg 
electrode (see expenmental section). These reactions 
seem to occur after a c&am trme of electrolysrs and 
cause a relatrve error which mcreases with the 
amount of phenol 

In the present work an amount of phenol has been 
used which consumes 10 or 20 wq of bromine m the 
monobrommatlon and 20 @q m the full brommatton 
As each wale of phenol consumes 2 peq of bromine 
m the monobrommatron, 5 or 10 wale 1s the amount 
of phenol used In the full brommation two or three 
bromine atoms enter the aromatrc rmg of a mononuc- 
lear phenol, dependmg on the number of free ortho 

and para positrons, Accordmgly each qole of phenol 
consumes either 4 or 6wq of bromme and the 
amount of phenol weighed 1s 5 or 3 33 qole respect- 
ively 

When 1Owq of bromme are generated, a 161~mm 
long trace on the recorder chart 1s obtained at a 
generatmg current of 3 mA and a chart-speed of 
3Omm/mm As thus distance can be measured to 
wrthm f3 mm (dependmg on the curve shape) the 
measurement error amounts to less than +2% Ten 
peq of bromme does not necessarrly represent the 
lower usable hmrt, nor does 2Opq represent the 
upper hnut, but we have found that these amounts 
result m both complete reaction and low interference 
from side-reactions 

Polarizq resistance 

The magnitude of the polarrzmg resrstance present 
m the mdrcatron circuit has a decrsrve influence on 
the appearance of the trtratron curve (see Frg 1) As 
seen, a resistance of 1oOkn grves the most rapid 
depolarrzatron m the case mdrcated, permrttmg an ac- 
curate evaluation of the end-point The steepness of 
the trtratron curve after the end-pomt IS a measure 

Tame. set 

Fig 1 Method of tvaluatmg the end-point, and the depen- 
dence of the shape of trtratron curve on the size of the 

polarizing resistance 

of the mdrcatron sensmvrty A relatrvely steep curve 
1s formed with rapid detectron of excess of bromme 
by the double platmum electrode, resultmg m a small 
discrepancy between the real and constructed end- 
points 

It should be emphasized that for each recorder 
speed, the size of the polarrzmg resistance must be 
adapted to the magmtude of the bromme generating 
current and sometimes to the type of phenol titrated 
Thus, rt was found, when usmg a current of 4mA, 
that a l-MR resrstance was best for easily-reactmg 
phenols whrle 1OOksz was preferable for more slug- 
gish ones However, at a chart-speed of 3OmnQnn-r 
the combmatton of a 100-W polarrzmg reststance 
wrth a bromme generatmg current of 3 mA could be 
used for all types of alkylphenols tttrated m thus work 

EXPERIMENTAL 

Apparatus 

In order that the present tltratlon method be generally 
accessible, mexpenslve standard pieces of apparatus have 
been used throughout The constant current generator used 
was a Kmck “Prazlslons Stromgeber” The titration was 
performed m a Metrohm titration vessel EA 875-20 
equipped with a generating platmum electrode (Metrohm 
EA 247) with an area of about 2 cm*, an mdlcatmg double 
platinum point electrode (Metrohm EA 235) and a mag- 
netic stirrer (see Fig 2) The mdlcatmg electrode was con- 
nected to the polarlzmg voltage termmal of a Radiometer 
pa-meter 28 through a lOO-kR polarrzmg resistance (Radl- 
ometer adapter L 409) The polarizmg voltage was 630 mV 
and the pa-meter output was connected to a Servogor 
recorder 

Reagents 

Phenols All phenols were of the best grade commercially 
available In dubious cases, their purity was ascertained 
by gas chromatography and, if necessary, the phenols were 
purified by dlstdlatlon or recrystalhzatlon 

Ace& acti Merck 99-100% 
Sodwn and llthrum bronude Sodium bromide, 990/, 

BDH Lithium bromide, 97x, BDH 
Pyrtdme Malhnckrodt, AnalaR 

Tltratzon procedure 

The phenol was weighed and transferred to a 50.ml 
volumetric flask and dissolved m acetic acid An exact 
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I 2 3 
8 0 

Fig 2 Cell for coulometrlc trtratlon I-mdlcatmg elec- 
trode, 2Gcathode contammg 2M sulphurlc acid, 3_gener- 

atmg electrode (anode) 

volume of ths solution, containing an amount of phenol 
calculated to consume about 10 or 20 pq of bromme, was 
dispensed mto the titration vessel by means of an Agla 
micrometer syrmge, 20ml of the tltratlon medium were 
then added and the electrodes inserted and connected to 
then electric clrcmts The magnetic sturer was set at a 
relatively high speed and the pH-meter set to READ The 
generator current was adjusted to 3 000 mA, the recorder 
speed to 30 mm/mm and the measurmg range set to 1 V 

The bromine generatron was initiated simultaneously as 
the recorder pen crossed a vertical lme on the chart after 
a stable base-hne had been achieved The generation of 
bromine was contmued until depolarlzatlon of the mdl- 
cator electrode was complete The progress of the titration 
as well as the method for determmmg the equivalence 
point are shown m Fig 1 A blank was titrated m the 

same way and the amount of bromine consumed by the 
phenol 1s equivalent to the distance A-B m Fig 1 The 
mdlcator electrode should be washed with demmerahzed 
water after each titration and m case of contamination 
it should also be wiped with wet filter paper 

The amount of phenol (pg) 1s calculated from equation 
(1) 

t.1.E. 1000 
m= 

F (1) 

where t = the tnne m set (= twice the distance A-B), I = 
generating current m mA, F = Faraday’s constant = 
96487 C/eq, and E = equivalent weight of phenol 

If a phenol contains one hydroxyl group and its molecu- 
lar weight 1s M, its equivalent weight 1s equal to M/2, 
M/4 or M/6 depending on whether 1, 2 or 3 bromine 
atoms enter the aromatic rmg Some bmuclear phenols 
whch contam two hydroxyl groups, one m each ring, have 
also been titrated (see Table 4) In this case E IS equal 
to M/4 or M/8, depending on whether 2 or 4 bromme 
atoms enter each rmg For 2,7_dlhydroxynaphthalene, bro- 
mme (1 atom) enters only one of the rings and accordmgly 
E = M/2 

RESULTS AND DISCUSSION 

Fifty phenols have been determmed by the coulo- 
metric bromine titration method Of these, 41 are 
mononuclear alkylphenols whrle the remamder are 
mainly bmuclear phenols which from the point of 
view of reactrvtty are related to the alkylphenols The 
trtratron results for the former are summarrzed m 
Table 2 and for the latter m Table 4. Two headmgs 
appear m the tables, urz monobrommatron and full 
brommatron Monobrommatron refers to trtratrons 
where one bromine atom enters each aromatic rmg 
contammg a phenohc hydroxyl group whrle full bro- 
mmatron means that hydrogen m all vacant posrtrons 
(at least two), orth and paru to a phenohc hydroxyl 
group, IS exchanged for bromme 

Table 2 Results of monobrommatlon and full brommatlon of alkylphenols 

Phenol 
Tltr 

medium 

Monobrommatlon Full brommatlon 

Weight, w Bromine Weight, w Bromine 
consumed, Error, Tltr consumed, Error, 

Calc Found peq % medium Calc Found peq % 

CsH,OH 

2-Me 

2-Et 

2-Pr 

2-isoPr 

2-tert -Bu 

3-Me 

3-Et 

3-tert -Bu 

4-Me 

III-2 

III-2 

III-2 

III-2 

III-2 

III-2 

IV-3 

IV-1 

III-2 

III-2 

646 3 645 14 -02 II-2 
969 5 977 21 +08 
5340 531 10 -06 II-2 

1068 1088 20 +19 
6107 610 10 -01 11-l 

1222 1227 20 +04 
7140 712 10 -03 II-2 

1419 1430 20 +08 
6810 679 10 -03 II-1 

1362 1382 20 +15 
7506 756 10 +07 II-1 

1501 1508 20 +05 
503 3 506 9 +05 II-2 

1354 1333 25 -16 
6105 598 10 -20 II-2 

1221 1221 20 +oo 
7330 710 10 -32 * 

1464 1444 20 -14 
5803 560 11 -35 II-2 

1209 1195 22 -12 

3154 

543 5 

6107 

7140 

6810 

750 6 

362 3 

406 8 

543 5 

322 20 +21 
324 +27 
537 20 -12 
540 -06 
605 20 -09 
605 -09 
690 20 -34 
686 -39 
676 20 -07 
675 -09 
734 20 -22 
733 -23 
369 20 +18 
373 +30 
399 20 -19 
398 -23 

537 20 
544 

-12 
+Ol 
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Table 2 Results of monobrommatlon and full brommatlon of aikylphenols (conttnued) 
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Phenol 

Monobrommdtlon Full brommatlon 
-__ 

Weight, w Bromme Weight, m Bromme 
Tltr - consumed, Error, Tltr consumed, Error, 

medium Calc Found w9 % medium Calc Found l’eq % 

4-Et 

4-Pr 

4-see -Bu 

Ctert -Bu 

4-tert -Fe 

4-act 

4-cycloHex 

2,3-dlMe 

2,4-dlMe 

2-Me-4-tert -Bu 

2-Me-Ctert -Hex 

2-tert -Bu4-Me 

2,SdlMe 

2.IsoPr-5-Me 

2-tert -Bu-5-Me 

2,Sdltert -Bu 

2,6-dlMe 

2-Me-6-Pr 

bMe-6-tert -Bu 

2,6-dusoPr 

2,6-dlsec -Bu 

2,6-dltert -Bu 

3,4-dlMe 

3,5-dlMet 

3-Me-5-Et 

3,5-dltert -Bu 

2,3,5-tnMe 

2,4,5-tnMe 

2,4,6-trlMe 

3,4,5-tr;Me 

2,3,5,6_tetraMe 

III-I 

III- 1 

. III-2 

111-l 

III-2 

III-2 

III-2 

IV-3 

111-l 

III-2 

III-2 

III-2 

IV-3 

IV-3 

IV-3 

III-1 

II-2 

III-1 

III-2 

III-2 

III-2 

III-2 

IV-1 

IV-3 

IV-3 

111-l 

IV-3 

III-2 

II-2 

IV-3 

IV-3 

6104 604 10 -11 
1221 1250 20 +24 
6849 661 10 -35 

1370 1352 20 -13 
7506 742 10 -11 

1501 1492 20 -06 
7548 757 10 +03 

1510 1532 20 +15 
8210 814 10 -09 

1642 1669 20 +16 
1031 1023 10 -08 
2062 2090 20 +14 

8810 868 10 -15 
1762 1797 20 +20 
5036 501 8 -05 

1025 1020 17 -05 
6099 6002 10 -16 

1220 1219 20 -01 
8222 822 10 *OQ 

1642 1638 20 -02 
967 7 962 3 10 -06 

1922 1907 20 -08 
8249 8195 IO -07 

1643 1645 20 + o-1 
5029 505 8 +@4 
9763 965 16 -12 
5859 595 8 +16 

1172 1179 16 +06 
8210 806 IO -18 

1642 1618 20 -15 
1175 1171 IO -03 
2264 2255 20 -04 

6149 617 10 +03 
1228 1238 20 +08 
7501 724 10 -35 

1500 1457 20 -29 
8123 802 10 -13 

2063 2014 20 -24 
8949 881 10 -15 

1781 1756 20 -14 
1054 1030 10 -23 
1988 1942 20 -23 
1026 981 10 -44 
1878 1839 20 -21 
6110 619 10 +13 

1221 1219 20 -02 
5018 499 8 -06 

1004 1020 16 +15 
6810 682 10 +01 

1362 1367 20 +04 
1228 1192 10 -29 
1640 1576 16 - 3.9 
6810 688 10 +10 

1362 1350 20 -09 
6835 6818 10 -02 

1367 1368 20 +01 
6858 686.0 10 *oo 

1369 1376 20 +0*5 
9030 902 13 -01 

1362 1380 20 +13 
75Ql 747 3 10 -04 

1502 1492 20 -07 

II-2 6107 593 
591 

II-2 6500 642 
638 

II-2 75@6 749 
749 

II-2 7506 735 
735 

II-2 8210 818 
820 

II-2 1031 1044 
1050 

II-2 8810 872 
871 

II-2 6139 613 
610 

- -- 

- -_ 

II-2 6139 611 
611 

II-2 7510 754 
756 

II-2 8210 804 
799 

I-l 1175 1155 
1179 

- -- 

- -- 

- -- 

11-3 6107 589 
592 

II-2 4093 406 
408 

11-2 4562 457 
459 

*_ - _ 

II-3 6808 678 
675 

- -_ 

III-3 6808 670 
668 

- -- 

20 

20 

20 

20 

20 

20 

20 

20 

- 

- 

20 

20 

20 

20 

- 

- 

- 

- 

- 

20 

20 

20 

- 

20 

- 

20 

-29 
-32 
-12 
-18 
-02 
-02 
-21 
-21 
-04 
-01 
+13 
+18 
-10 
-11 
-01 
-06 
- 

- 

- 

-05 
-05 
+04 
+07 
-21 
-27 
-17 
+03 
- 

- 

- 

- 

- 

-36 
-31 
-08 
-03 
+02 
+06 
- 

-04 
-09 
- 

- 

-16 
-19 
- 

* Cannot be quantltatwely fully brommated 
t Can also be quantltatlvely dlbrommated m medium III-2 Calculated 308 0 pg (10 pcey) Found 303 9 pg Error = 

-13% 
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Table 3 Medra for monobrommatlon and full brommatlon of various types of alkylphenols 

PositIon of 
alkyl groups 

Number m relation 
of alkyl to the phenohc 
groups hydroxyl group 

0 - 

2 
1 4 

3 
2,4 
2.6 

2 233 
2s 
3.4 
3;5 
2,4,6 

3 2,4,5 
2,3S 
3,435 

4 2,3,X6 

Medmm for Medmm for full 
rno~~brornlna~lon* brommatlon* 

III-2 (1) 
III-2 (5) 
111-2 (sj 111-1 (3) 
IV-3 (if IV-l (1) TII-2 (1) 
III-2 (3) III-1 (11 
111-2 (4j 11-2 (i)‘rIr-1 (1) 
IV-3 (1) 
IV-3 (3) 111-l (1) 
IV-1 (1) 
IV-3 (2) 111-l (1) 
II-2 (1) 
III-2 (1) 
IV-3 (1) 
IV-3 (1) 
IV-3 (1) 

II-2 (1) 
II-2 (2) II-1 (3) 
II-2 (8) 
II-2 (2) 

- 

II-2 (1) - 
II-2 (3) I-1 (1) 
II-3 (1) 
II-2 (2) 

- 

11-3 (1) 
III-3 (1) 

- 

Number of Group 
hydrogen notations for the 

atoms determmatlon 
exchanged for of the number 

bromme at of free ortho 
full and para 

brommatlon posItions 

* The number wlthm parentheses denotes the number of phenols titrated 
t For type of reaction see text 

Monobromznatzon of alkylphenols 

Table 3 lzsts the various media used W&h two 
exceptions, monobromln~~on takes place m med= 
III and IV, contammg 40 and loo/, water; respectively, 
and without pyndme The exceptions are 2,6duneth- 
ylphenol and 2,4,~t~methylphenol, which require the 
p~ldme~ntammg medmm II for q~n~~tlvc bro- 
mmation The other 2,6_Qalkylsubstltuted phenols m- 
vestlgated are brommated m medium III With the 
exceptions menboned, phenol and alkylphenols w&h 
alkyl groups m one or two of the ortho and para 
posltlons, but without alkyl groups tn the meta posl- 
tlons, are monobrommated m medium III Of the 23 
phenols t&rated, 12 could be brommated m medmrn 
III-2 

Alkylphenols which also have alkyl groups m one 
or both of the meta posltlons are on the whole more 
reactive with bromine than the above-mentloned 
types of phenols Accordmgly, a less bromlnatlon-pry 
motmg m&urn must generally be used for their 
monobrommatlon Of 16 phenols mvestlgated, 10 had 
to be titrated m medium IV-3, 2 m medium IV-2, 
1 m medium 1113, 1 m medmm III-2 and 2 in 
medium 111-l Of the 4 phenols which could not be 
titrated m medium IV, but for which a faster medium 
had to be used, 3 had’tert butyl groups m one or 
both of the meta posltlons Thus, it appears that 
phenols with tert butyl groups m the meta positions 
are less reactive towards bromme than comparable 
phenols with for example methyl groups in these pos- 
Ittons This fact IS most hkely assoaated wtth the stenc 
requirements of the tert-butyl groups 

One of the monobrommated phenol types, uzz 
2,4,6-tnalkylphenols, consumes bromine m spite of 
the fact that no free ortho and para posltlons are pres- 

ent m the aromatic rmg This 1s because this type 
of phenol forms paraqumold bromocyclohexa- 
dlenones on reactzon vvlth bromme m acetlc acid- 
water medium I1 It IS noteworthy that 2,4,6_tritert bu- 
tylphenol did not react with bromme 2,6-Dltert bu- 
tyl-4-methylphenol did react but not quantitatively 
We have here another example of a decreased reactI- 
vlty caused by the presence of tert butyl groups 

Full bromznatzon of alkylphenols 

In the full bromlnatlon of alkylpheno~ 2 or 3 hy- 
drogen atoms m the aromatlc ring are exchanged for 
bromme As seen from Table 3, a more brommation- 
promotmg medium IS necessary for full brommation 
than for monobromlMtlon. Thrs is because the first 
entering bromine atom has a deactlvatmg influence 
and makes the resultmg bromophenol less reactive 
m the followmg electrophlhc substltutlon reaction 
Accordmgly, a py~dm~on~mmg titration medium 
1s nearly always necessary The only phenol which 
could be fully brommated m the pyrldmefree 
medium III-3 was 3,4,Mnmethylphenol. 

The reckon-l~lbltlng effect of tert butyl groups 
IS also manifested m the full brommatlon of alkyl- 
phenols Thus, 3-tert butylphenol and 35dltert butyl- 
phenol could not be quantitatively brommated m any 
of the titration media used m this work For 25 
dltert butylphenol the most active medmm (I) was 
required 

Not all alkyl substltutlon patterns are represented 
m the material tnvestlgated However, It IS believed 
that for alkylphenol types other than those m Table 
2 a suitable titration medium can be selected with 
reasonable certainty on the basis of the information 
given 
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Table 4. Results of monobrommatton and full brommatron of some actwated phenols related to alkylphenols 

Monobrommation Full brommation 

Weight @g) Bromme Weight @g) Bromme 
Tttr consumed, Error, Tltr consumed, Error, 

Phenol medium Calc Found /q % medium Calc. Found w % 

2,2’-Bis(p-hydroxyphenyl) III-2 5707 541 10 -42 II-2 5701 575 20 +07 
propane 1141 1111 20 -27 569 -03 

ZHydroxybtphenyl III-2 8507 841 10 -11 II-2 8507 862 20 +13 
1701 1698 20 -02 866 +18 

CHydroxybtphenyl * - - - - II-2 8507 828 20 -27 
823 -33 

2,2’-Dthydroxybiphenyl III-1 465 5 463 10 -05 II-2 465 5 476 20 +23 
9310 950 20 +20 472 f14 

CBenzylphenol * - II-2 920.8 902 20 -20 

2,6-Dralkylphenoi 
903 -19 

t -- - - 511-2 583 9 604 20 +34 
606 +38 

2-Hydroxflaphthalene III-2 7203 721 10 1441 1433 20 % $- - - - - 

2,7-Drhydroxynaphthalene BIV-3 8m3 826 10 I- - - - - 1601 1615 20 z; 
8-Hydroxyqumolme *_ - - - - II-2 725 3 728 20 +04 

724 +02 

+ Cannot he quantitatively monobromlnated 
t In medium III-2 annroxrmatelv 2 moles of Br, are consumed per mol 
0 Three moles of Br; *are consumed per mole _ 
$ Cannot he quantitatively fully bronunated 
lI One moie of Br, IS consumed per mole 

Brommatwn of some actwated phenols related to alkyl- 
phenols 

In Table 4 the titration results for some activated 
phenols have been sumrnarrzed These results are not 
as umform as for the alkylphenols m Table 2, where 
all the phenols tested could be titrated by the mono- 
brommatton method and only 2 phenols out of 27 
failed to respond to the full brommatron method The 
phenols hsted m Table 4 are more irregular m their 
reaction with bromme Thus, one third could not be 
monobrommated and the two hydroxynaphthalenes 
could not be fully brommated However, m every case 
either the monobrommatron or the full brommation 
method could be applied, which demonstrates the 
usefulness of havmg two brommation methods avarl- 
able. 

Monobrommatron means m this instance that one 
bromme atom enters each rmg contammg a phenohc 
hydroxyl group, and full brommatron that bromine 
enters all free posrtions (at least two) ortho and para 
to a phenohc hydroxyl group Exceptions to these 
rules are 2,7drhydroxynaphthalene for which mono- 
brommatron means that bromine enters only one of 
the rmgs, and 2,6-diallylphenol where a combmatron 
of substitution and addition takes place on full bro- 
mmatlon 

As for the alkylphenols, monobrommauon takes 
place m the pyridme-free media III and Iv In the 
case of 2,7drhydroxynaphthalene the values m the 
table refer to exchange of only one hydrogen atom 
for bromine It IS possible to bring about an exchange 

TN. 22112-D 

of two hydrogen atoms by usmg the faster medmm 
III-2 However, the results are not reported as they 
are only approximate 

Several phenols cannot be quantrtatrvely monobro- 
mmated, as mentioned previously In the case of 8- 
hydroxyqumolme thts is probably due to the great 
reactivity of this phenol, which exerts an auto-cata- 
lytic effect on the brommation because of the presence 
of the pyridme rmg Even m the slowest medmm (Iv- 
3) the bromine consumption exceeds that calculated 
for monobrommation The monobrommatron of 4- 
hydroxybrphenyl fails because of the low reactivity 
of this compound m pyridme-free media 4-Benzyl- 
phenol has an approximate consumption of two equr- 
valents of bromme per mole, but the results are some- 
what low 

2,6-Diallylphenol is m a unique position m that 
it contains two ‘unsaturated alkyl groups to which 
bromme IS added. In medmm III-2 approximately 
2moles of bromme are consumed per mole We 
beheve that this consumption 1s due to addition 

For full brommation the pyridme-contammg 
medium II-2 was used throughout From a substitu- 
tion point of view 2,6drallylphenol is monobro- 
mmated as it contams only one free nng positron 
The results have nevertheless been put m the full bro- 
mmation column since they correspond to a total 
consumption of 3 moles of bromme per mole The 
two hydroxynaphthalenes cannot be quantitatively 
fully brommated This is because the 3(6)-position is 
less reactive towards attack by electrophrhc rea- 
gents 22 
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DETERMINATION OF THE NUMBER OF FREE ortho phenols on one hand and most B,- and B,-phenols 
AND pcrra POSITIONS IN ALKYLPHENOLS on the other, on the basis of the titration curves 

As shown by Table 3, monobrommatlon takes 
place predommantly m pyndme-free media and full 
brommatlon m pyndme-contammg media This 
makes it possible to estimate the number of free or& 
and para posltlons on the basis of two coulometrlc 
brommatlon titrations Certain conclusions concern- 
mg the number of meta alkyl groups may also some- 
tunes be drawn from the tltratlon curves The new 
method constitutes a conslderable slmphf%z.atlon m 
comparison with exlstmg method? for the deter- 
mination of the number of free ortho and paru posl- 
tlons m phenols on the basis of a brommatlon 
tltratlon Thus, about 500 pg of a phenol IS monobro- 
mmated m medium III-2 and the same amount fully 
brommated m medium II-2 accordmg to the pro- 
cedure described m the experimental part The result- 
mg tltratlon curves are then inspected 

Group C There 1s no dficulty m the case of this 
group of phenols m con&nmg that only one of the 
ortho and para posltlons 1s vacant It IS generally not 
possible to dlstmgmsh between the three subgroups 
as the appearance of the titration curves 1s rather 
similar However, certain posslblhties seem to exist 
for ldentlfymg a &-phenol If the monobrommatlon 
IS performed m medium IV-3 instead of m 111-2, the 
titration curves for Co- and C,-phenols are snmlar 
to the tltratlon curve for the blank, while the only 
available C,-phenol gives a normal tltratlon curve 

Interpretation of the tltratlon curves 

The alkylphenols studied have been divided mto 
four groups, denoted by A, B, C and D The dlvlslon 
1s made accordmg to the number of free ortho and 
para posItions Thus group A has 3, group B has 2, 
group C has 1 and group D has no free ortho and 
para posltlons Within each group a subdlvlslon IS 
made according to the number of meta positions 
occupied by alkyl groups The figure after the letter 
denotes this number Thus to group A, belong 
phenols with 3 free ortho and paru posltlons and 1 
metu alkyl group and to group Cz belong phenols 
with 1 free ortho or para posltlon and 2 meta alkyl 
groups The Qscusslon of the test results ~111 now 
be subdlvlded according to groups of alkylphenols 
(see also Table 3) 

Group D Only type Do has been mvestlgated, 1 e , 
phenols with all ortho and pura positions occupied 
by alkyl groups but without alkyl groups m the meta 
posltlons In the standard media this type of phenol 
gives tltratlon curves which cannot be dlstmgmshed 
from those given by certain C,-phenols The 
erroneous conclusion that one vacant ortho or para 
posltlon 1s present would accordingly be drawn How- 
ever, for 2,4,6-tntert butylphenol correct information 
1s obtained, as it does not consume bromine m either 
of the standard media 

For those phenols which consume bromine m the 
standard media, an additional titration should be per- 
formed m medium III-3 We have found that reactive 
D,-phenols give a curve with a gradual slope m the 
normally horizontal portion m this medium while m- 
terfermg &,-phenols generally give a normal tltratlon 
curve 

CONCLUSIONS 

Group A The ratio of the titration times 1s 3 1, 
mdlcatmg that the phenol has 3 free ortho and para 
posltlons However, for meta-substituted phenols 
heavy tailing occurs and the ratio can be nearer to 
3 2 This 1s because medmm III-2 1s too fast for the 
monobrommatlon of this type of phenol If an ad- 
ditional titration m medium IV-3 1s done, the correct 
number of free ortho and para posltlons can be ascer- 
tamed From the appearance of the curve for titration 
m medium 111-2, conclusions can thus be drawn con- 
cerning the presence (talhng) or absence of meta-alkyl 
groups, except for tert butyl groups 

Group B For this group the ratlo of the titration 
times 1s 2 1 which shows that two vacant ortho and 
para positions are present An exception 1s constituted 
by certam reactive B,-phenols, for example those with 
an occupied para posltlon In this case the titration 
curves tend to become dlstorted m both of the stan- 
dard titration media as these are faster than those 
used for quantltatlve determmatlon of these phenols 
Accordingly, the curves cannot always be mterpreted 
and complementary tltratlons m media III-3 and IV- 
3, respectively, are necessary With medmm III-2 It 
should be possible to dlscrlrmnate between BO- 

The coulometrlc brommatlon method described m 
this paper could be used for the quantltatlve deter- 
mmatlon of any of the alkylphenols m Table 2 
Monobrommatlon 1s always possible, and full bro- 
mmatlon of phenols contammg more than one free 
ortho and paw posltlon can generally also be 
achieved The only exception found 1s that of phenols 
with tert butyl groups m one or both of the meta posl- 
tlons, which are not quantltatlvely fully-brommated 
m any of the titration media used m this work. One 
alkylphenol with three vacant ortho and paru posl- 
tlons can also be dlbrommated, vzz 3,5-dnnethyl- 
phenol which contams two m&a-alkyl groups and 1s 
monobrommated m a type IV medium For this type 
of phenol there exist accordingly three separate bro- 
mmatlon methods for quantitative analysis 

Some types of activated phenols other than those 
m Table 2, and mainly bmuclear, showed a less regu- 
lar reaction with bromine than the real alkylphenols 
Thus, m some cases either the monobrommatlon or 
the full brommatlon falled However, m every m- 
stance one of the methods succeeded, thus perrmttmg 
the quantltatlve determmatlon of all the phenols m- 
vestlgated 

The rapid method proposed for the determmatlon 
of the number of free ortho and paru positions m 
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alkylphenols should become a useful addition to :y 
existing methods for the structural mvestlgatlon of 
phenols It gwes a correct answer m most cases and 12 
also permits certam conclusions to be drawn concern- 
mg the number of meta-alkyl groups present 13 
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Summary-An xodometrx method for the determination of ascorbic ac:d has been devlsed The method 
IS based on prevzously developed coulometrlc mstrumentation The stab&y of &fferent ascotblc acid 
solutions has been stu&ed and the best condltlons have been estabhshed Ascorbic acrd has been 
determmed m different kmds of samples but with the mam interest on pharmaceutical preparations 
Spew1 regard has also been paid to the other constrtuents m stich samples, with respect to possible 
mterferences The error of the coulometrlc method IS about 0 1% and the time of an analysis IS m . 
the range 2-6 nun 

A large number of methods are proposed m the cur- 
rent literature for the determmation of ascorbic acid 
(Vitamin C). Most are based on modtfications of the 
method proposed by Trllmans et al ,I where the ascor- 
hc acrd is allowed to react wtth ~~chloroph~ol- 
mdophenol m a slightly acrd solutton. Thus procedure 
1s the official method m several countries for the 
determmation of ascorbic acid m fruit and vegetable 
~uices~ and in pharmaceuttcal products.3 Although tt 
1s an official method, it is not apphcable to many 
p~r~u~~ preparations owmg to ln~rfering 
ions generally present m such products One of the 
more widely used colortmetrrc methods was devel- 
oped by Roe and Kuether,4 who oxldrzed ascorbic 
acid to dehydroascorbic acid and let the latter react 
with 2,4-dmitrophenylhydrazme to give a red colour, 
which was measured ~~torne~i~y However, some 
other substances, such as 2,3-dtketogulomc acid, react 
similarly. S&mall and co-workers5+6 reacted ascorbrc 
and with dtazotlzed 4-methoxy-2-mtroanilme 111 acid 
medium and measured the intense blue colour devel- 
oped after addition of alkah Among other authors 
using diazotrzed compounds can be mentioned Weeks 
and Deutsch,’ who used dtazottzed p-mtroamlme, 
and Hashmt et al ,* who used dtazottzed p-ammoben- 
zoic actd The latter method was spectally worked 
out for pharmaceutical products 

In general, the colortmetrrc methods suggested for 
the assay of ascorbic acnd are rather time-consummg 
and many of them suffer from lack of colour ,stab&ty 
and are apphcable only m rather narrow ranges of 
concentration Together with the method of Tillmans, 
the methods tnvolvmg lodmey have received the 
greatest attention. In the latter methods the followmg 
reaction between ascorbic acid and :odme is exploited 

C&H,O, f I, --+ C,H,O, + WC + 21- 

Starch is generally used as mdicator Accordmg to 
Stevens” the use of iodme has many advantages over 
other methods proposed The analysis IS rapid and 

high accuracy IS obtained The esttmatton of ascorbtc 
acid by titration with iodme is m many countries an 
official method” for many pharmaeutical prep- 
arations. Rather serious drawbacks are that the 
trtranons with &me are restrrcted to use m relatively 
strongly acrd solunons and the todme reagent needs 
frequent standardizanon 

In our laboratory we have already developed very 
accurate analytical methods using the todrde-todme 
system and controlled-potential coulometry,12-14 and 
an electroanal~~ approach to the deter~ation of 
ascorbic actd with rodme as an mtermedrate seemed 
mterestmg The use of controlled-potential coulo- 
metry for the determination of ascorbic acid has been 
proposed earlier by Santhanam and Krlshnan,15 who 
oxidized ascorbic acid directly at a platmum anode 
with a potential of 1090 V us, SCF! The high oxidatron 
potentd used made the method unselectrve for ascor- 
bc acid The times of analysts were up to one hour 
and the error m the range 15-100 mg was not better 
than +07 mg 

In the coulometrrc method presented m thrs paper, 
based on the Connolly-pound apparatus devel- 
oped earher, todme m a shght excess over the amount 
of ascorbtc acid to be determined 1s generated at 
+ 300 mV us SCE and after addmon of the sample 
the remamder of the mdme 1s reduced at OmV 
us SCE and the result is directly obtained on an elec- 
tromc integrator The tunes of analysis he m the range 
2-6 mm and the error IS about +0-l% 

EXPERIMENTAL 

Apparms 

The ~n~~ied-po~ntl~ coufometrlc cvcmt and the 
electroivsls ceil have been described m detad earlier 13*‘6 
The e&trolyte m the’counter-electrode compartment and 
bridge compartment of the electrolysis cell was 2&f sodmm 
sulphate and m the workmg electrode compartment 1M 
sodium snlphate/lM sodium Iodide The pH m the work- 
mg-electrode compartment was adlusted with acetIc acid 

989 
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Reagents 

ExtractIon solutwn An 8% solution of glacial acetlc acid 
was prepared for extraction of ascorbic acid from the sam- 
ples to be analysed 

Standard asc&lnc acid solutions Prepared from pro ana- 
lvsr auahtv ascorbic acid (E Merck. Darmstadt) The solu- 
ilo& were prepared lmiedlately ‘before use klther with 
doubly-distilled and oxygen-free water or with an oxygen- 
free solution of 8% acetic acid 

Preparation of samples 

(a) Samples from the standard ascorbic acid solutions 
were transferred directly to the cell with an Agla 
micrometer syrmge 

(b) Samples from Juices, pharmaceutical solutions and 
other hqulds were either transferred &rectly to the cell 
or diluted with the acetic acid extraction solution m care- 
fully calibrated standard flasks Homogeneous and not too 
vwous samples were generally analysed directly wlthout 
dilution, to avoid air-contammatlon 

(c) Samples from solid products, such as tablets, were 
first powdered m a mortar, then shaken with the acetic 
acid extraction solution, filtered, transferred to a standard 
flask and made up to the mark 

Procedure 

The compartments of the electrolysis cell were filled with 
the appropriate electrolytes The solution m the working 
compartment was contmuously deaerated with nitrogen at 
a flow-rate of l&20 ml/mm Any lodme present m the 
compartment was reduced at + 0 mV us SCE until a stable 
residual current was reached, generally not exceeding 5 
PA Then iodine m excess relative to the amount of ascor- 
bic acrd to be determmed was generated at 300 mV us 
SCE and the sample was added Then the lodme not con- 
sumed m the reaction with ascorbic acid was reduced until 
the earlier residual current value was reached 

RESULTS AND DISCUSSION 

acid. However, a 0 1-O 5% correction must be applied 
when the excess of lodme 1s not reduced lmmedlately 
This 1s due to small losses of lodme caused by adsorp- 
tion on the walls and electrodes, by transport through 
the filter and by volatlhzatlon. Figure 1 shows the 
results from a series of measurements when 5 00 
wale of iodine were generated m each determmahon 
and 1, 2, 3, 4, 5 and’ 10 mm were allowed to elapse 
before the start of reduction The measurements were 
repeated three times and the results agreed wlthm a 
few per cent The linearity 1s rather good and the 
losses are very small, which facilitates the corrections 
It also appears that the total time of an analysis m- 
creases by more than the waiting period. Thn 1s due 
to the fact that some of the adsorbed lodme slowly 
goes back mto solution and then can be reduced, 
resulting m a prolonged electrolysis time The time 
for a complete analysis was measured from the start 
of oxldatlon unhl a residual current of 5 fi was 
reached 

The redox potential values for a solution contam- 
mg ascorbic acid and dehydroascorblc acid have been 
calculated by many authors17 and there are rather 
large discrepancies m the hterature Accordmg to Rao 
and Raols the potential varies from -0012 to 0 326 
V with variation of pH from 8 67 to 105, and our 
own determmatlons give a value of about 025 V at 
pH 3 This high reducing power makes ascorbic acid 
suitable for reduction of a weak oxldlzmg agent, such 
as iodine The redox potential for a solution contam- 
mg the lodme-iodide couple 1s about 0 54 V, calcu- 
lated for the reaction 

Solutions of ascorbic acid suffer from a lack of sta- 
blhty, ’ * and m earlier mvestlgatlons it was dficult 
to monitor this mstablllty and control it during a 
longer period, owing to the need for extensive stan- 
dardlzatlon of the titration agents and cahbratton 
solutions, especially with titration methods employing 
lodme In the present lodometrlc mvestlgatlon, how- 
ever, this problem 1s overcome by the in szfu gener- 
ation and back-reduction procedures used for the 
Iodine 

I; + 2e+31- 60 - 

The reaction between ascorbic acid and lodme 1s 
practically instantaneous and only a very slight excess 
of iodine needs to be generated, the remainder can 
be reduced at once In Table 1 some of the results 
of these measurements are collected As it takes only 
a few seconds to generate the amount of lodme 
required, an excess of about 25% 1s generally pro- 
duced, avoldmg the risk of mcomplete reaction 

s 

H 40- 
0 

E 

20 - 

When cloudy or viscous samples are analysed, a 
relatively large excess of lodme 1s generated and up 
to 10 mm are allowed to pass before the reduction 
1s started This will ehmmate any errors caused by 
decreased reaction rate between lodme and ascorbic 

00 I 
0 4 8 12 16 

m,” 

Fig 1 Loss of lodme from the electrolysis compartment of 
the cell as a function of the total time of analysis 

Table 1 Recovery of ascorbic acid, with different excesses 
of iodine added 

Amount of lodme 
generated, 

pmole 

Amount of ascorbic acid, 
pmole 

added found 

400 201 207 
300 201 207 
2 50 201 201 
2 15 207 207 
2 10 201 204 
2 10* 207 207 

* Allowed to stand for 15 sec. before reduction 
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Fig 2 Stablhty of ascorbic acid m different aqueous solu- 
tions (1) 0 1M ascorbic acid m 0 05M oxahc acid (2) 0 1M 
ascorbic acid m 005M sulphurlc acid (3) 0 1M ascorbic 
acid (4) OOlM ascorbic acid (5) 0 1M ascorbic acid m an 
oxygen-free solution (6) 0 1M ascorbic acid m 0 05M oxalic 

acld/@OSM sulphurlc aad, oxygen-free 

Five dtfferent ascorbic acid soluttons were prepared 
and transferred to 25-n-J standard flasks, two flasks 
of each solution being made up All solutions were 
prepared with doubly-dIstIlled water but, except for 
one of the solutions, which was deaerated with 
nitrogen, no precautions for excluding air were taken 
in the preparation During the experiment all the 
solutions were allowed to stand oti the laboratory 
bench, exposed to light Samples were taken from 
each flask at intervals of l&15 hr The results are 
collected m Fig 2 The curves are based on a least- 
squares treatment of the values obtamed It 1s clearly 
shown (curves l-5) that the deaerated solution (No 
5) kept its stability best and that the deterioration 
1s also much dmunlshed by addition of sulphurlc acid 

(No 2) 
The use of oxalic acid, which 1s often recom- 

mendedlg for protectmg ascorbic acid agamst 0x1- 
datlon, also shows a slight improvement of stabrhty 
(No 1) m comparison with the untreated solutions 
(Nos 3 and 4) On the whole the results show good 
agreement with the results obtained m wrmlar exper- 
iments by Rao and Rao l8 The conclusions are that 
oxygen-free soluttons are a necessity and that the 
solutions should be acidic and concentrated Figure 
2 also shows a curve (6) for the stablhty of an ascorbic 
acid solution prepared 111 accordance with these con- 
cluslons, fully confrmmg their validity 

To test the coulometrrc method with respect to 
time of analysis, working range and accuracy, a series 

Table 2 Determmatlon of ascorbic acid m pure standard 
solutions 

Added amount of 
ascorbic acid, 

pmole Error, % 

Approx times 
of analyses,* 

mm 

5-50 01-005 56 
OS5 02-01 45 
01-05 03-02 354 

0 01-O 1 2-o 3 2G3 

* The times may vary somewhat depending on the excess 
of lodme generated 

Table 3 Determmatlon of ascorbic acid m some citrus 
fruit Juices 

Mm amounts Added amounts 
of ascorbic of ascorbic Found e~o,‘loOrnl 

Kmd of aad’ aad 
,UlCL wq I I10 Ull mg/lW ml filtered unhlarLd 

Orange 1 32 360 361 
Orange II 35 442 440 

35 409 
Orange III 35 197 610 

35 395 8@2 810 
Grapefrlut 50 554 552 

25 311 
Lemon 2s 39 5 709 

* Accordmg to the manufacturers 

of standard solutions of ascorbic acid was prepared. 
Table 2 gives a schematic representation of the 
results All samples were added with an Agla 
micrometer syrmge and were m the range 0 OlO-0.500 
ml The workmg range can be expanded m both dir- 
ecbons but at the price of increased tune of analysis 
or lower accuracy, as the case may be 

An lodometrlc determination of ascorbic acid m 
citrus fruit JUKXS has been shown to be the most reh- 
able method, since these contam, according to Tauber 
and Klemer,” no substance which will interfere m 
such an analysis Hence It seemed attractive to apply 
the present method to some commercially available 
Juices Samples (0 l-l 0 ml) were taken both duectly 
from the packs and after filtration of the Juices The 
results agreed well, as can be seen from Table 3 The 
blink values and the tnnes of analysis tended to m- 
crease contmually when the samples were unfiltered 
The cell solution must then be changed after a certam 
number of determmatlons if uncertain results are to 
be avolded 

If possible, the JUNXS were not diluted, m order 
to avold exposure to an The results had an average 
devlatlon of about 0 1% from the mean of three 
values 

The determination of ascorbic acid m pharmaceutl- 
cal preparations has without dbubt received most 
attention Although there are several official methods 
available, most of them are not applicable to many 
pharmaceutical products, owmg to presence of dlffer- 
ent kinds of Interfering substances Therefore we con- 
sldered it of interest to test our method on some phar- 
maceutical products, and chose a group of common 
multivitamin preparations 

Table 4 gives the values for the determination of 
ascorbic acid m SIX different preparations Except for 
the preparation “ABCDm” which 1s a syrup and was 
analysed directly, the other preparatrons were treated 
according to method (c) (see Preparutlon of samples) 

We always used at least $10 tablets of each sample 
preparation m order to obtain relatively good sam- 
pling as mdlvldual tablets vary 111 weight by several 
per cent 

From Table 4 It can be seen that there 1s good 
agreement between the results obtained by the official 
methods of analysis2 lz and by our method No 
notable Interferences were observed, but some mvestl- 
gatlon was made of the best method for analysis of 
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Table 4 Determmatlon of ascorbic acid m some pharma- 
ceutlcal vltamm preparations 

Number of Ascorbic acld found, n&abler 

tablets 
prepared for by official by present 

Type’ each detn methods method 

IDO-CT”’ 5 516 522 5 

BaSCOPkX’2 5 301 3006 

Mmorplex N”’ IO 43 3 42 8 

Multlplex’4’ 5 64 I 63 6 

Multiplex Comp N”’ 5 624 626 

ABCD&’ syrup 513t 574 3t 

* All preparations from Ferrosan AB, Sweden 
j-mg/lOO ml 
(1) Vitamin C 
(2) Vltarnms B(B,BZBs), C. Ca-panthothenate and mco- 

tmamlde 
(3) Vltamms A, B(B,B,B,), C and D, Ca-panthothenate 

and mcotmarmde 
(4) Vitamins A, B(B,B,B,), C, D and E, Ca-pantho- 

thenate and mcotmaxmde 
(5) Vltamms A, B(B1B2Bs), C, D and E, Ca-pantho- 

thenate, mcotmaxmde and Fe’+ (ferrofumarate) 
(6) Vltamms A, B(B,B,), C, D and mcotmarmde 

“ID0-C ” The only active ingredient 111 this product 
1s the ascorbic acid, but this 1s present m such a large 
amount as about 500 mg m each tablet The samples 
must generally be diluted m analysis of these tablets, 
whichever method 1s to be used Because of the sensl- 
tlvlty of ascorbic acid solutions to oxygen, erroneous 
results can be obtained, owing to oxygen m the dllu- 
tlon medium. The use of acetlc acid solution for dllu- 
tlon preserves the ascorbic acid concentration some- 
what, but according to Pontmgz3 a loss of more than 
30% m concentration 1s observed within 24 hr In 
an oxahc acid solution, however, the concentration 
decreased by only 2 8% during the same time 

We made three different sample preparations from 
IDO-C, whrch together with the results obtained are 
shown m Table 5 The effect of oxygen 1s again con- 
firmed No effect of the oxahc acid was observed, 
because of the short time allowed to elapse before 
the analysis was done 

Much effort has been made m the pharmaceutical 
industry to prepare stable ascorbic acid syrups, and 
a comprehensive review has been given by Hashml ‘* 
We decided to study the stability of the syrup “ABC- 
Dm” From two Identical well-filled flasks of the 
syrup, samples were taken.every fifth day during a 
period of 35 days One sample was placed m a refrl- 
gerator at 3”, while the other was allowed to stay 
on the laboratory bench, exposed to hght No special 

Table 5 Effect of different solutions on the recovery of 
ascorbic acid from a vitamin preparation (IDO-C) 

Ascorbic 
Stored acid 

Vitamin Sample before found, 
sample solution analysis, hr mgltablet 

I 8% acetic acid, oxygen- 
free + 0 5% oxalic acid 1 0 522 

II 8% acetic acid, oxygen- 
free 10 522 

III 8% acetic acid 10 490 

600 I’ ’ ’ 

,O”- 
0 10 20 30 

days 

Fig 3 Stabdity of ascorbic acrd m a pharmaceutical syrup 
(ABCDm) Upper curve stored m a refrigerator at 3°C 
Lower curve stored on a laboratory bench at room 

temperature 

precautions to exclude ax were taken for any of the 
samples The results are colle&d m Fig 3 

In most of the existing methods for the assay of 
ascorbic acid m pharmaceutical products, special 
tlme-consummg procedures must be undertaken to 
allow for each kmd of substance which can interfere 
The results m Table 4 indicated that no components 
of these samples would mterfere but m order to be 
quite sure we made a critical study of nearly all the 
constituents present m these preparations which 
could possibly mterfere, and which have caused trou- 
ble for many other mvestlgators 

The experiments were divided into two parts. In 
the first set the constituents were analysed alone and 
m the second together with a known amount of ascor- 
bic acid None of the constituents tested caused any 
observable mterference. The lower hmlt for the 
amount of added substance m each analysis was set 
at about 1 mg The followmg substances were studied 
raffinose, lactose, maltose, sucrose, fructose, galactose, 
mannose, xylose, manrutol, mcotmamlde, calcium 
panthothenate, retmol, thmmme, nboflavm, pyrldox- 
me, cyanocobalamm, cahferol, tocopherol, fohc acid 
and blotme There are also some other constituents 
m the preparatlcins which we have not extensively 
tested However, analyses on the whole preparations 
but with ascorbic acid removed did not m&cate any 
interferences 

Several ways have been outlmed for the determma- 
tlon of ascorbic acid m the presence of copper and 
Iron salts Chapman and co-workersz4 have exammed 
the Influence of copper and uon salts m eight different 
frequently used methods and only one proved to be 
quite satisfactory As some salts of copper and u-on 
may also be expected to interfere with our method 
It was necessary to find ways to prevent mterference 
from these salts According to Hume and Kolthof?’ 
sodium citrate forms a stable complex with copper 
We performed some experiments m which a citrate 
solution was added to the cell Just before the analysis 
of a sample contammg ascorbic acid and cupric sul- 
phate, and for small amounts of copper the method 
worked well However, the use of EDTA instead of 
citrate as a complexmg agent was found to work 
excellently m all tests performed Ferrous Iron, which 
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occurs m many pharmaceutical preparations, does 
not mterfere at all, which can be seen from the analy- 
sts of the preparation “Multtplex Comp N”, which 
contams about 15 mg of Fe’+ m each tablet Ferrous 
n-on is, however, easily oxidized to ferric iron which 
reacts with iodide and also, more seriously, with 
ascorbic acid In order to prevent these reactions the 
addition of fluoride or EDTA for complexation of 
the ferric ions has proved satisfactory 

CONCLUSION 

A rapid and very accurate method has been devised 
for the assay of ascorbic acid The method can be 
used either m routme analyses or for the analysis of 
completely unknown samples without any special 
preparations, because the analysis current can be 
reversed during a determmatton and an additional 
amount of iodme generated if a sample contams more 
ascorbic acid than expected Coloured or cloudy sam- 
ples present no problems We have not found any 
interfering substance, m the different samples ana- 
lysed, of which the effect could not easily be eh- 
mmated 
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ANALYSIS OF A MIXTURE OF A KNOWN AND AN 
UNKNOWN WEAK ACID BY TITRATION TO A 

PRESET pH 

ARI IVASKA 

Department of Andlytlcai Chemv,try Abo Akddeml Abo SO. Fmland 

(Recewed 10 January 1915 Accepted 5 March 1975) 

Summary-The preset-pH tltratlon method has been used to indicate the presence of a second acid 
when the titration curve (pH us volume of added tltrant) seems to indicate only one acid By use 
of the method even small amounts of proplomc acid can be detected m an acetic acid solution despite 
the small value of A log KEA = 0 18 B mary mixtures of acids may be analyzed when one acid 1s 
known, and log K$ for the unknown acid may be found Acetlc acid, as the known acid, has been deter- 
mmed together with hydrochloric, mandehc, hydroxyacetic or boric acid or ammonium ion, with an 
error of about 1% The method can be used m some cases for tltratlon of ternary mixtures of one 
known and two unknown acids Only the sum of the unknown acids can then be determmed together 
with the known acid 

A common method of analysmg aqueous solutions 
of acrds is to titrate them potentiometrically with a 
strong base The usual titration curve, pH us volume 
of added base, is then used to determme the number 
of the acids and then concentrations A solution con- 
tammg only one acid gives a titratron curve with one 
potential Jump. It should be sufficiently high to be 
used for accurate determmation of the concentration 
of the acid If several acids are present and the differ- 
ences of their stability constants are larger than four 
orders of magnitude separate potential Jumps for the 
acids can be obtamed. In that case the determination 
of the composition of the mixture 1s a simple task 
When the dissocration stages of moderately strong 
acids overlap each other, only one potential lump cor- 
responding to the total sum of the acids can be 
obtamed and the evaluation of the concentrations of 
the different acids is diflicult If the difference m the 
stabrhty constants of two acids is less than one log 
unit the curve closely resembles the curve for only 
one acid In that case it is impossible to tell from 
the course of the trtration curve (pH us added 
volume of titrant) whether the solution contams only 
one acid or several of almost equal strength 

Frrsque and Meloche’ give a method for potentio- 
metric analysis of mrxtures of two acids with overlap- 
ping dissociation steps Then paper, published m 
1954, has unfortunately received too little attention 
Recently new methods have been developed by Pur- 
die et al ,’ Ingman et ~1,~ Kankare4 and Ivaska 5 
These papers deal with solutions contammg two 
known weak acids The mixtures titrated by Kan- 
kare4 are rather complicated He has for example, 
achieved reasonable accuracy when determunng the 
composition of a rrnxture of tartaric and citric acid, 
a mixture contatmng five dissocration steps In all five 
methods mentioned, the acids to be determined are 

assumed to be known and then stabihty constants 
should be known quite accurately In one of his 
methods Kankare4 uses the degree of deprotonatron 
mstead of the stabrhty constant Frisque and 
Meloche,’ Purdue et al, * Kankare4 and Ivaska’ have 
determined the stability constants from pure solutions 
of the acids Ingman et al 3 have titrated a known 
mixture of the acids to be analysed and determined 
the stability constants from these titration data 

An analyst, however, quite often has to determme 
the composmon of a rmxture of unknown acids He 
does not know the number of acids or he might know 
that the solution contams one known and one or 
several unknown acids and he has to make a quanti- 
tative analysis for the known acid m the presence 
of the other acids This problem arises when he has 
to test the purity or make an analysis of an mdustrial 
product which can contam other acids as by-products 
from the manufacturmg chemical process 

The purpose of this paper is to show how the pres- 
ence of a second acid can be detected though the 
form of the usual titration curve indicates only one 
acid The determmation of the cornpositron of a bi- 
nary mixture of weak acids when one of them is 
known IS also discussed 

INDICATING THE PRESENCE OF A SECOND ACID 

The theory for the method described m this paper 
has been derived assummg one acid to be known 
The preset-pH titration method6 is used m the formu- 
lation of the theory 

A weak acrd HA with mmal volume V, and nnxed 
stabrhty constant Z& is trtrated with a strong base 
of concentration Co, The volume of base added to 
give the preset pH is I/ and its consumption at the 

995 
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equivalence point V.. The following equation is valid 
if the titration 1s performed to a preset pH 6 10 

v,,=B v+L4 (1) 
where I 

- wt 

B = {HJK;, + &HI - COHlXl + D-V&)+ 1 
(2) 

A = $)@I] - [OH])(l + {H}K:,) 
OH 

The constants B and A can be calculated m advance 
for any pH 

If the solution contams only one, known, acid the 
value of V,, calculated from different pH values 
should be constant. D&rent values of V,, for differ- 
ent pH values indicate the presence of one or more 
other acids. 

Let us consider the case with only one unknown 
acid If the unkrwwn aczd zs stronger than the known 
one the calculated value of V,, decreases wzth zncreas- 
zng preset pH and a weaker unknown aczd results m 
zncreaszng values of V,, wzth zncreaszng preset pH With 
the stronger unknown acid V 1s larger than it would 
be for only one acid because part of the t&ant has 
been consumed by the stronger actd When the 
titration is performed to a higher pH the value of 
V IS again larger than it should be but now the pro- 
portion of the stronger acid is less than at the lower 
pH, thus resultmg in a decrease m V’, It should be 
noted that the proportion of V consumed by the 
known acid always gives constant V,,. With a weaker 
unknown acid V is again larger than it should be 
but with mcreasmg pH the proportion of the un- 
known acid m V mcreases, resultmg m an increase 
in V,,. This deduction is verified by the following 
example. Data from a titration of a mixture of acetic 
acid (HAc) and hydroxyacenc actd (HOHAc) are 

Table 1 Tltratlon of bmary mixtures of acids with a strong 
base Temperature = 25” and p = 0 1 (KCl) 

Acetx and hydroxyacem acids 
V, = 520ml C,” = Oax321M 
Thwretlcal V,q,,C = 2 66 ml V.q,,w,C = 9 37 ml 

(a) (b) 
HAc known HOHAc known 

logK::=4649 log K:, = 3 719 

4200 7 685 3815 0159 29 477 
4600 9 505 2 120 0035 20186 

5200 11 125 1281 0005 14 256 

Acetlc and prop~onx aads, acetvz known 

Cc) 
v, = 600 ml 

c,, = 0 0996OM 
Theoret& 

V es**r = 439mI 
V (a”-_ = 630ml 

1331 0 056 IO-285 
1 132 0019 10777 
1033 0004 11496 

Cd) 
610mI 

0 0996OM 

1098 ml 
105ml 

4200 2 46s 3815 0 181 9 585 303 0 184 II 743 
4600 467 2120 WI40 9940 5 525 0041 11754 
5200 802 1281 O-006 10 280 9 225 0006 11823 

____ __-- HAc + HOHAC 

PH 

1.. 
*0 

. . 1 . . . . ..I 

05 v/vq “O 
Fig 1 The curve of pH as a function of the tltratlon ratio, 
V/V,, for tltratlons of acetIc acid (I-W) and a rmxture 

of acetic acid and hydroxyacetlc acid (HOHAc) 

given m Table 1 The titration is performed to 
pH 4 200, 4600 and 5 200 These values have been 
arbitrarily chosen to cover a major part of the acetic 
acid titration In the first case (a) m Table 1 acetic 
acid is regarded as the known ac:d The constants 
B and A are calculated for log Kh = 4 649 ’ In the 
second case (b) it is assumed that hydroxyacenc acid 
is known The values of B and A are calculated for 
log Ki,+ = 3 719.5 In Table 1 titrations of rmxtures 
of acetic acid and propionic acid (HPr), (c) and (d), 
are included m order to demonstrate that the method 
can also be used to indicate the presence of an acid 
with almost equal strength, A log Kk = 0.180 3 In 
these two titrations (c) and (d) it 1s assumed that acetrc 
actd 1s known 

As can be seen from Table 1 the presence of a 
second acid can be indicated by usmg the method 
of preset pH titration. Even m case (d) the presence 
of a small amount of propionic acid could be verified 
The usefulness of the method is obvious when study- 
mg the whole t&anon curves plotted m Fig. 1. These 
curves are of the HOHAc-HAc titration given m 
Table 1 and of a tttranon of HAc alone The curves 
for the HAc-HPr titrations given m Table 1 comcide 
with the HAc curve with the scale used On the basis 
of these curves it 1s quite dficult to tell whether the 
solutions contam several acids or acetic acid alone. 
These curves have been normahzed so that the pH 
1s plotted as a function of the titration ratio, V/V,, 

A constant value of V&, or only small variations 
m it, may be obtained d a ternary mixture of weak 
acids 1s titrated, with one unknown acid stronger and 
one weaker than the known acid, but the unknown 
acids must have suitable values of stability constants 
and concentrations m order to give a constant V,, 
This 1s possible m theory but quite rare in practice 

DETERMINATION OF THE COMPOSlTION OF BINARY 
MIXTURES OF WEAK ACIDS AND OF log K:, 

OF THE SECOND ACID 

A weak acid HA, is tttrated with a strong base 
m the presence of an unknown weak acid HA”. The 
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equivalence volumes are denoted by I/e& and I/es,,. The 
volume of added base V can be considered as the 
sum of two volumes, V, and V,, where & denotes the 
volume of added base consumed by the known acid 
HA, and 6, that consumed by the unknown acid 
I-IA,, If the stability constants of the acids do not 
differ greatly from each other, only the sum of the 
acids, denoted by I/e_ can be obtained from the 
titration curve When the titration 1s performed to 
a preset PI-I, denoted by (pHk,, V, is the volume gvmg 
it, the followmg equations can be written: 

&,, = &a v,, + AI, (4) 

KQ, = &a llla (5) 

%,., = &I + Geq,, (6) 

K = v,, + Yl. (7) 

It should be noted that equation (5) does not have 
the term A [see equation (3)] This is because it m- 
eludes V,, which has already been taken mto account 
m equation (4) m the term A, 

Equations (4), (5) and (7) can be rewritten for other 
pH values, eg. (PH), and (pH), The difference 
between the two V,, values calculated according to 
equation (1) at (PH)~ and (pH), by assummg the pres- 
ence of only HA, 1s denoted by C,, and can be 
expressed as follows 

C,, = BI, v, + AI, - (Bu, v, + &) (8) 

By msertmg equation (7) mto (8) and usmg equation 
(4) [which gves the same V&, at (pH), and (pH)J 
equation (8) 1s reduced to. 

C *b = &a I/la - Bib v,l, (9) 

Yla and V,,, can be solved from equation (5) written 
for (pH), and (pH)b After msertlon of these terms 
into equation (9), V&,, can be calculated 

v,,,, = cd-b 
Bh Bib 

(10) 
--- 
Blld &lb 

With this V,,, the value of V,, at another preset (pH), 
can be calculated from equation (5) and V,, and V&I 
are then obtained by using equations (7) and (4). By 
assuming different values for Kk,, different values 

of Keq,,, l&, V,, and V,,,, are obtamed The correct 
value of KLr, gives the sum (Veq, + V,,,,) equal to 
the value obtamed for V&,_, wluch can be determined 
&rectly from the potential Jump or, with the Gran 
method,’ from pomts after the total equivalence 
point The Ingman and Stil methods can also be used 
by applying it to the points m the vlcmlty of the 
potential Jump and assuming the presence of only the 
known acid The value of V& can naturally also be 
calculated either at @H)* or (pH)b By use of a third 
preset pH value (PH), more points on the titration 
curve can be used to evaluate the result. 

The method 1s demonstrated m Table 2, usmg the 
HOHAc-HAc titration from Table 1 It 1s first 
assumed that acetic acid 1s known When different 

Table 2 Tltratlon of a nuxture of acetlc acid (HAc) and 
hydroxyacek acid (HOHAc) Evaluation of the titration 

data given In Table 1 

V 
‘an 

= 12014ml 

(pH), = 4 200 @Hh=5200 @H). = 4600 
V. = 7685mI v, = 11 125mI v, = 9505ml 
Theoretxal V,,,,c = 2 66 ml V_~__ = 9 37 ml 

HAc known 
C _-b= 15221mI 

370 9200 2 868 12068 

373 9464 2512 11976 

375 9654 2 258 11912 

3 718 9 356 2 658 12014 
Error, % -01 tO.0 

HOHAc known 

c,,= -1Zllml 

4 650 2648 9 367 12014 
Error, % -04 *00 

values are assigned to Kh,,, different values for V& 
and V”esr are obtamed The term (V_, + VeqIr) IS then 
plotted as a function of log KkfAu m Fig 2 A lme 
correspondmg to the value of Veq,,, determmed with 
pomts near the potential Jump usmg the method of 
Ingman and Still,’ is also drawn m Fig 2 The point 
of mtersectlon of these lines gives the correct value 
for log Kh$,, The equivalence volumes I/es, and V& 
are then calculated with this value, log KkAn = 3 718, 
which can be used as an aid then ldentlfymg the 
unknown acid A sumlar procedure 1s used when hyd- 
roxyacetlc acid is assumed to be the known acid The 
value obtamed, log Kh,, = 4 650, can be used as an 
aid to identify the unknown acid as acetic acid. In 
both of these cases the equivalence volume of the 
known acid as well as of the unknown acid is deter- 
mined with reasonable accuracy, as can be seen from 
Table 2 

In the method proposed, the titration of the mix- 
ture IS dlvlded mto a known and an unknown part 

12 10 

r 

z . = 
z n “%t ----- ____-_______ > 
. 12 00 

\ 

log KHH*,, 
Fig 2 Graphical deternunatlon of log Kk,,, accordmg to 
the method presented m Table 2, acetic acid (HAc) bemg 

the known acid 
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Table 3 Tltratlon of binary mixtures of acids contammg 
acetlc acid (HAc) and as the second acid ather hydro- 
chlorlc acid (HCI), mandehc acid (HMa), hydroxyacettc 
acid (HOHAc), boric acid @(OH),) or ammonium ion 
(NH; ) The experimental condttlons are similar to those 
m Table 1 in all tltratlons acetlc acid IS the known acid, 

with equivalence volume V,,, 

HAc + HCl 
HAc + HMa 

HAc + HOHAc 

HAc + B(OH), 

HAc + NH; 

Theorettcal Found 

VW ‘911 V V ‘W v,,,,. 
ml ml ml ml 1% GA,, 

(pH), = 4 200 (pH), = 5 200 (pfi), = 4 6OO 

1004 OS3 996 061 c-l 
345 2 53 3 45 252 3 307 
062 444 064 444 3 305 
988 095 989 093 3 684 
736 3 32 734 334 3740 

ipH). = 9 100 (PHI, = 9 503 (pH), = 9 300 
603 306 599 309 9 146 
7 36 5 58 7 38 5 55 9 157 
6 36 8 28 645 8 20 9416 
5 22 438 5 25 435 9 407 

The unknown part of the titration 1s described by 

the dlssoclatlon of a second acid The only mforma- 
tlon received from this part IS the stablhty constant 
and concentration of the second actd by which the 
behavlour of the unknown part IS described No spe- 
cific reactions of the unknown amon have been used 
m determmmg the composition of the mixture In 
order to make an absolute ldentlficatlon of the un- 
know-n acid quahtatlve methods shouId be applied 
If the solution contams more than one u~no~ and 
the result of an analysis obtained by the method pro- 
posed cannot be expected to be good This problem 
will be discussed later in this paper 

The proposed method has been used to analyse 
truxtures of acetic acid with hy~~hloric a&, man- 
dellc acid, hydroxyacetlc acid, boric acid or 
ammonium ion The results are summarized m Table 
3 The error obtained IS m general about 1% The 
total eqmvalence volume ‘/eqtO, IS determined m the 
first three cases by using the equation of Ingman and 
St111 * In the last two cases the Gran method7 IS 
applied, using points after the total equivalence point 

When the unknown acid 1s strong, as m the case 
of HAc + HCl m Table 3, the calculated value of 
(V_, f V_) as~ptotl~lly reaches Kvesl,? with de- 
creasmg values of log K”,,, The mdlvldual values 
of V& and V,,,, remam almost unchanged at values 
of log K-IA,, between 0 and 1 

In all the cases mentioned so far the mixtures 
titrated have been bmary, con~lnlng only one un- 
known acid An mdustrlal product, however, may 
contam several acids as by-products In many cases 
it is not important to know the amounts of the mdivl- 
dual by-products but only their total amount The 
method proposed can be used to solve this kmd of 
problem m certam cases In Table 4 are given data 
for two titrations of ternary murtures of acetic, hydr- 
oxyacetlc and mandehc acids In these titrations It 
IS assumed that acetic acid 1s known and the solution 
contams only “one” unknown acid 

As can be seen from Table 4 the method IS not 
accurate but can be used m cases where only approxl- 

Table 4 Tltratlon of ternary mixtures of mandehc acid 
(HMa), hydroxyacetlc acid (HOHAc) and acetic acid (HAc) 

with strong base Temperature 25”, ,u = 0 1 (WI) 

(pH), = 4 200 (pHjj,=5200 (PHJ, = 4 600 
(0) (W 

V .q;:::. i ;$;) 8 95 ml 

7 99 ml 
4 81 WI 

eq**, I 79 I,,/ 16 6o m’ 

V, = 515ml 51 9tnl 

c,, = 00982lM 0 09821 M 

V L”noH*l 
V Error. 4 Y,,,,., 

Found ‘iY” aI 
Err0t, 

ml 0, 0 10 log %, 

1:; 
8 05 +10 8 86 -10 3 423 
8 08 +I1 651 -14 3604 

mate values are required The change m log J&,, 
with the different molar ratios of mandehc acid and 
hydroxyacetlc acid can also be seen m Table 4 A 
serious drawback of the method IS that it can be used 
only rf the known acid IS either stronger or weaker 
than both the unknown acids One possible explana- 
tion for the poor results m Table 4 1s that m the 
tltrahon of the two unknown acids the term BIIa m 
equation (5) does not follow equation (2) 

DISCUSSION 

A proper choice of the preset pH values IS drfficuit 
In general they can be chosen arbitrarily It IS, never- 
theless, preferable that they should cover a pH-region 
where both acids have at least partly dissociated If 
the pH values are conslderably lower than log KL 
of the known or unknown acid, equation (1) gives 
quite erroneous results 6 The values of (pH), and 
(pH), should not be so close to each other that the 
value of C,, 1s too small Consldermg the accuracy 
(+O 005 ml) with which the volume of base added has 
been measured m this work, a value of about 0 5 ml 
for C,, would give an error of 1% m ~al~ula~ng 
the value of V,,,, Greater values of Ce_b wolf decrease 
this error If for example (PH), and (pH), were mter- 
changed in the titration m Table 2 where HOHAc 
1s known, a value of C,_, = -0492mE would be 
obtained The optimum choice IS for the preset pH 
values to cover the buffer regon of the weaker acid, 
because both acids can then be determmed accurately 
by means of equation (1) The equivalence volume 
of the known acid, Q,, 1s determmed at (pH), which 
should preferably be chosen near log KiAr If the un- 
known acid IS stronger than the known one 6 The 
values of VG4, and V,,,, can even be calculated with 
a slide-rule but if fast results or more precise values 
are needed a small programmable calculator should 
be used 

The choice of the preset pH values does mftuence 
the result If for example (pH& and (pH), were mter- 
changed in the titrations given m Table 3, a slight 
change m the values of V,,, V,,,, and even m log 

@Ll would be obtained Thus the results of an analy- 
sls performed by the proposed method should be con- 
sidered critically This IS especially true when acids 
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with almost equal strength are titrated In that case 
the value of V&,, should be determmed very accu- 
rately because the calculated term (I&, + Veqrr) will 
not change very much with log K&,,, although the 
mdlvldual values of V,,, and V,,,, are strongly depen- 
dent on it An incorrect KqrO, will give erroneous V,,,, 

Kq,, and log KiA1, When acids with moderately large 
A log Kk are titrated, e g , acetlc acid and mandehc 
acid amongst the examples given m Table 3, the mdl- 
vldual values of V& and Veqrr vary slowly with log 

Gn and a very high degree of accuracy m V&,,, IS 
not required 

It may be mentioned that when the data of the 
titrations given m Table 3 were processed by the 
method given earlier by the present author,5 using 
the value obtained for log K&,,, only the result for 
the titration of acetic acid and hydrochloric acid 
could be Improved, values V,,, = 10 03 ml and V_,, = 

058 ml were obtained. In all other cases the accuracy 
remained the same or decreased 

If the data from the tltratlons of acetlc acid and 
proplomc acid m Table 1 were processed by using 
the proposed method qmte erroneous results would 
be obtamed The tltratlon of acids of almost equal 
strength requires a high standard of experunental 
data, as pomted out by Ingman et al 3 

It should be emphasized that the cahbratlon of the 
pH-meter and the electrodes 1s of importance and 
should be done m the same way when determining 
the stability constants9 or the values of B and A from 

a cahbratlon tltratlon 6 Even small changes m the sta- 
blllty constant of the known acid will influence the 
result and cause decreased accuracy 

EXPERIMENTAL 

A dtgltal pH-meter (Orion Research 801, accurate to 
~@OOl pH units) was used with a Beckman glass electrode 
and a saturated calomel electrode The pH-meter was stan- 
dardlzed agamst 0 05M potassmm liydrogen phthalate 
(PH = 4 008 at 25”) OtherwIse the exoerlmental condltlons 
and procedures were the same as described m earher 
papers ‘s6 
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Summary-The electroreductlon of chlorhexldme has been studied by d c, a c and pulse polarography 
Polarograms of the drug recorded from ammomum acetate buffers exhlblt a single well-defined wave 
The current 1s &tTuszon-controlled and proportIona to the concentration The reduction wave 1s due 
to an ureverslble &electron reduction of the four > C=NH groups m the molecule to ammo groups 
The drug IS strongly adsorbed on the electrode surface over a conslderable potential range Hence, 
the drug can be determined by polarography m the presence of other weaker surfactants often present 
m pharmaceutical formulations Procedures have been proposed for pulse-polarographlc determination 
of the drug m antlseptlc cream and liquids The proposed method 1s simple and accurate and does 
not involve hmeconsummg separation of the drug from msoluble constituents present m the sample 

The antrseptrc drug chlorhexrdme [l-l’-hexamethy- 
leneb@-p-chlorophenylbrguamde)] is strongly bac- 
tericidal towards a large number of orgamsms and 
IS mcorporated m several formulatrons, m a range 
of concentratrons.1-4 Relatrvely large amounts of the 
drug may be determmed by titration m non-aqueous 
medium, but smaller amounts are usually determined 
spectrophotometrrcally ‘e6 However, these methods 
mvolve trme-consummg separatrons and are mcon- 
vement for routine analysrs The present work was 
carried out m order to study the electroreductron of 
chlorhexrdme m aqueous solutrons and to investigate 
the applicatron of pulse polarography to rapid deter- 
mination of the drug m pharmaceutrcals 

EXPERIMENTAL 

Pharmaceutical-grade chlorhexldme dlacetate was 
obtained from A/S Apothekernes Laboratormm for Spe- 
clalpraeparater, Oslo Stock solutions were prepared by 
dlssolvmg the appropriate amount of the commercial prod- 
uct m distilled water All other chemicals were reagent 
grade and were used without further purlficatlon Hlbltane 
antiseptic cream and liquid was obtained from Imperial 
Chemical Industries Ltd Cheshire. Great Brltam 

Polarograms (a c and d c ) were recorded with a 
Metrohm/E 261 R Polarecord connected to a Metrohm 
E 393 a c modulator An Aa/A&l/saturated KC1 electrode _. _ I 

served as reference electrode and a tungsten electrode was 
employed as auxllrary electrode The capdlary character- 
1stlc.s of the dropping mercury electrode, measured m 0 IM 
ammonmm acetate buffer at an applied potential of - 1 58 
V and a corrected mercury hetght of 48 2 cm, were m = 
1973 mg/sec and t = 3 02 set Dissolved oxygen was 

removed from the solutions by bubblmg oxygen-free 
nitrogen through the cell for 10 mm and passing it over 
the solution during the electrolysis 

Pulse polarograms were recorded with a PAR polar- 
ographlc analyser, model 174, m the dlfferentlal pulse 
mode Cychc voltammetry experiments were performed 
with a versatde solid-state Instrument constructed m this 
laboratory followmg the design of Goolsby and Sawyer ’ 
A Mosely 7030 AM X-Y recorder was used m conJunctIon 

with the instrument A Metrohm E 410 hanging mercury 
drop was used as workmg electrode and a platinum co11 
served as auxlhary electrode All experiments were per- 
formed at 25 f 0 1” 

RESULTS AND DISCUSSION 

Prehmmary experiments showed that polarograms 
of chlorhexrdme m acrdrc solutions exhrbrt only a 
poorly-defined wave, with half-wave potentral close 
to the reduction wave of the supportmg electrolyte, 
which 1s not useful for a polarographrc determmatron 
of the drug Better-defined waves were obtained from 
slightly alkaline media Experiments showed, though, 
that the drug IS only slightly soluble m ammoma 
buffers contammg chloride and that catalytrc waves 
are obtained with buffers contammg mtrate On the 
other hand, polarograms recorded for neutral and 
alkaline ammomum acetate buffers exhibit a single 
well-defined wave (Fig 1) Hence, 0 1M ammonium 
acetate/ammonia buffer was chosen as supportmg 
electrolyte 

The effect of pH on the reductron wave was mvestr- 
gated by recording d.c polarograms of 0 lmA4 chlor- 
hexrdme m O*lM ammomum acetate buffers of 
various pH values As mdrcated m Table 1, the hmrt- 
mg current IS independent of pH m the range 6 5-8 3 
but decreases of hrgher pH values The steepest wave 
was obtained at pH values above 9 Moreover, a bet- 
ter separation of the chlorhexrdme wave from that 
of the supportmg electrolyte was obtamed at higher 
pH values Consequently, 0 1M ammomum acetate/ 
0 1M ammoma buffer at pH 9 3 was used as support- 
mg electrolyte m the followmg experiments 

The effect of drop-time was mvestrgated by record- 
mg polarograms of 0 1mM chlorhextdme m 0 1M 
ammonmm acetate buffer at varrous heights of the 
mercury column The constancy of the product zh- ‘I’, 
where h IS the height of the column after correctron 

TM. 22112-E 
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E. volts vs Ag/AgCl 

FIN 1 Polarograms (d c and a c) of 0 1 mM chlorhexrdme 
m 0 1M ammomum acetate/ammonia buffer pH 9 3 

for the “back pressure”, and the temperature coeffi- 
clent of 2 1% per degree (over the range 2$45”), mdl- 
cate that the dc current was &ffuslon-controlled 

The d c polarographlc step was followed by an a c 
polarographlc wave (Fig 1) The peak potential E,, 

was about 40 mV more negative that the half-wave 
potential The appearance of an ac polarographlc 
wave indicates that a fast electron-transfer step IS m- 
volved m the electrode reaction On the other hand, 
the plots of log l/(ld-l) us the potential show two 
almost straight lmes with slopes of -45 and -28 
mV per log unit, respectively, lmplymg that the elec- 
tron-transfer occurs m two steps and that the overall 
electrode reaction IS lrreverslble 

The ac polarogram (Fig 1) also exhlblts a ten- 
sammetrlc wave with peak potential - 145 V, mdlcat- 
mg that the drug IS strongly adsorbed on the elec- 
trode surface The adsorption was verdied by drop- 
time measurements As shown m Fig 2 the presence 
of chlorhexldme causes a large decrease m the drop- 
time over a conslderable potential range The drug 
IS desorbed at - 145 V (Fig 1) Further experiments 
showed that chlorhexldme IS such a strong surfactant 
that it may even be used as a maxlmum suppressor 

Table 1 Effect of pH on dc polarograms of 0 1 mM 
chlorhextdme dtacetate m 0 1M ammomum acetate/ 

ammoma buffers 

PH z.i> PA -E,,,> V -(Ew-Ed V 

65 216 1388 0 038 
72 2 14 1423 0 037 
76 2 16 1445 0 036 
83 2 14 1484 0 034 
90 198 1 536 0 032 
95 186 1 586 0 030 

42- 

I I 1 I I I I 
-10 -08 -06 -04 -02 0 

E. volts vs Ag/AgCl 

Fig 2 Electrocaplllary curves of ammomum acetate buffer 
m the absence (curve A), and m the presence of 25 x 
10w5M chlorhexrdme (curve B) and 10e4M chlorhextdme 

(curve C) 

m dc polarography The presence of only 00002% 
chlorhexldme was sufficient to suppress the maxlmum 
on the wave for 3 mM lead m 0 1M potassrum chlor- 
Ide, of 0 5mM mtrazepam m 0 5M sulphurlc acid and 
of 1mM mcotmamlde m 2M sulphurlc acid The sur- 
face activity of chlorhexldme causes a considerable 
foaming during deaerahon of solutions contammg 
higher wncentratlons of the drug, but experiments 
showed that the foaming can be avoided by the pres- 
ence of a minute amount of n-octyl alcohol 

The results m Table 2 indicate that the drug can 
be determmed by dc polarography with a lmear 
calibration over the concentration range from 5 x 
10e6 to 2 x 10v4M which corresponds to Z-125 pg/ 
ml As the ac polarographlc peak current IS very 
small (Fig 1) it IS not smtable for a practical deter- 
mination of small amounts of the drug, but the dlffer- 
entlal pulse polarogram of the drug 1s very well 

Table 2 Polarographrc data for the reductron of various 
amounts of chlorhextdme m 0 1M ammonium acetate/ 

ammoma buffer, pH 9 3 

Direct current 
polarography 

Cone, mM 'd, PA -E,,z, V 

0200 3 65 1640 
0150 281 1610 
0 100 1 84 1 578 
0075 139 1 564 
0050 092 1544 
0025 0 455 1531 
0010 0 188 1 523 
0 005 0 092 1513 

‘d/C. 
wWM 

183 
187 
184 
186 
184 
182 
188 
184 

Dtfferentral pulse polarography (drop ttme 0 5 set, pulse 
amplitude 50 mV and scan-rate 2 mV/sec) 

Cone , ‘P, -E,. $K 
i7lM PA V w@M 

00050 1200 1 57 240 
0 OQ25 0 590 1 58 236 
OOIO 0 243 1 58 243 
0 00075 0 185 1 57 247 
0 00050 0127 1 57 254 
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defined even at low concentrations and by this 
method the concentration range can be extended 
down to 5 x lo-‘M (03 kg/ml) 

As indicated m Table 2, the half-wave potential 1s 
shifted to more negative potentials with increasing 
concentration of the drug, whereas the pulse polar- 
ographlc peak potential (which was obtamed with a 
drop tnne of 05 set) 1s independent of the con- 
centration This effect 1s probably due to a slow 
adsorptlon of the reduction product on the electrode 
surface 

Cychc voltammetry experiments were performed at 
a hangmg mercury drop electrode Reproducible 
results were obtained provided that the mercury drop 
was changed between each experiment No anodlc 
peak resulting from reoxldatlon of the reduction 
product was observed at any scan-rate or any swltch- 
mg potential, mdlcatmg that the overall electrode 
reaction 1s lrreverslble As shown m Fig 3, the catho- 
dic peak has the characterlstlc symmetrical shape of 
an adsorption wave If the cychc sweep 1s repeated 
on the same drop the cathodic peak current decreases 
to a very small value, mdlcatmg that the reduction 
product IS adsorbed on the electrode surface and that 
the adsorbed4ayer mhlblts further electrode reactlon 
Further experiments showed that the current function 
l,/CV”2 increased with mcreasmg scan-rate and de- 
creasing concentration, confirming that adsorption IS 
involved m the electrode reaction * 

Coulometrlc reductions of chlorhexldme at con- 
trolled potential were performed to determme the 
number of electrons involved m the overall electron- 
transfer reaction The experiments were carried out 
m the absence of an m a small electrolysis cell with 
a mercury pool as working electrode However, these 
expernnents did not gve reliable results, because the 
reduction potential of the drug 1s too close to that 
of the supportmg electrolyte Hence, the drug could 
not be completely reduced without also reducmg 
some of the supportmg electrolyte The diffusion cur- 
rent constant, calculated from the dc current m the 

I I I I I I I 

-I 4 -I 6 -I 8 

E. volts vs Ag/AgCl 

Fig 3 Cychc voltammogram of OOSmA4 chlorhexldme m 
ammomum acetate buffer, pH 9 3 Scan-rate 0 05 V/set 

pH range 65-8, was I = 115 fl 1 mmole-’ 

mg -3/2 sec112 Companson of this value with that 
of other depolarizers with approximately the same 
molecular size indicates that 8 electrons are involved 
m the overall electron-transfer reaction The shift of 
the half-wave potential to more negative values with 
mcreasmg pH (Table 1) suggests that hydrogen ions 
are consumed m the electrode reaction The structure 
of chlorhexldme 1s 

Cl NHCNHCNH(CH&NHf”f; CL 

iH AH 

Hence, the reduction wave of chlorhexldme 1s prob- 
ably due to reduction of the four > C&NH groups 
to ammo groups 

> C=NH + 2H+ + 2e+ > CH.NH2 

As stated above, the electron-transfer occurs m two 
steps, probably a slow one-electron step followed by 
a fast one-electron step glvmg rise to the a.c wave 
The four > C%NI-I groups are probably energetically 
equivalent and hence they are reduced at the same 
potential and only one polarographlc wave 1s 
observed 

ANALYTICAL APPLICATIONS 

Because chlorhexldme 1s reduced at highly negative 
potent&, differential pulse polarography IS the most 
useful method for the determination of the drug m 
the presence of other polarographlcally active sub- 
stances It IS also the most senslttve method 

Experiments showed that the antiseptic liquid Hlbl- 
tane, contammg 5% chlorhexldme dlgluconate, can 
easily be determmed by dlfferentlal pulse polarogra- 
phy by simply dllutmg the sample with ammonmm- 
acetate/ammonia buffer and recording the polaro- 
gram The commercial antlseptlc hquld also contams, 
m addition to chlorhexldme, certain other surfactants 
which interfere at high concentrations of the hquld 
Hence, the sample must be diluted with buffer to give 
a final concentration below 10M4M 

Recommended procedure 

Transfer an ahquot of the sample, eqmvalent to l-10 
mg of chlorhexldme dlgluconate, to a lOO-ml volumetric 
flask and add 25 ml of 04M ammomum acetate/ammonia 
buffer (pH 9 3) and one drop of n-octyl alcohol, and dilute 
to the mark with dlstllled water Shake the flask and 
transfer a sultable amount to a polarographlc cell Displace 
dissolved oxygen with pure mtrogen and record a ddferen- 
teal pulse polarogram with drop-time 0 5 set, pulse amph- 
tude 50 mV and scan-rate 2 mV/sec at a startmg potential 
of - 1 3 V Measure the peak-current and determme the 
amount of chlorhexldme by the standard addition method 

The amount of chlorhexldme dlgluconate m Hlbl- 
tane antlseptlc liquid (declared amount 5%) was 
determmed by the procedure above Four determma- 
tlons gave the results 4 98, 4 94, 4 98 and 5 14% 

Further experiments showed that chlorhexldme can 
be determined m antlseptlc cream by almost the same 
procedure and without any time-consummg separ- 
ation from the fatty constituents A polarogram of 
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E, volts us Ag /AgCl 

Fug 4 Dlfferentlal pulse polarogram of a suspension of 
Hlbnane anhseptlc cream m 0 1M ammonnzm acetate/ 
ammoma buffer, pH 9 3 Drop time 0 5 set, pulse amph- 

tude 50 mV and scan-rate 10 mV/sec 

Hlbltane antiseptic cream suspension m 0 1M 
ammonmm acetate buffer (pH 9 3) IS given m Fig 
4 Experiments showed that the peak current IS pro- 
portlonal to the concentration m the range from 3 x 
10e6 to 3 x 10-5M. Hence, the suspension must be 
diluted with buffer to gve a final chlorhexldme con- 
centration of less than 1 &ml before the polarogram 
IS recorded. On the basis of these experiments the 
followmg procedure was outlmed for Hlbltane antl- 

septic cream (declared amount 1 g of chlorhexrdme 
dlgluconate per 1OOg of cream). 

Recommended procedure 

Transfer 0 5 g of antlseptzc cream to a lOO-ml volumetric 
flask, dilute to the mark with dlstdled water and shake 
well for a few minutes Transfer 10 00 ml of the suspension 
to a lOO-ml flask, add 25 ml of 04M ammomum acetate/ 
ammoma buffer at pH 9 3, one drop of n-octyl alcohol, and 
dilute to the mark with dlstdled water Transfer a smtable 
volume to a polarographzc cell and follow the polar- 
ographzc procedure above In order to reduce the noise 
it IS advantageous to increase the scan-rate to 10 mV/sec 

Several determmauons of chlorhexldme m 1% 

Hlbltane antiseptic cream gave the result 1 11-1 13 
g of chlorhexldme dlgluconate per 100 g of cream 
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Summary-It IS shown that the tltratlon curves of weak acids and their mmxtures which have rational 
mole-fractions of the components can be transformed mto polynomtzls These protonatlon poly- 
nomlals are called normal or abnormal accordmg to whether their coefficients do or do not satisfy 
certam meq~lltles derived from statIstical conslderrttrons The nor~lIty of a second-degree ~lyno~~ 
IS shown to be a character&%c eqmvalent to the reahty of its zeros Protonatlon polynomtals 
with real zeros are shown to be normal, but the converse of Gus statement IS not necessarily true 
The tltratlon curve of a polyfunctronal acid is rdentleal with that of an equrmolar mixture of 
monofunctronal actds rf and only If the protonatlon polynomral has real zeros A method for 
determmmg the fimcttonalrty of an acid from Its htratron curve by usmg protonanon polynomrals 
IS outlmed 

Non-lmear model-fittmg techmques have achieved 
w&spread appli~~ons m the problems of analytica 
and physrcal chemrstry A good example of these 
apphcatrons 1s the program package developed by 
Srlltn and hts co-workers 1*2 These programs may yet 
be the most common tools of an analytrcal chemist 
mterested m problems con~rnlng the es~tlon of 
equthbrmm constants m multrcomponent systems 
Non-lmear parameterestnnatron methods have also 
had a profound mfluence on the work of the experi- 
mentahst Hrs most rmportant goal m planning the 
experunental a~ge~nt is no longer snnplicity m 
the subsequent treatment of the data. He may con- 
centrate instead on the accuracy and prectston of the 
measurements, recording automatrcally the large 
amount of data requrred by the huge computer 
programs for precrse parameter est~tlon The easy 
avarlabrhty of high-speed computers and pertment 
software have not, however, been without unfavourable 
consequences A modern research worker may not feel 
as much mclrned as before towards the deeper mathe- 
mattcal study of his model, because the “brute force” 
of the computer will deliver the results he needs m a 
much shorter tnne However, a more rigorous 
mathematrcal treatment may reveal valuable results 
concemmg, eg., the precrston and smgle-valuedness 
of the parameter estnnates In many cases, also, more 
eEcrent ~rameter~s~tion methods may result 
from these studtes 

The research field concernmg neutralrmtron trtra- 
trons may seem to be completely exhausted. Indeed, 
the basic prmcrple of this work, re, the Integral 
representatron of trtratron curves was reported as 
early as 27 years ago by Fronaeus 3,4 However, rt 
seems that the full potentrahty of thrs method has not 

been explorted, at least in the treatment of the 
theory of acid-base tttratrons 

Recently Mertes5v6 has revrved the old problem of 
the drstmgulshabthty of the potentrometrrc trtration 
curves of mono- and poly-basic acids In the first 
pubhcauons he derives the general condrttons the 
drssocratron constants must fW1 for the trtratron 
curve of a polybastc actd to be mdtstmgmshable from 
that of a monobasic acid In the second pubhcatrorP 
the same problem is treated with numerical computer 
methods The character&c devration pattern obtained 
by fitting the titration curve of a mono~si~ acid 
to that of the unknown acid reveals the number of 
removable protons n-r the acid. In this work these 
problems and their generalizations are approached 
from an entirely different standpomt 

BASIC EQUATION 

To give contmurty to the presentatron, some 
equations presented prevrously7 wrll be derived agam 
Let the mrxture contam n acids denoted by II,,&,) 
The followmg equrhbria are assumed to prevarl m 
the solution’ 

H,,A (1) = H,,-.A(&- 

+jH+,z = 1, %%J = 1, 33 fll 

H+ -t- OH- C$ Hz0 

The total mole-fraction of an mi-basrc acid H,,,ACIj 
IS denoted by x,, and its cumulattve acidity constants 

by Pi,> J = 1, , m, The total molar ~n~n~a~on 
of the acids m the rmxture is A and the mixture IS 
assumed to be titrated wrth a solution of a strong base, 
the total concentration of which m the rmxture is B, 
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Assummg that the actlvlty coefficients of the species In the followmg we shall use a shorthand notation 
are constant we get the followmg set of equations h = WI’] Inspection of equation (8) reveals that 

,; Bd-L,A,,,ICH+I-’ + CHmAr,l = ~4 

~~“a.,CH,.Ai.,l[H+l-’ + CKnnA,n,I = ~4 
(2) hZJ = 

,$, lfiJ,h- ‘+ ’ 

1 + 2 BJ,h-’ 

= d$ln 1 + 2 fl,,h-’ 
,= 1 > 

,=I 

(12) 

,$, ,$, ~B,tIIK&_,,I IX+]-‘ - IT’1 + W--l = B 

(3) 

Introducing a quantity 

z = B + CH’I - W-1 
A 

(4) 

gives from equation (3) 

z = i ~m,ACrJ mJ 
7 El Q,m+l-’ (5) 

J= 1 

Equations (2) give 

~,AWl _ YJ 
A 

’ + 2 fiJLm+l-' 

’ (6) 

I= 1 

Substltutlon mto equation (5) gives a simple linear 
relation 

z = i: X,Z‘ 
I= I 

(7) 

where the Z,‘s are the degrees of deprotonatlon of 
the mdlvldual acids 

z, = 
,g, $JH’l-’ 

1 + 5 8J,m+l-’ 

(8) 

1= I 

In the case of polybaslc acids the total concentration 
of acids 1s not a directly measurable quantity 
Titration to the (last) inflection pomt yields the total 
normality 2 The followmg equation 1s easily seen 
to be valid 

2 = A f m,x, (9) 
I= 1 

Substltutlon mto equation (4) gives 

z = B + CH’I - W-1 
2 i m,x, = z &+ m,x, (10) 

I= I 1= 1 

Equation (7) now becomes 

Z i m,x, = i x,Z, (11) 
I= 1 I= 1 

This equation has been previously used for evaluatmg 
the mole-fractions from the expernnental values of 
ZandZ,’ 

Integration gives 

s 

h-’ 

s 

-1nh 

C’ + Z,hdh-’ = C’ - Z,dlnh 
h,’ -In ho 

=ln l+ F’fi,,h-’ 
I= I 

(13) 

Here C 1s an mtegratlon constant By use of this 
equation, equation (11) becomes 

c” - i m,x,f 

-1nh 

Zdlnh 
*= 1 -In h, 

= ,g ‘4 I”( 1 + ,;, &h-J) (14) 

We introduce now a function @ 

@ = exp[-~~~h~Zdlnh] = 16EioZdpH (15) 

This function has a one-to-one correspondence to the 
experimental tltratlon curve and It may be called Its 
integral representation With this function, equation 
(14) becomes 

(C@).x I m,y:, = 
,i (’ + J$ fl*Jh-lr (16) 

This IS the equation on which our subsequent mathe- 
matical treatment will be based The value of the 
integration constant C 1s obtained by allowing h to 
approach to mfimty The right-hand side tends then 
to 1 and we get 

(17) 

PROTONATION POLYNOMIALS 

For a pure acid the right-hand side of equation 
(16) IS a polynomial In the followmg this poly- 
normal will be called the “protonatlon polynomial” 
The mathematical properties of polynomials have 
been comprehensively studied for several centuries and 
It may be expected that some of these properties 
have apphcatlons also m the field of acid-base 
tltratlons First we inspect the condltlons to be met 
by the coefficients of the protonatlon polynomials 
The first fact 1s that because these coefficients are 
equlhbrmm constants they must be posltlve Another 
condition, coming from experimental evidence, 1s more 
comphcated Let us first derive the result of Meltes 
concerning the tltrnnetrlc mdlstmgulshablhty of mono- 



and polyfunctronal acrds.5 In the case of a pure 
monofunctional acid, equation (16) reduces to 

C@=l+/vh_’ (18) 

This equatron is valid rf both sides are raised to the 
mth power 

cVP=(l+j?h-‘)“=l+ f m 
0 

/Y/l- (19) 
I=1 1 

Thrs equation is the integral representation of the 
trtratron curve of an m-functronal acid and thus we 
are led to the result 

Theorem 1 The tltratwn curve of a monofitnct~onal acid 
IS mdzstmgu&able from that of an m-finctwnal acuz’ 
wrth cumulatwe acrdlty constants /?, = (‘Jp, where fl 1s 
the acldzty constant of the mono&nctwnal acid 

From this result we can derive Menes’s wndmon 
for successrve acidity constants 

z(m - 1) 

= (I + l)(m - I + 1) (20) 

As pointed out by Mertes,5 this equation is identical 
with that obtained by assuming the successive 
deprotonatrons of an acid are controlled only by 
statrstical factors It seems that all the reliable experr- 
mental results show that for real acids 

o < A+xB,-1 z(m - I) 

z ’ (I + l)(m - 2 + 1) = ‘@ ‘) 8, 
(21) 

Here we have mtroduced a new notation R(m, r) 
which will be used later The validity of mequality (21) 
1s mamly attributed to electrostatrc effects, as already 
explained by Bjerrum a In the following treatment the 
acids and then protonatron polynomrals wrll be called 
normal or abnormal according to whether the acidity 
constants are in conformity or not with mequality (21) 

Mertes5*6s9 has speculated on the mtrrgumg problem 
of the existence of abnormal acids The large complla- 
trons of drssocratron constants”*’ ’ do not give reliable 
evrdence for therr existence, although some examples 
of doubtful value can be found 5 Mertes5s6 has stated 
that even rf there were no acrds havmg thermo- 
dynamic dtssoclation constants which do not conform 
with mequality (21), then mcrease of ionic strength 
would brmg the wncentratron constants beyond the 
statrstrcal llrmt R(m, z) d the thermodynamrcal wn- 
stants were sufficiently close m value This statement 
is based on the supposed validity of the Debye- 
Huckel hmmng law, which m the case of an uncharged 
drfunctronal acid H2A leads to 
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Thus at any finite ionic strength K,/K, will be greater 
than Ki/Ky However, the derwatron of the Debye- 
Htickel law or Its well-known extensions rests on the 
assumption that the ions are point charges or spheres 
with finite radn According to BJerrum,s the fact that 
the ratio of the acidity constants is near the statrstrcal 
limit lmphes that the distance between the acidic 
functions is large Hence the ion A’- 1s far from 
bemg a pomt charge or sphere and we may expect 
that the actlvrty COeffiCEnt fA’- 1s not correctly 
estimated by the Debye-Huckel law We may imagine 
the situation quahtatrvely by allowing the negatively 
charged groups to move away from each other They 
become more and more independent and the activity 
coefficient fA”- can be substituted by f& Sub- 
stituhon mto (22) gives the result that the ratio 1s 
independent of the ionic strength (assuming the wn- 
stancy of fHZA) Quantitatively the problem has been 
tackled by Scatchard and K&wood,” who derived 
the expression for the actrvrty coefficient of a doubly- 
charged ion by treating the latter as two charged 
spheres This theory has been applied to the study of 
the acidity constants of long-&am drcarboxyhc acids 
by Adell l3 From the Scatchard-Kukwood theory 
we can calculate that the ratro (22) tends to the 
statrstrcal limit, but does not exceed rt with increasing 
romc strength The theory is beautifully supported 
by the experimental results of Adell l3 A good example 
IS azelarc acid, for which the value for the ratio (22) 1s 
0 134 at zero romc strength and tends asymptotrcally 
to the statrstrcal hmrt of 025, reaching the value 
0243 at iomc strength 2 (NaCl) but does not seem 
to increase after that The Scatchard-K&wood 
theory 1s subject to the same hmrtatrons as the Debye- 
Htickel theory, I e, it should be valid only for very 
dilute solutions Hence the excellent agreement between 
the theory and experiments at high ionic strengths 
is surprising 

From the Scatchard-K&wood theory we can only 
mfer the probable non-existence of uncharged dr- 
functronal abnormal acids In any case, rf abnormal 
acids do exist, they are exceedmgly rare and we have 
every reason to consider mequality (21) fundamental 
for polyfunctronal acids 

The problem which from the mathematical point of 
view 1s of fundamental importance m the case of 
polynomials 1s the locatron of the zeros, ze, the 
roots of the polynomral equation 

1 + /Iru + fi& + . + B”t4” = 0 (23) 

In our case the /It’s are all positive and we see 
rmmediately that rf equation (23) has real roots, they 
must be negative For the second degree polynomial 
the roots can be obtamed 

u1 z = - Bl f w0F-K 
282 (24) 

(22) 
d 

The roots are real d the discrrmmant 1s positive But 
this drscrrmmant criterion 1s exactlv the same as 
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obtamed from mequality (21) and thus we are led to 
an mterestmg result 

Theorem 2 The protonatwn polynomtal of a normal 
dlfitnctwnal acid has real negative zeros. 

The normality of the polynomial is not a sufficient 
condition for the reality of the roots if the polynomial 
is of higher than the second degree This can be seen 
by constructmg an example 

P’(u) = 1 + lo-% + 3 lo-‘u2 + 3 lo- r+fs (25) 

Here u = h- ‘, and gmn, is a notation for a protonation 
polynomial of the mth degree This polynomial 
corresponds to an acid with successive acidity con- 
stants pK, = 3, pK2 = 3 523, and pK3 = 5 and is 
allowable m terms of mequahty (21) but it has complex 
zeros - 1708 f 731r m addition to the real zero 
- 9 66 x lo4 Hence it might be easier to find an 
acid having a protonatron polynomial with complex 
zeros than an abnormal acid This gives rise to another 
question does the normality of the protonation 
polynomial provide a more general rule than the 
criterion of the realness of its zeros? The answer is 
given by the followmg theorem 

Theorem 3 A protonatwn polynomial which has real 
zeros is normal 

The proof for this theorem is given m the Appendix 
Thus theorem has some consequences m the case of 
acid mixtures, with which we shall deal later 

As stated earlier, the real zeros of a protonation 
polynomial are negatrve Example (25) shows that a 
protonation polynomial may have complex zeros even 
if it is normal The complex zeros m our example 
have, however, negative real parts and this leads us 
to study generally the sign of the real parts of complex 
zeros The followmg theorem can be easily proved 
by using the well-known Hurwitz criterion l4 

Theorem 4 The normal protonatwn polynomials up to 
the fourth degree have zeros with negatwe real parts 

The proof is given m the Appendix The poly- 
normals of this kmd are called Hurwitz polynomrals 
and they play a dommant role m stability theory 

DETERMINATION OF FUNCTIONALITY 

Sturrock’5 and Meites5s6 have devised methods 
for distmguishmg monofuncuonal from polyfunctional 
acids The form of equation (16) suggests a method 
which is based on regression of the polynomial For 
a pure polyfunctional acid, equation (16) becomes 

(my"= 1 + f B,h-’ 
I= 1 

Function @ IS calculated from the experimental data 
Then polynomials are fitted to the powers of this 
function, begmnmg with the first degree, I e , a straight 
he. If a polynomial higher than the first degree is 
required, the acid is not monobasic The same pro- 
cedure is now applied to the function Qi2 If the fit is 
still not satisfactory, the acid is not dibasc, etc 

Generally, if higher than the kth degree polynomral 
is required to get a satisfactory fit to the pomts 
calculated according to the function @“, the acid 
has more than k removable protons This seemingly 
simple procedure is not without pitfalls. The solutron 
of the equations resulting from the polynomial 
regression analysis yields a highly &conditioned 
matrix and any round-off error committed will result 
m a greatly magmtied error m the final solution l6 
The situation can be partially mmgated by using 
proper weightmg of the data The weights can be 
estimated by studying the influence of errors m the 
pH-measurements on the values of the function @’ 
Differentration of Gk with respect to pH gives 

?l!!. = k%Pkln 10 
dpH 

(27) 

Assummg that the errors m the pH-measurements 
are equal over the whole region, the polynomial 
regression can be carried out by mmlmlzmg the sum 
of squares 

F = 5 w,[@k(h,) - S(k)(h;1)]2 
,= 1 

(28) 

where 

w, = [Z,@k(h,)]-2 (29) 

and Sck) is a kth degree polynomial and z, the degree 
of total deprotonation calculated at the hydrogen-ion 
concentration h, A further remedy for the influence 
of the round-off errors is the use of orthogonal 
polynomials. Orthogonal polynomials have achreved 
widespread application m the physical sciences but 
their use has been mostly restricted to the least- 
squares techmques with equally spaced and un- 
weighted data Clearly the reason is that the resulting 
Gram polynomials are extremely easy to calculate 
and m many cases there are no difficulties m obtammg 
equally spaced values for the independent variable 
In our case the data are weighted, and equally spaced 
values of h-’ would result m the accumulation of 
values of h at the lower end Expenmentally, the 
data pomts m the titration curve are most easily 
obtamed at equally spaced additions of base How- 
ever, only a few points are obtamed m the important 
curved regions and also the numerical calculatron 
of the integrals m equation (15) is cumbersome. Data 
points at equal pH mtervals are almost equally easy 
to obtain and facilitate the calculation of the integrals 
by use of, e.g., the Simpson rule Equal pH intervals 
yield, however, a highly uneven distribution of the 
values of h- ’ and necessitate the use of polynomrals 
the orthogonahty of which is defined by a weighted 
scalar product calculated over unequally spaced 
points The calculational details can be found 111 
most texts on numerical analysis (e.g , ref 16) 

TITRIMETRIC IDENTlTY 

Up to this point we have restricted our discussion 
to the titration curves of pure acids We have found 
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that on certam conditions the titration curve of a 
polyhmcttonal acid is mdlstmgulshable from that of a 
monolimctional acid, I e , the acids are tttrtmetrically 
identical The same kmd of problem arises m the 
case of acid mixtures Our unknown acid may be a 
mixture of acids although the titratton curve shows 
that it is a polyfunctional acid On the basis of 
equation (16) the followmg theorem is easily proved 

Theorem 5. Let the mixture contazn n aczds and the 
mole fractwns of these m,-functwnal aczds be ratzonal 
numbers p Jq,, (p,, q,) = 1 Then the tztratwn curve of 
thzs mzxture IS zdentzcal wzth that of an aczd whzch has 

removable protons 

Here (p,, q,) is the greatest common dtvtsor of p, 

and q,, and Cql, q2, qJ zs the smallest common 
dividend of the numbeis qz, qn The proof is 
easily accomplished by raising both sides of equation 
(16) to the power [ql, q2, . ., qn] and mspectmg 
the degree of the polynomial on the right-hand side 

In a bmary mixture of monofunctional acids we 
have 

Pl Pp2=1_P_q--P 

41 = 4’42 4 4 

Substitution into equation (16) and raismg to the 9th 
power gives 

(C@)p = (1 + j&h-‘)P(l + fibh-‘P-P (30) 

Thus the mixture behaves m the t&anon as a 
q-functional acid, and the apparent acidity constants 
are obtained by applying bmomtal expansion to 
equation (30) 

(1 + /3,h-‘)P(l + /$,h-‘)‘-” 

Hence the apparent constants are 

jp = i P 9-P O( > I==0 z 
k_z /%A-’ (31) 

With fl, = /3* this reduces to equation (19) In the 
applications of equation (31) rt is assumed that those 
bmomtal coefficients m which the lower number is 
greater than the upper one are zero 

As a numertcal example we take a 1 2 mixture 
of acetic and formic acids and for the acidtty con- 
stants we take p/I. = 4 56 and pj$ = 3 53, respectrvely 
The mole-fractions are l/3 and 2/3 which means that 
the rmxture behaves as a trrfunctional acid Sub- 
stitution mto equation (31) gives the apparent actdrty 
constants which yield the values for the consecutrve 
constants* pK1 = 3 21, pK2 = 3 78, and pK, = 4.63. 

The reverse of the theorem can be shown to be 
valid on certain conditions 

Theorem 6 The tztratzon curve of an m-finctwnal aczd 
IS zdentzcal wzth the tztratwn curve of an equzmolar 

mzxture of m monofunctwnal aczds zf and only zf the 
zeros of the protorzatzon polynomzal are real. 

The protonatton polynormal can be wrnten 

S’“‘(u) = 1 + ; /3&J = fi 
( > 

1 - $ (32) 
,= 1 z= 1 

where the u,‘s are the zeros of the polynomial We 
assume first that the zeros are real. They must be 
negative as shown previously Equation (16) gives 

(Wrn = 1 + f &U’ = fi 
I=, t= 1 ( > 

1 _ $ 

whrch can be wrrtten 

CaJ = fi (1 + p,zp 
,=, 

where 8, = -l/k This is the mtegral representatton 
of the tnratton curve of an equimolar mixture of m 
acids with acnhty constants g, Obvtously this factorrza- 
non of the polynormal is possible only if the roots 
are real 

This theorem gives the chermcal explanation for the 
zeros of the protonation polynomial As shown 
previously, the normal second degree protonation 
polynomial always has real zeros. This gives us the 
corollary. 

Theorem 7 The tztratwn curve of a normal dzjimctzonal 
aczd IS zdentzcal wzth that of a 1 1 mzxture of mono- 
jkzctwnal aczds The apparent s1(ccesszve aczdzty con- 
stants of the monofirnctzonal acids are -l/u,, where 
the y’s are the zeros of the protonatwn polynomzul of 
the dz&nctzonal aczd 

As a numerical example we take tartartc acrd, for 
which p/I1 = 2 82 and p/I2 = 6 72 7 The protonation 
polynomial is 

1 + 1514 x 10-Q + 1905 x lo-7r.42 

The zeros are -727 3 and - 7216.0 which give the 
apparent acidity constants of the monobasic acids 
pK, = 2 86 and pK2 = 3 86 These values can be 
compared with the successive acidity constants of 
tartaric acid pK, = 2 82 and pK, = 3 90 In the case 
of azelaic acid for which the successrve acidity con- 
stants m 2M sodium chloride at 18” are 4432 and 
5047,13 the apparent acidtty constants of the hypo- 
thetical monofuncttonal acids become 4664 and 
4 815, respectively A well-known statement m several 
textbooks 1s that the titration curve of any difunctional 
acid can be approximated by the titration curve of 
an eqmmolar n-nxture of two monofUnctional acids 
having acidity constants which are equal to the 
successive constants of the difunctronal acid We see 
that this approximatton 1s vahd unless the ratio of 
the successtve constants 1s too close to the statistrcal 
1lm1t 

A less severe condmon for the zeros of the pro- 
tonation polynomials leads to another theorem 

Theorem 8 If the protonatzon polynomzal of a poly- 
jiozctwnal aczd IS a Hurwztz polynomzal, the tztratzon 
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curve IS rdentlcal with that of a mixture of mono- and 
dlfunctronal acids 

The proof follows from the previous theorem m 
the case that all the zeros are real Let us assume that 
the protonatlon ,polynomlal has complex conJugate 
roots a + by and a - bl The polynomial can then 
be factorized 

P’(u) = (1 + j&U + ~&s(*-z)(U) 

where p1 = - 2a/(a2 + b2) and fi2 = l/(a* + b*) Be- 
cause S’“)(u) IS a Hurwltz polynomial, a IS negative 
and B1 and p, are posltlve In this case, however, the 
hypothetical acid with acldlty constants p1 and jq2 
1s abnormal 

A mixture of monofunctlonal acids behaves as a 
polyfunctlonal acid on certam condltlons as we have 
seen An mterestmg question 1s whether this “acd 
1s normal or abnormal As a direct consequence of 
theorem 3 we obtain 

Theorem9 A p~&functlonul acrd, which IS tltrunetrtcally 
ldentlcal with a mzxture of monofinctwnal aads, 1s 
always normal 

CONCLUSIONS 

A number of interesting results are seen to arise 
from the integral representation of tltratlon curves 
The normality or abnormahty of the protonation 
polynomial plays a fundamental role m the theory 
of acids, but the question about the existence of 
abnormal acids remains to be unsettled Although It 
seems obvious that there are no symmetrical long- 
chain dlfunctlonal acids which become abnormal 
even on increase m the lomc strength, there are no 
fundamental reasons to assume their total non- 
existence Meltesg has recently discussed a possible 
structure which might result m the abnormality of the 
acid A more fruitful SubJect of study might be to 
find a normal trlfunctlonal acid with a protonatlon 
polynomial which has complex zeros The titration 
curve of this acid could not be simulated by any 
mixture of normal acids 

Apphcatlons of this theory to optlmlzatlon methods 
have not been discussed m the present paper The 
standard methods of polynomial regression may be 
used for the estnnatlon of the acidity constants 3S4 
Equation (30) may be useful for estnnatmg the mole 
fractions of acids from the titration curves It seems 
rather tempting m the hght of this equation to study 
the degree and zeros of the experimental protonation 
polynomial The number and clustermg of the zeros 
would yield valuable mformatlon about the number, 
acidity constants, and mole-fractions of the acids 
However, the values of the polynomial can be measured 
only with posltlve values of h and any effort at 
reliable estnnatlon of negative zeros will almost cer- 
tainly end m failure even m the case of rather accurate 
measurements. 

More complex equlhbrla might be studied by using 
analogous methods, although the mathematics would 
certainly be much more mvolved 

APPENDIX 

Theorem 3 If the zeros of a protonatton polynomzal are real, 
the polynomial 1s normal 

The general form of the protonatlon polynomial is 

S’“‘(u) = 1 + 1 p&4’, p, > 0 (1’) 
1= 1 

and the condltlon for normality 

Pt+dLI z(m - z) 
2 ’ (I + l)(m - 1 + 1) = R(mr) P, 

(2’) 

The case of equality 1s trivial, because then the polynonual 
can be presented m the form 

S(“)(u) = (1 + flIu/m)m (3’) 

Thus we can restrict our mvestlgatlon to the case of 
inequality m the condltlon (2’) 

The proof of the theorem 1s based on mathematical 
mductlon We have previously shown that a second-degree 
protonatton polynomial with real zeros IS always normal 
Let us now assume that all the mth degree polynomials 
(1’) with real zeros are normal Then an arbitrary 
(m + 1)th degree polynomial with real zeros and posltlve 
coefficients 1s obtained by 

sm+l)(U) = (1 + @$P(u) (4’) 

where i? > 0 The coefficients of this polynonxal are 
denoted by y, 

+ W,,I = 2, ,m (5’) 
The condltlon for normality becomes 

= (A+1 + B/w,-1 + PA-J Yt+ lY,- L 2 
Yt Gc, + mz-1)2 

(m + 1 - I)I 
< (m + 2 _ l)(L + 1) = R(m + 1,~) (6’) 

When 1 = 1 the mequahty 1s reduced to 

This can be written 

(8’) 
The only region where mequahty (8’) does not hold, hes 
between the roots of the corresaondmg second-degree 
equation In order that the eqiatlon ihall 
roots, the dlscrlmmant must be posltlve 

1 

This gives 
P2 l(m - 1) 
z > 5 m = R(m, 1) 

which IS contrary to our assumption In an analogous 
case 211 . . way we can solve for I = m In the general 

5 m - 1 the proof IS more difficult, but follows the lines 
presented above Inequality (6’) becomes 

have ;eal 

(9’) 

(lo’) 

+ R(m + L# - /L 1BL+ 1 > 0 (11’) 
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V I I r, 

0 RU 1 
Fig 1 The locatlon of zeros of function F(r, s) = (1 - rs)’ 
- 4R(20,5) (1 - r) (1 - s) on the positive quadrant of the 
rs-plane (curve PQR) and the region of feasible values of 

r and s (rectangle OSTU) 

With the notations 

(12’) 
Pi- 1 

inequality (11’) becomes 

Bf- ICR(m + 1, I) - r18’ 

+ B,_ ,P,[2R(m + 1, 1) - 1 - rs]B 

f /3;“[R(m + 1, I) - s] > 0 

The allowable values of r and s are 

(13’) 

0 < r < R(m, I - 1), 0 < s < R(m, z) (14’) 

occupying the rectangle OSTU In Fig 1 We note that 

R(m, I - 1) < R(m + 1, I) (15’) 

which means that the coefficient of the second-degree term 
m inequality (13’) is posltlve and the only region where 
the inequality does not hold with real values of g lies 
between- the real roots of the correspondmg equat& In 
order to have real roots, the dlscrlmmant of the equation 
must be positive After some algebraic mampulatlons the 
criterion for posltlveness of the dlscrlmmant becomes 

F(r, s) = (1 - rs)’ - 4R(m + 1,2X1 - r)(l - s) > 0 (16’) 

We note that F(r, s) 1s symmetric with respect to variables 
r and s and thus the function attams equal values sym- 
metrically at both sides of the lme Y = s Substitution of 
r = s into equation (16’) gives 

F(r, r) = (1 - r’)’ - 4R(m + 1,1)(1 - r)2 

= (1 - r)‘[l + r -I- 2[R(m + 1, t)]“‘] 

[l + r - 2[R(m -t_ 1, I)]“‘] (17’) 

Thus the zeros of R(r,r) m decreasing order are 1, 
2[R(m -t 1, I)]“’ - 1, and -2[R(m + 1, L)]“~ - 1 The 
value of F(r, s) at the origin IS 

F(O,O) = 1 - 4R(m + 1, I) (18’) 

The mmimum value of R(m + 1, I) is attained with 1 = 2 
orm-1 

8m-1 
F(0, 0) < 1 - 5 -<O(mZ 2) (19’) m 

Accordingly function F(r, s) attains only negative values 
along the lme-segment OQ (Fig l), where Q is the point 
r = s = 2[R(m + 1, l)] ‘/* - 1 Our next step IS to show 
that F(r, s) has only negative values mslde the region 
OPQR, where the curve PQR IS defined by F(r, s) = 0 
This can be achieved by mspectmg the values-the fuktlon 
has along the lines -s = h - r,- where 0 I a < 4[R(m 
+ 1, 1)]‘,‘2 - 2 Substltutmg this mto F(r, s) and dlf- 
ferentlatmg with respect to r-we obtain 

It can easily be shown that the second-degree factor 
does not have reai zeros, which means that the only 
extrema are found along the hne OQ The second derivative 

i 1 

d’F(r,a - r) 

dr2 
= 4[2R(m + 1, I) + 1 - a’/41 > 0 

,=a/2 

(21’) 

which means that function F(r, s) constrained to hnes 
s = a - r attams mmlmum values along the line-segment 
OQ Accordingly, for every interior point of the region 
OPQR there 1s at least one pomt on the boundary of the 
region, where F(r, s) attains a greater value We note that 
along the line-segments OP and OR the function has 
negative values which can be easily vertied by substltutmg 
r = 0 or s = 0 into the expression of F(r, s) This proves 
that F(r, s) IS negative in the interior of the ieglon dPQR 

The rectangle OSTU may not he entlrelv mslde the 
region OPQR- First we note by substltutlon &at 

F[R(m, E - l), R(m, l)] = 0 (22’) 

Thus the pomt T hes on the boundary of OPQR If the 
rectangle OSTU contains pomts which lie exterior to the 
region OPQR, there must be other points where the lme- 
segments ST and TU cross the curves PQ and QR These 
points are denoted by V and V’ m Fig 1 Interior to the 
triangular regions PSV and URV’, function F(r, s) attains 
positive values and thus B has real values which do not 
satisfy inequality (13’) We shall show that these values of 
fl are always negative, contradlctmg our assumption We 
have already shown that the coefficient of B2 m meauahtv 
(13’) IS pos&ve It 1s easily seen that also ’ L - 

#[R(m + 1, I) - sl > 0 (230 

which lmphes that the zeros of the polynomial (13’) have 
the same signs Hence, if 

2R(m + 1,t) - 1 - rs > 0 * (24’) 

we can conclude that there are no posltlve values of B which 
do not satisfy mequahty (13’) T‘he sign of the left-hand 
side of mequahty (24’) depends on the maximum value 
of YS From Fig 1 we see that the maximum values of 
rs are attained at the points V and V’ At the point V the 
value of s is R(m, I) and the value of r is obtained from 
F(r, R(m, I)) = [R(m, r)]‘r’ 

+ [4R(m + 1, ~)[l - R(m, l)] 

- 2R(m, z)]r + 1 

- 4R(m + 1, r)[l - R(m, z)] = 0 (25’) 

According to equation (22’) one of the roots 1s R(m, 1 - 1) 
and thus the other 1s obtained from 

r2 = 1 - Wm -t 1, z)Cl - Rh 111 
Rh z - 1KRh 01’ 

(26’) 

Hence, at the point V 

rs = 
1 - 4R(m + 1,1)[1 - R(m, l)] 

R(m, L- 1)R(m, E) 
(27’) 

Substituting mto (24’) and employing the notations Y = 
R(m, 1 - 1) and y = R(m, E), we obtain 

- - 2R(m + l,i) 1 rs x(xy 2y + 1)(xy2 3y + 2) - - = 

2(1 - x)(1 - Y)XY 
(28’) 

where we have used equation (22’) to obtain the expresslop 
for R(m -I- 1,l) in terms of x and y Substitution of the 
expressions of x and y gives 

dF(r, a - r) 

dr 
= 2(2r - a)[r’ - or + 2R(m + 1,l) + 11 (20’) XY - 2~ + 1 = cm _ I + 2;m L :‘, 1jcl + 1j > 0 (29’) 
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,~ ,. 
(30’) 4 X?:Qz 0 0 

We may mfer that inequality (24’) 1s vahd at the point V 
and also m the region PSV Analogous expressions for the 

Sk”’ = 
1 6Q, Q:Q:Qs 0 

pomt V’ can be obtamed by interchanging the notations 
0 1 %?:Qz 0 

for x and y 0 0 1 Q:Q:Q, 

and can be represented m this form In our case we can also 

xy*-3y+2 = 
2(m + l)(m + 1 + 2) 

assume without any loss of generality that b = 1 For 
> o Instance, 

(m - I + 2Xr + lj%l - 1 + 1) 

xy - 2x + 1 = 
am+ 1) 

(m - I + 2)(r + 1)1 ’ O 
(31’) 

= 4Q:Q:Q,W- QzQa - 4QlQz) > 1 

x2y _ 3X + 2 = 2@l+ 1)(2m + 3 - 1) > 0 
In the same way we can show that all the determmants 

z(i+l)(m-1+2)’ 
(32’) for m < 4 are posltlve In the case m = 5 we obtam 

Consequently, the real values of fl which do not satisfy %” = ~Q:Q~Q:Qd5'Wi +Q:Q:Q:Q,- l@-'Q:Q2 
mequaltty (13’) are always negative, and the mequahty - 25Q1QzQs - N%Q4+ ~QIQ~QsQJ 
holds for all positive values of B This completes the proof 
of the theorem Substltutmg, eg , Q1 = 001, Qz = 0 1, Q3 = 09, and 

Theorem 4 The normal protonatwn polynomials up to the 
Q4 = 0 8 we find that S\‘) may attain negative values and 

fourth degree have zeros with negatwe real parts 
the polynomial may have roots with positive real parts 

This can be proved by the straightforward application 
of the Hurwltz crlterlon,14 which states that if all the 
determmants 

0 0 0 pk 

1 
2 

3 

(33’) 4 

5 
6 with k = 2, 3, , m and j, = 0 for J > m, are positive, 

the polynomral s’“)(u) has only zeros with negative real 
parts Deduction of the sign of the determinants can be 
slmpllfied by casting the normal protonahon polynomial 
mto the form 

8 
9 

10 

P’(u) = 1 + 
0 

; Bu 

where 0 < Q, c 1 It 1s easdy seen that this polynomial 1s 
normal and also that any normal protonatlon polynomial 

11 

12 

13 
14 

15 
16 
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WALTER LUND and MACNE SALBERG 

Department of Chemtstry, Umverstty of Oslo, Blmdern, Oslo 3, Norway 

(Recetved 31 December 1974 Accepted 14 January 1975) 

Summary-Samples were decomposed m HClOJHF mtxture m a Teflon beaker to avoid electro- 
chemical Interference from platinum Ions The residue remammg after evaporatton to dryness was 
taken up m nitric acid and examined by anodtc strtppmg voltammetry Both the hanging mercury 
drop electrode and the rotating glassy carbon electrode, mercury-plated zn sztu, were used wrth success 
Copper at 120ppm and lead at 40ppm were determined wtth a relattve standard devtatton of 6% 
The schist was the Nordic reference sample ASK-2 

There appears to be httle work published on the 
analysis of geological samples by anodtc strippmg 
voltammetry, but the technique would seem to offer 
certain advantages over other more frequently used 
methods, for the determmation of low concentrattons 
of lead, for mstance Methods such as atomic-absorp- 
tion spectrometry and neutron-activation analysis are 
not easily applicable m this case, owmg to their rela- 
tively poor sensttivity towards lead The use of anodic 
strippmg voltammetry also seems to be advantageous 
when alternative analytical methods are needed to 
ascertain the absence of systematic errors m a given 
procedure. 

In this paper the determmation of copper and lead 
m schist is described. The determmation of these 
metals m slltcates by anodic stripping voltammetry 
with medmm-exchange has previously been men- 
tioned m a summary by Keren et al ’ More recently 
Khasgiwale et al ’ have described the determmation 
of lead m geological samples. In the two mvesttgattons 
mentroned above a hangmg mercury drop electrode 
(HMDE) was used as workmg electrode In the present 
paper the determmations are carried out both with 
this electrode, and with a recently developed mercury 
film electrode,3*4 the rotatmg glassy carbon electrode 
mercury-plated tn srtu, here called the “Florence” elec- 
trode, after the origmator. 

This work constituted a part of a Nordic methodo- 
logical correlation project on geological reference 
materials. ’ 

EXPERIMENTAL 

Apparatus 

A versatile solid-state voltammeter butlt m this labora- 
tory, and a Hewlett-Packard 7030 AM XYrecorder were 
used for the stripping voltammetrrc experiments The elec- 
trolytic cell was a Metrohm EA 880-20 vessel wtth a ther- 
mostated Jacket, m which water at 25 0” was ctrculatmg 
When the Metrohm E 410 hanging mercury drop electrode 
was used the solutron was sttrred with a three-edged Teflon 
sttrrer connected to a Beckman rotating unit This unrt, 
whtch conststed of a Variable Speed Drive Unit (188501) 

and a Rotating Electrode Body (188551). was also used 
for the rotatron of the “Florence” electrode Thus electrode 
was made from a 6-mm dtameter glassy carbon rod (GC-A 
grade from Tokat Electrode Mfg Co, Ltd, Tokyo), 
pressed mto Teflon 4 The dtsc, which had an area of 
0 283 cm’, was polished wtth fine emery paper, followed 
by suspensions of alummmm hydroxtde wrth particle size 
5 and 0 3 pm The reference electrode, a Metrohm EA 427 
saturated Ag/AgCl electrode, was placed mstde a salt 
brtdge filled with the solutton to be analysed All potenttals 
menttoned m thrs paper are referred to the Ag/AgCl elec- 
trode A platinum spiral served as counter electrode Drs- 
solved oxygen was removed from the solution by passing 
highly purtfied nitrogen through the cell The electrolyttc 
cell was treated with a &cone repellent, dtmethyldtchloro- 
sdane, to prevent adsorptton of metals on the glass walls 

Reagents and soluttons 

The acids used for decomposrtton of the samples were 
all of Suprapur quality (Merck) A 0 1 M mercurrc mtrate 
solutron was prepared from hrghly purified mercury OXI- 
drzed with nrtrrc acrd (Suprapur, Merck). The metal solu- 
tions were prepared from analyttcal grade nitrate or sul- 
phate salts Solutions with a concentratton below 10e31t4 
were prepared Just before use The water used was 
demmerahzed with an ton-exchange resm and distilled 

Decomposrtlon of the sample 

A 02-g portion of the Nordic reference sample ASK-2 
(a carbonaceous Ordovrcran schist), was transferred to a 
Teflon beaker, 5 ml of hydrofluortc actd and 1 ml of perch- 
lortc acid were added, and the mtxture was heated to dry- 
ness on a hot-plate The evaporation was repeated twtce, 
and the restdue then dtssolved m 1 ml of mtrtc actd, water 
was added, and the solutton was finally transferred to a 
volumetrtc flask and dtluted to 500 ml The pH of the final 
solution was 15 Decompostttons were also carried out 
m platmum cructbles, but m these cases the stripping vol- 
tammetrtc experiments were comphcated by the presence 
of dissolved platinum m the soluttons, and Teflon beakers 
were therefore preferred 

Procedure-HMDE 

A 25-ml portton of the sample solution was deaerated 
with nitrogen for 15 mm, and the depoahon was then carned 
out for 7 mm at -0 7 V During the deposrtron pertod the 
solutton was stirred by a synchronous motor at a rotatton 
speed of 4Orps After a rest perrod of 1 mm the strtppmg 
voltammogram was recorded whrle the potenttal was 
scanned to + 0 3 V at a speed of 3 V/mm The potenttal 
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was kept at + 0 3 V for 2 mm, and an extra mercury drop 
was dlscarded, before a new deposltlon was carrred out 
on a fresh mercury drop The diameter of the mercury 
drop was 10 mm The concentration of the metals was 
determmed by the standard-addition method, by adding 
200 /.d of a standard solution to the sample solution The stan- 
dard solution was 1 x lo-% m copper and 15 x lO_sM 
m lead For the calculation of the concentration (in ppm) of 
the metals m the schist, the weight of the schist was cor- 
rected for the content of hygroscopic water (0 57%) 

Procedure-Florence electrode 

To 25ml of the sample solution was added 02ml of 
5 x 10e3M mercuric nitrate, and the solution was deaer- 
ated with nitrogen for 15 mm, wlule the electrode was 
rotatmg to prevent gas bubbles adhermg to Its surface 
The electrode was “conrhtloned” by a 3-nun depositIon 
at -0 7 V, followed by a linear sweep to + 0 2 V, at wluch 
the potential was kept for 5 mm The determmatlon was 
then started by deposItIon at - 0 7 V for 3 mm The depose- 
tion period was followed by a rest period of 0 5 mm, at 
the end of which the strlppmg voltammogram was 
recorded, the potential bemg scanned to + 0 2 Vat a speed 
of 3 V/nun The notentlal was keot at + 0 2 V for 5 nun. 
before’ a new deposltlon was car&ed out The electrode 
was rotated at 70 rps during the deposItIon step The mer- 
cury film was removed with a soft paper tissue only when 
a new ahquot was to be analysed The concentrations of 
the metals were determined by the standard-ad&Ion 
method, m the same way as described above for the 
HMDE 

RESULTS AND DISCUSSION 

Effect of decomposltlon procedure 

The decomposltlon of silicates IS usually carried out 
m platinum crucibles Although a small amount of 
platinum from the crucible 1s also dissolved during 
the decomposltlon, this does not normally cause any 
dlfficultles m the subsequent measurements However, 
for anodlc strlppmg voltammetry the presence of 
platinum ions m the solution IS a great nuisance Dn- 
solved platinum will be reduced to platinum amalgam 
during the deposltlon step, causing a marked decrease 
m the hydrogen over-voltage of the electrode The 
result 1s Illustrated m Fig 1, curve 1 This curve repre- 
sents an attempt to record a voltammogram for a 
schist sample which had been decomposed m a platl- 
num crucible A large oxldatlon current was observed, 
which prevented the recording of the voltammogram 
During the electrochemical depoatlon, which was 
carried out at - 0 7 V, a marked evolution of hydro- 
gen gas was also observed The same phenomena 
were observed even at a deposltlon potential of 
- 0 3 V Forcomparlsonananodlc strlppmg voltammo- 
gram was recorded for a pure solution contammg 
only copper and lead m 0 15M mtrlc acid (Fig 1, 
curve 2) The deposltlon potential used was - 0 7 V, 
the same as for the schist solution (curve 1) In con- 
trast to curve 1, curve 2 exhlblts well-defined peaks 
for both copper and lead However, when platinum 
ions [as (NH&PtCl,J were added to the solution 
contammg copper and lead m mtrlc acid, the pre- 
vlously mentioned dlfficultles were once more 
observed 

Pb 

E/V vs AgIAg Cl 

Fig 1 Curve 1, attempt to record a strlppmg voltammo- 
gram (HMDE) of a s&t solution-pl&m& Interferes 
Curve 2, strlppmg voltammogram (HMDE) of 10e6M 
copper and 10-6M lead m 015M nitric acid Deposihon 
potential - Q7 V, scan-rate 6 V/mln, deposltlon tnne 6 mm 

There are various ways of solving the problems 
arising from the presence of platinum ions Koster 
et al6 used an amon-exchange step to remove the 
platinum, before the voltammetrlc measurements 
These authors also suggested the use of Teflon 
beakers for certain decomposltlons Khasglwale et al ’ 
increased the pH of the solution to be analysed, by 
evaporation of the free acid No doubt the best 
approach IS to avoid the presence of platinum alto- 
gether, wherever this 1s possible When the sample 
IS decomposable m acids, this 1s easily done by usmg 
Teflon beakers for the decomposltlon of the sample 

The voltammograms exhibited well-defined OXI- 
datlon peaks for both copper and lead, the former 
bemg considerably larger than the latter The de- 
posltlon potential was -0 7 V, and the pH of the 
solution 1 5 A deposltlon potential of -09 V gave 
an equally well-defined voltammogram Owmg to the 
relatively large amounts of acids which are needed 
for the decomposltlon of the sample, the trace metal 
content of the acids used must be low, m order to 
obtain a satisfactory blank value When acids of 
Suprapur quality (Merck) were used, the blank 
values were found to be neghglble, compared to the 
concentration of metals m the schist solution 

Results obtamed with the HMDE 

The peak potentials were + 0 10 V and - 0 32 V for 
copper and lead, respectively, and the copper peak 
was particularly well defined 

The relatlonshlp between peak height and con- 
centratlon of metal was studied by addmg 0 l-ml por- 
tlons of a standard solution, 1.0 x 10e4M m copper 
and 1 5 x 10m5M m lead, to the schist solution 
Linear cahbratlon curves were obtained for both 
metals 
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Table 1 AnalytIcal results for copper and lead, obtamed with the HMDE 

Sample Copper Lead 

Weight, ‘I, 12, Cone, l,, Cone , 
No 9 PA PA ppm PA 2 ppm 

1 0 1987 1 32 2 63 1269 014 040 33 3 
2 0 1985 136 2 16 123 0 016 043 37 1 
3 0 1989 125 249 126 8 015 038 394 
4 0 1984 120 2 55 1124 015 040 363 
5 0 1984 126 1 52 127 0 0 16 040 412 
6 0 1988 140 292 1162 018 046 396 
7 0 1995 126 259 1186 016 041 38 7 

Mean 121 6 379 
s, (%) 5 7 
Ref value 120 38-47 

I, and l2 represent the peak currents before and after the addltlon of standard 
The peak currents given represent the mean of two separate measurements 

The results of seven independent determmatlons 
are shown m Table 1 The mean values and relative 
standard devlatlons obtained are 1216ppm (5%) for 
copper and 37 9 ppm (7%) for lead The “reference” 
values given m Table 1 were obtained by various 
other techniques 5 The recommended value for cop- 
per, 120ppm, represents the mean of the results 
obtamed by seven Nordic Laboratories, using atomlc- 
absorption spectrometry and emlsslon spectrography 
The copper value found by anodlc stripping voltam- 
metry agrees quite well with the recommended value 
for copper, and a t-test revealed that there was no 
slgmficant difference between the two values, even at 
a probability level of 90% 

No recommended value for lead IS given m Table 
1 The concentration range mdlcated refers to three 
results obtained by two laboratories These results 
were 38,43 and 47 ppm of lead, all obtained by using 
ermssion spectrography The values agree fairly well 
with the results obtained by anodlc strlppmg voltam- 
metry On the basis of the above-mentioned results, 
and the results obtained m the present paper, a 
recommended value of 4Qppm has been chosen for 
lead 

Results obtamed with the Florence electrode 

The mercury film IS here formed m sztu, by adding 
mercuric nitrate to the solution The mercury film 
thickness obtained depends on the concentration of 
mercuric nitrate, the deposItIon time, and the rate of 
rotation of the electrode For the determmatlon of 
trace metals in sea-water a concentration of mercuric 
mtrate of 4 x lo- ‘M has been found advantageous 4 
However, the concentration of metals 1s higher m the 
schist solution than m sea-water As too high con- 
centrations of metals m the mercury film may result 
m the formatlon of mtermetalhc compounds, it was 
decided that the use of a thicker film should also 
be investigated Typical voltammograms obtained 
with two different film thicknesses are shown m Fig 
2 Curve 1 represents the stripping voltammogram of 
a solution 4 x lo-‘M m mercuric nitrate, and curve 

2 for ten times that concentration Both voltammo- 
grams exhibit very well-defined strlppmg peaks, for 
copper and lead The lead peaks m Fig 2 lend them- 
selves more easily to a quantitative determination 
than do those obtained with an HMDE The peak 
potential for copper 1s +0 03 V for both curves, 
whereas for lead it 1s slightly different for the two 
curves, being -0 41 V for curve 1 and -0 38 V for 
curve 2 

As expected, the copper peak IS the larger and the 
peak width narrower for curve 1, which corresponds 
to the thinnest mercury film This effect IS less marked 
for lead However, for this metal also the peak current 
for a given deposition time will be greatest for the 
thinnest film This 1s not obvious from Fig 2, because 
of the differences m experimental parameters for the 
two curves 

I , 1 L 

l o 2 0 -0 2 -04 - 6 

E/V “5 AglAg Cl 

Fig 2 Typical strlppmg voltammograms obtamed with 
the rotatmg glassy carbon electrode mercury plated in sttu 
The mercuric nitrate was 4 x lO-‘A4 (curve 1) and 4 x 
lo-“M (curve 2), deposltlon time 3mm (curve 1) and 
1 5 mm (curve 2), current senslhvlty 5 j&/cm (curve 1) and 
2 d/cm (curve 2) The deposltlon potential 1s -0 7 V, and 

the scan-rate 3 V/mm for both curves 
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Table 2 Analytlcal results for copper and lead obtamed with the mercury film 
electrode 

Sample Copper Lead 

Weight, ‘1, ‘2, Cone, I,, 12. Cone , 
No 9 PA PA ppm PA PA wm 

1 0 1994 753 1525 123 1 81 207 394 
2 0 1989 68 5 1430 1162 71 180 40 1 
3 0 1988 69 9 1380 1289 70 167 444 
4 0 1995 729 * 1400 136 I 72 175 429 

Mean 126 1 417 
S, (%) 7 6 
Ref value 120 38-47 

The concentration of mercurx nitrate IS 4 x lO-‘M I, and l2 represent the peak 
currents before and after the addltlon of standard The peak currents given represent 
the mean of two separate measurements 

The mercury film was not removed between separ- 
ate measurements carried out on the same ahquot 
Hence, the film thickness increased when repeated 
measurements were carried out m the same solution 
For the first deposition after the “concht~onmg” of 
the electrode, the film thickness was calculated to be 
0 06 pm for the 4 x lo- ‘M mercuric mtrate solution, 
and 045 pm for the higher concentration of mercuric 
ions. The calculation was based on the reduction cur- 
rent measured during the deposition step 

As mentioned above, the largest peak currents are 
obtained with the thinnest film It was also found, 
somewhat surpnsmgly, that the reproduclblhty was 
best for this film In spite of the relatively high con- 
centrations of metals m the thinnest film, no serious 
Interference effects were noticed A mercuric n&ate 
concentration of 4 x 10W5M was therefore used for 
all the subsequent measurements 

The relationship between peak-height and con- 
centration of metal was studled by adding 0 l-ml por- 
tions of a standard, 10 x 10e4M m copper and 1 5 x 
lo- 5M m lead, to the schist solution The cahbratlon 

curve was linear for lead, whereas for copper there 
was a shght curvature for the highest concentrations, 
which may be due to approachmg saturation of the 
mercury film It 1s mterestmg to note that the slopes 
of the two calibration curves were almost identical, m 
contrast to the behavrour of copper and lead in sea- 
water 4 However, the acidic schist solutlon IS, after 
all, a simpler matrix than sea-water at pH 8 0 

The results of four independent determinations 
with the film electrode are shown m Table 2 The 
mean values and relative standard devlatlons 
obtained are 126 1 ppm (7%) for copper and 417 ppm 
(6%) for lead, which agree fairly well with the mdl- 
cated “reference” values A t-test revealed that the dL 
ference between the copper value found m this work 
and the recommended value was not slgmficant, even 
at the 90% level 

Comparrson between the HMDE and the Florence elec- 

trode 

An F-test mdlcates that there 1s no slgmficant drf- 
ference (at the 95% level) between the standard dew- 
ations found for the two electrode systems. When a 
t-test was carried out for the copper results obtamed 
with the two electrodes, it was found that there was 
no significant difference between these results, even 
at the 90% level However, when the two lead values 
were compared m the same way, it turned out that 
the difference was slgnficant at the 950/, but not at 
the 99% level 

The HMDE and the Florence electrode both have 
advantages and disadvantages The highest sensitivity 
and lowest detectlon limit IS obviously attamed with 
the film electrode Thus, for low concentrations this 
may be the electrode of choice In some ways It 1s 
easy to use, as the mercury film 1s formed vz SICU 
simply by adding mercuric ions to the solution, but 
It does require slightly more expensive equipment, m- 
volvmg a synchronous motor and rotating electrode 
body The glassy carbon electrode may occasionally 
change its electrochenucal behavlour, necessitating a 
thorough repohshmg of the electrode surface Fur- 
thermore, It IS the authors’ experience that the 
HMDE seems to give more reproduclblt? results than 
the Florence electrode, m the hands of inexperienced 
personnel 
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Summary-Selective and easdy regulated systems for extractlon of organic compounds as Ion-pairs 
and/or adducts are presented The effect of different kinds of hydrophobic agents that give adducts m 
the orgamc phase are demonstrated mesltylene for mtrophenols, ethyl acetate and dlethyl ether for hexes- 
trol (dlphenol), hpophlhc alcohols for organic ammonmm ion-pairs, dlbenzo-l&crown-6 for ion-pans 
of primary ammonium ions, HDEHP for hydrophlhc ammophenols (adrenaline, Isoproterenol, syneph- 
rme) It IS shown that the extraction selectlvlty decreases with increasing content of the complexmg 
agent m the adduct The influence of the hydrogen-bonding character of the counter-ion and the organic 
solvent on the selectlvlty of ion-pair extractions IS demonstrated with ammomum compounds (nortnpty- 
lme, armtrlptyhne and N-methylamltrlptyhne) and morgamc anions Highly hydroph& amomc com- 
pounds (e.g , giucuromdes, chohc acid denvatlves) can be extracted mto chloroform as ion-pairs with 
large quaternary alkylammomum ions The extraction efficiency of the cation increases with the number 
of methylene groups to a hmlt which 1s due to co-extractlon of other sample components (e g , buffer 
anions) 

In the construcbon of methods for determmatton of 
orgamc substances such as drugs and drug metabo- 
htes m biologtcal and similar complex samples, the 
mam interest IS often focused on the development of 
highly sensitive quantitatton techniques, while the 
prehmmary stages of the procedure and parttcularly 
the extractaon process follow traditional lines 

An extraction process that is not adapted to the 
specmc problem may give a yield that is not only 
low but also varies, owmg to lack of control of Impor- 
tant conditions. An unsuitable extraction procedure 
can also decrease the senstttvity of the quantnation 
step by grvmg co-extraction of large amounts of mter- 
fermg sample components 

The ideal extraction process gives a yield of more 
than 99% while only neglrgtble amounts of other 
sample components are co-extracted This will require 
a highly selective system, where the differences m the 
degree of extraction of structurally closely related 
compounds are large The selectivity can, however, 
only be fully utilized if the system is also highly flex- 
ible and allows adJuStment of the degree of extraction 
to such a level that co-extraction is mmimized For 
example, if the degree of extraction of the substrate 
increases from 99% to 999”% the distribution ratio 
increased by a factor of 10, and the extraction of more 
polar species may increase to a much greater extent 
than that of the substrate 

EXTRACTION PRINCIPLES 

There IS wide scope for varying the degree of 
extraction if the partttton process is combined with 
complexation by a hydrophobic agent m the orgamc 
phase, accordmg to the followmg prmctples. 

An uncharged compound B IS extracted by an 
organic phase that contams a hydrophobrc, un- 
charged complexmg agent S If BS2 is the highest 
complex (adduct) m the organic phase, the followmg 
equihbria are obtamed. 

B aq = Borg 
eqmhbrmm constant k,, 

Borg + Sorr = BS,,, 
equrhbrmm constant k,, 

B,, + X2,, = I%._ 

(1) 

(2) 

equihbrmm constant kBS2 

The dtstribution ratio DB IS given by 

(3) 

Da = k,(l + ~BS CS],,, + km2 [S]&$ (4) 

D, can be controlled by the nature of the organic 
solvent and of the complexmg agent S (which affect 
kd, kBs and k,,,) and by the concentration of S 

If one adduct predommates, equation (4) can be 
slmphtied and given the logarithmic form 

log & = lo&. bs) + n 1% C%, (5) 

A plot of log Dr, vs. log [S]o,s will give a strarght 
lme The slope of the line, n, is a formal expression 
of the number of S-molecules m the adduct. A non- 
lmear relation between log Da and log [S]Ors mdicates 
that several adducts of different composition are pres- 
ent 

A charged compound X- can be extracted by an 
organic phase as a complex (ion-pan) with a counter- 
ion Q’ which is added to the aqueous phase. 

XL, + Q,‘*QQxo, 
equilibrmm constant EQox (6) 
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The drstrrbution ratio Dx 1s given by 

Dx = -%x CQ’I (7) 

Dx 1s controlled by the nature of the organic solvent 
and of the counter-ion Q’ (which affect Eox) and 
by the concentratton of Q’ 

The two basic procedures can, of course, also be 
combined A cation Q’ can be extracted with a 
counter-ton X- m the aqueous phase and a complex- 
mg agent S m the organic phase Ion-patr adducts 
will then be formed m the organic phase as illustrated 
by the equthbrmm 

Q,:, + X, + n&g = QX Snore (8) 

If ton-pan forms other than QX. S, are negligible, 
the distribution ratto D, is gtven by 

where 

Do = &x k, !X -1 CSI:,, (9) 

k, CQQX %lorp.. [Qxl,,’ CSlo-i,” (10) 

D, can then be controlled ,by the nature and con- 
centration of both S and X-. 

The extraction can also be done with a hydro- 
phobic protolytrc agent that can act both as counter-ion 
and as adduct-forming agent m uncharged form An 
tllustratton 1s given by the extraction of Q’ wtth a 
hydrophobic acid HX 

Q,‘, + nHX,r, = QX WWn- 1 erg + H,‘, (11) 

If one ion-pair adduct predominates m the organic 
phase, the distribution ratio 1s given by 

Do = EQx k,.ml [HX]& Km &’ ui: (12) 

where kd IS the partition coefficient of HX and Kh 
its acid dissociation constant, whrle k,_l 1s defined 

by 

km-1 = CQX (JW,-,I,,, CQXI,,’ CHXI’,;,” (13) 

Do can be controlled by the pH and the concentration 
and nature of HX 

Adduct formatton 

Uncharged compounds of widely different kinds 
can act as adduct-formmg agents m the organic 
phase The mlluence of the adduct-formatton on the 
drstributron ratio depends on the stabthty and the 
composition of the adduct and on the concentration 
of the adduct-forming agent, as demonstrated m 
equation (4) 

The use of adducts of low stability 1s demonstrated 
m Frg 1 which shows the mfluence of mesttylene on 
the partttron of mtrophenols between ethylene glycol 
and cyclohexane ’ The non-hneartty of the curves m- 
dicates that several adducts with different content of 
mesrtylene are formed Stablltty constants have been 
determined for the lowest adducts (picric acid kBs = 
7 and kBS, = 10 5, dmttrophenol km = 17 and 
k BS, = 07), but the tendency to formation of higher 

I 

-0D -10 

Fig 1 Relation between partrtlon ratios of mtrophenols 
and the concentration of mesltylene (Mes) m the non-polar 
phase A, 2,4&utrophenol, 0, plcr~c acid Polar phase, 
ethylene glycol Non-polar phase, cyclohexane (From Acta 

Phmm Sueacu, 1974, 11. 257, by permission) 

adducts (BSs BS,) increases with mcreasmg content 
of mesttylene m the organic phase The figure shows 
that the extraction selectivity decreases with mcreas- 
mg mesitylene concentratton: the higher adducts of 
ptcrtc acid and dmttrophenol have very solar partr- 
tion properties 

Considerably larger effects are obtained when 
strongly hydrogen-bonded adducts are formed. The 
influence of the hydrogen-accepting agents ethyl ace 
tate and dtethyl ether on the partition of the hydro- 
gen-donatmg hexestrol [3,4(4_hydroxyphenyl)hex- 
ane] between ethylene glycol and cyclohexane 1s 
demonstrated m Fig. 2 * The linearity of the curves 
shows that one adduct predommates m the organic 
phase The slope is about 2 for both the complexmg 
agents, which mdmates that both adducts have the 
same stotchiometry 

Fig 2 Relation between partition ratio of hexestrol and 
the concentration of hydrogen-acceptmg agents (S) m the 
non-polar phase 0, Ethyl acetate, l , dlethyl ether Polar 
phase, ethylene glycol, Non-polar phase, cyclohexane 

(From Acta Pharm,Sueaca, 1975, 12, by ~~XTIIISSIO~ ) 
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Adduct-formation combmed with ion-pan extrac- 
tion [cf: equation’(8)] has been studied m numerous 
cases, mamly with hpophthc alcohols as complexmg 
agents 3*4S5 Studies of the adduct-formation can be 
based on equation (14) obtamed by transformation 
of equation (10) and the defimtion of Eox [equation 

@)I 

log Ebx = log@Q, M + n 1% C%, (14) 

where 

Ebx = CQX %,larg L-Q+]-’ IT-I-’ (15) 

A constant value of n has been found m most cases 
The storchiometry of the alcohol adducts changes 

with the hydrogen-bonding ability of the ton-pan An 
example is given m Fig 3,6 which shows the extrac- 
tion of a secondary amme, alprenolol, and its hyd- 
roxy-derivative, as perchlorates The slope is 2 for the 
amme and 3 for the hydroxyderrvative, and the 
extraction selectrvity decreases with increasing alco- 
hol content of the organic phase 

The extraction selectivity can also be considerably 
changed by use of structure-specific adduct-forming 
agents such as cychc ethers Dibenzo-18-crown-6 
gives highly stable l.l-complexes with ion-pairs wn- 
tammg primary ammomum ions, while rather small 
complex constants are obtained when the ammonium 
ion has a higher degree of substitution.7 A 
demonstration of the effect of complexation by the 
crown ether is given m Fig 4 Two cations, octylam- 
momum and tnmethylnonylammonium, are extracted 
mto chloroform as ion-pans with sahcylate (Fig 4A) 
and naphthalene-2-sulphonate (Fig 4B) Addition of 
crown ether to the organic phase gives a large m- 
crease m the extraction constant of the primary 
ammomum ion-pair (stabrhty constant of the ion-pan 
adduct, k, = 103) while the extractron constants of 

LOP a,, 

?a CH 

R O-CH,-CH-CHiNH-CH’ 

10 

I 

eh 
CH2-CH-CH, 

hH3 

Frg 3 Relatron between extraction constant of alprenolol 
and Chydroxyalprenolol and the concentratron of pen- 
tanol (ROH) m the orgamc phase, l , Alprenolol (R=H), 
n , Chydroxyalprenolol (R=OH) Counter-ton, perchlor- 
ate Orgamc phase, chloroform (From Acta Phurm Sue- 

ma, 1974. 11. 313, by permrssron) 

E Countw lon~mphthol~n~-2-rulphonat~ 

Frg 4 Relatton between extraction constants of octylam- 
monmm and trrmethylnonylammonmm and the con- 
centratron of drbenzo-18-crown-6 (Cr) m the organic phase 
0, Octylammomum, A, trimethylnonylammonmm, 
Organic phase, chloroform (From Acta Pharm Suectca, 

1974, 11. 541, by permrssron) 

the quaternary ammomum ion-pairs are affected to 
a much smaller extent (k, z 10) 

Organic solvent effects 

Organic acrds and bases are tradmonally extracted 
m uncharged form from biological material. The 
partitron coefficients are highly dependent on the hy- 
drogen-bonding abihty of the organic solvent, as ~llus- 
trated m Frg 5 with a secondary amme, nortriptylme, 
and rts N-methyl-derivatrve, armtrrptyhne, as sub- 
strates 8 The hydrogendonatmg chloroform gives a 
consrderably higher partition coefficrent than the 
hydrogen-accepting solvents (ethyl acetate, methyl 
isobutyl ketone, diethyl ether), but the selectivrty 
(given by the quotients of the partitron coeflicrents) is 
fairly independent of the solvent properties 

Ion-pan extraction gives considerably better POSH- 
bthties for variatron of both the degree of extraction 
and the selectivity The extraction constant of an ron- 
pan depends on the hydration of the ion-pair wm- 
ponents m the aqueous phase. and on the hydrogen- 
bonding abrhty and polarity of the ion-pan m the 
orgaruc phase The hydrogen-bonding ability of the 
ion-pan components will not only mfluence the bmd- 
mg to the solvent but also the polarity of the ion-pan 
The components of an ion-pau can bmd each other 
by electrostatic forces but hydrogen-bonding wrll also 
be of Importance, and the stronger the hydrogen- 
bondmg, the lower the polarity of the Ion-pan and 
the higher the extractron constant 7,8 

The influence of the counter-ion and the organic 
solvent on the extraction of ions with different hydro- 
gen-bondmg abihty 1s illustrated m Figs 6 and 7, and 
the results are summarized m Tables 1 and 2 
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Fig 5 Extractlon of nortrlptylme and amltrlptyhne as 
bases mto different orgamc solvents 0, Nortnptyhne 
(R=H), A, amltrlptyhne (R=CH,), EtAc = ethyl acetate, 
MIBK = methyl Isobutyl ketone, DEE = dlethyl ether, 
h = partition coefficient , KHA = acid dlssoclatlon 
constant (From Acta Pharm Suecrcu, 1975, 12, by 

permission ) 

A hgh extractcon constant 1s obtamed when the hy- 
drogen-bondmg IS strong between the ion-pan com- 
ponents and between the ion-pax and the solvent 
A hydrogendonatmg substrate should be extracted 
with a solvent and counter-ion, both of which are 
hydrogen-acceptmg; hydrogen-donatmg solvents and 
counter-ions should be used when the substrate IS hy- 
drogen-acceptmg (Table 1). The degree of extrictlon 
is, in all cases, mcreased If the counter-Ion is large 
and the solvent rather polar (cf ref 9). 

Hgh extractton selecttutty (I.e., large differences m 
log E,) can be obtamed by use of a hydrogen-bond- 
mg counter-ton and an organic phase that can form 
hydrogen-bonds with the counter-ton Table 2 gives 
examples of systems for separation of ammonium ions 
of dtfferent hydrogen-donatmg ability and for separ- 
atton of morgamc anions wtth different hydrogen- 
acceptmg propertres The ammonmm tons should be 

‘D--O 

, 1 1 I I I 

Fig 6 Extraction of nortnptyhne, amltrlptyhne and N- 
methylanutrlptyhne as Ion-pairs mto different orgamc sol- 
vents A, Chionde ion-pairs, B, bronude Ion-paus, C, 
perchlorate Ion-pairs, 0, nortrlptyhne, A, amltnptyhne, 
Cl, N-methylamrtriptylme (From Acfu Pharm Suecrca, 

1975, 12, by permissron) 

separated wtth the hydrogen-acceptmg chloride ion 
as counter-ion and hydrogen-donating chloroform as 
organic phase Good separation of perchlorate, bro- 
mide and chloride is obtamed with a system contam- 
mg a hydrogen-donatmg counter-ton (secondary 
ammomum ion) and with hydrogen-acceptmg methyl 
isobutyl ketone as solvent A non-bondmg counter- 
ion and a weakly hydrogen-donatmg, rather polar 
solvent can also be used m the latter case 

Extraction of hydrophdzc wmzed compounds 

Ion-pan extraction has particular advantages m the 
extraction of highly hydrophilic ionized compounds, 
which can often be extracted even by such weakly 

c 

4 
#’ 

I 

a’ 

0 

!xl!?z 0 0 

Fig 7 Extraction of morgamc anions as ion-pairs mto dB 
ferent orgamc solvents A, Nortnptyhne Ion-pairs. B, ami- 
trlptylme ion-pairs, C, N-methylarmtnptylme ion-pairs, 0, 
chloride, Cl, bromide, A, perchlorate (From Acta Pharm 

Suecrca, 1975, 12, by permIssIon ) 

Table 1 Counter-Ions and solvents for high extractlon of Ions with different hydrogen-bonding abfhty 

Sample Ion Counter-ion Solvent 

Secondary and tertiary (H-donating) 
ammomum 

Chloride and bromide (H-acceptmg) 

Perchlorate (weakly H-accepting) 

Quaternary (non-H-bonding) 
ammomum 

ClO; (weakly H-accepting) 

Tertiary (H-donating) 
ammomum 

Secondary (H-donating) 
ammomum 

CIO; (weakly H-acceptmg) 

MIBK (H-accepting) 

CI+f3,sr (weakly H-donatmg) 

MIB; ;H-acceptmg) 

CH&l, (weakly H-donatmg) 
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Table 2, Counter-Ions and solvents for extraction with high selectlvlty of Ions with different hydrogen-bondmg ablhty 

Sample lO”S 

Secondary amm~“,“m (H-donatmg) 
Tertwy amm~mum (Hdonatmg) 
Quaternary ammom”m (non-H-bondmg) 

Chloride (H-acceptmg) 
Bromide (H-acceptmg) 

Perchlorate (weakly H-acceptmg) 

Counter-Ions 

Cl- (H-acceptmg) 

Secondary or (H-donatmg) 
tertulry ammO”l”m 

anmwmum (non-H-bondmg) 

solvent 

CHCI, (weakly H-donatmg) 

MlBK (H-acceptmg) 

CH,CI, (weakly Hdonatmng) 

solvatmg organic phases as chloroform or methylene 
chloride by use of a hydrophobic counter-ton, r.e , an 
ion that contams a high number of alkyl or aryl car- 
bon atoms and no strongly hydrogen-bonding subsn- 
tuents 

The size of the counter-ion that will be needed for 
an extraction can often be estimated on the basis of 
a few empirical rules for the relation between extrac- 
tion constant and ion-pan structure ’ Addition of one 
methylene group will mcrease log E, by 0 5-O 6 
units, while hydrophilic substituents, e.g , hydroxy, 
carboxyhc and ammo groups, will decrease the extrac- 
tion constant by l-2 logarithrmc units, when methy- 
lene chloride or chloroform are used as organic sol- 
vents Some examples are grven m Table 3, which 
illustrates the extraction of chohc acid derivatives 
with symmetrical quaternary alkylammonmm as 
counter-ions.‘0 

Conjugation of a phenohc hydroxyl group by glu- 
curomc acid decreases the extraction constant by 
more than three log units, while conlugation with sul- 
phuric acid has only a minor mfluence on the con- 
stant Some examples of extraction constants of glu- 
curomdes and sulphates are given m Table 4 lo 

Quaternary alkylammomum ions have several 
advantages as extractmg agents. they are aprotic, 
which makes then extracting effect independent of 
pH, and it 1s also easy to adlust the magnitude of 
the extraction constant by changing the number of 
methylene groups 

The possibihties for mcreasmg the degree of extrac- 
tion of a hydrophrhc amon by use of a highly hydro- 
phobic counter-ion are, however, hnnted Large 
cations will also extract morgamc sample components 
(1 e , buffer anions) to a marked extent, as illustrated 
m Table 5 l1 Tlns will decrease the degree of extrac- 
tion of the hydrophilic organic substrate since the 
cation is to some extent used for the extraction of 
the morgamc amens This is demonstrated by the 
expression 

Dx = Eox CQ’1.U + E,, WI)-’ (16) 
where Dx IS the distribution ratio of the organic sub- 
strate X-, and Y- is the mterfermg amon The con- 
stants E, and E, mcrease to the same degree with 
mcreasmg size of the cation Q+, and the partition 
ratio finally reaches a constant value which is mde- 
pendent of the size of Q’ 

An illustration is given m Fig. 8 which shows the 
extraction of a substrate X- (log E, = -0.5 with 
tetrabutylammonmm) m the presence of HCO; and 
H,PO; It shows that extracting agents larger than 
tetrapentylammonmm or tetrahexylammomum are 
without effect on the distribution ratio when the 
aqueous phase is 0 1M with respect to HCO; or 
H,PO; 

Hydrophilic organic ions can also be extracted with 
protolytic agents that give ion-pan adducts, as illus- 
trated by equation (11) Alkylphosphoric acids such 
as his-(2-ethylhexyl)phosphoric acid (HDEHP) are 

Table 3 Extraction constants of chohc acid derlvatlves (organic phase chloroform) 

Amon RI R, R, R, Catgon log E, 

Cholate OH OH OH O- TPeA 222 
Glycocholate OH OH OH glyc TPeA 2 31 
Taurocholate OH OH OH taur TPeA 381 
Deoxycholate OH H OH O- TBA 2 23 
Glycodeoxycholate OH H OH glyc TBA 230 
Taurodeoxycholate OH H OH taur TBA 390 
Chenodeoxycholate OH OH H O- TBA 2 19 
Glycochenodeoxycholate OH OH H 2 35 
Taurochenodeoxycholate 

glyc TBA 
OH OH H taur TBA 408 

Dehydrocholate =O =O =O 0- TBA 2 10 
Glycodehydrochoiate =o =o =o glyc TBA 233 
Taurodehydrocholate =0 =0 =0 taur TBA 3.97 

glyc = NH CH2 COO- 
taur = NH Cl-&. CH2 SO; 
TBA = tetrabutylammomum 
TPeA = tetrapentylammomum 
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Table 4 Extra&on constants of glucuromc and sul- 
phurlc acid conJugates (organic phase chloroform) 

Amon 

4-Nltrophenolate 
~Nltrophenyl g~ucuronlde 

I-Qumohnyl glucuromde 
2-Naphthyl glucuromde 
2-Naphthyl sulphate 

Phenylpropyl sulphate 

Catlon log EQX 

TBA 221 
THeA 3 75 
TPeA 122 
TPeA 143 
TPeA 2 33 
TBA 490 
TPrA 264 
TBA 420 
TPrA i 95 

TPrA = tetrapropylammomum 
TBA = tetrabutylammomum 
TPeA = tetrapentylammomum 
THeA = tetrahexylammonmm 

Table 5 Extraction constants of mor- 
game amens (organic phase methylene 
chloride, counter ion tetrahexylammo- 

mum (Q’)l 

Amon log EQY 1% EQ~Z 

HCO; 232 - 

H,PO; 008 - 

OH- 098 - 

so:- - 5 54 

very powerful extractants for cations, and they have 
found use m the extractlon of ammo-aIcohols and 
a~nophenols of low molecular we&t ” In the opti- 
mum pH-range and with an HDEHP inundation 
of 0 lM, ion-pazr adducts contammg three molecules 
of HDEHP are extracted This means that groups 
contammg m all 48 alkyl carbon atoms are coupled 
to the cation, and this allows quantltatlve extraction 
mto chloroform of such hydrophlhc compounds as 
adrenalme, synephrme and zsoproterenol 

An mcrease of the HDEHP concentration above 
O*lM m the extracting medium leads to an increase 
LQP OX 

Fig 8 Influence of the size of the counter-Ion on the partr- 
tlon raho of a hy~ophllic amon (Xx-) m the presence of 
H,PO; and HCO; Counter ion symmetrIcal, quaternary 
alkalyammomum ion (Q’) Organic phase methylene 
chloride Aqueous phase OOlM solution of Q’ m @l&f 
&PO; (I) or 0 1M HCO; (II) (From Acta Pharm Sueczca, 

1975, 12, by permlsslon ) 

R3 

H CO-R4 

Rt R2 

t 

~*-__--_~------_ 
0 50 0 

I t 
01 05 ’ ’ CHDEHf&g 

Ftg 9 Separation factors (a) m reversed-phase chromat- 
ography with NDEHP m the orgamc phase Aqueous 
phase phosphate buffer pH 3-5 Organic solvent 

chloroform 
a, a, a3 a, RS 

1 Terbutabne C(CH,), 
:: 

OH H OH 

2 1soproterenol CHWU on on H 

3 4.hvdroxveohednne CH, 

4 Sykph&e’ CH; 

CH, A on H 
H‘ H OH H 

5 Adrenahne H OH 

(From J dtro~&z, 1973, 83. 99, by permrs::) 

H 

of the number of HDEHP-molecules m the adducts 
This gives a considerable increase m the dlstnbutlon 
ratio of the catlomc substrate but also a decrease in 
the extraction selectlvlty An &.tstratlon 1s given m 
Fig 9 l3 It shows separation factors obtamed by use 
of the HDEHP extraction system m reversed-phase 
chromatography The good selectlvlty obtained with 
0 1M HDEHP m the stationary chloroform phase 1s 
more or less spolled at an HDEHP concentration of 
0.5-l OM 
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Summary-The stability of the potential of glass electrodes has been studled The potential changes 
only shghtly durmg the hydration of freshly etched electrodes With glass electrodes previously used 
m alkaline solutions, structural transformations wlthm the gel-layer give rise to large potential drifts 
m neutral or acldlc test solutions In alkaline solutions all glass electrodes are attacked, especially 
the low-temperature type, and the potential changes with time Drymg hydrated electrodes affects 
the stability only slightly Alternating transfers between acidic and basic solutions decrease the stability 
Recommendations for precise measurements with glass electrodes are given 

There are several recommendations m the hterature 
for the care of the glass electrode 111 order to reduce 
drift of the potential These recommendations, which 
Involve treatment such as presoaking, condrtlonmg, 
and brmgmg the glass electrode to constant tempera- 
ture, are often contradictory The recommended 
length of the soaking period, for instance, varies from 
a few hours to several days The hterature has been 
summarized m treatises on the subject IV2 

The electrochemical properties of a glass electrode 
are related to the state of the gel-layer 3 An alteration 
m the structure of the gel-layer causes an lmmedlate 
change m potential It 1s therefore necessary to know 
the history of a glass electrode exactly, so that the 
state of the gel-layer can be established Processes 
which alter the structure of the gel-layer include, 
among others, hydration and chermcal degradation, 
which can occur slmuitaneously and which determine 
the thickness of the gel-layer Hydration contmuously 
renews the gel-layer, the external part of which 1s sub- 
Ject to some chemical degradation m any solution 
The degradation 1s especially rapid m strongly basic 
solutions In this work, the factors affecting the drift 
m potential of some commercial glass electrodes have 
been studied m the light of more recent knowledge 
about the gel-layer properties 3-g 

EXPERIMENTAL 

Electrodes 

Only hthla glass electrodes were studled Several specs- 
mens of each of the followmg electrode types were used 
Ingold LOT low-temperature electrodes, Ingold 201 and 
Metrohm UX general purpose electrodes, and Ingold HA 
high-temperature electrodes Etchmg was performed m 2% 
hydrofluorlc acid for l-3 mm The Ag/AgCl electrode, pre- 
pared by Brown’s method,“’ was used as reference The 
potentials of freshly prepared and aged reference electrodes 
m 0 1M hydrochloric acid were compared devlatlons were 

* Present address Astra Pharmaceuticals AB, AnalytIcal 
Control, S-151 85 Sodertalje (Sweden) 

very seldom larger than 0 1 mV throughout an observation 
penod of 12 hr At least two reference electrodes were used 
m each measuring series and these were allowed to eqmh- 
brate m the test solution for at least 6 hr before the 
measurements with the glass electrodes were started All 
test solutions contamed chloride ions, allowing a chffuslon- 
free arrangement for the Ag/AgCl electrode The glass elec- 
trodes were always brought to constant temperature before 
use since even a small temperature &fference between the 
test solution and the glass electrodes resulted m an emf 
drift of several mV 

Solutions 

All solutions were prepared from reagent grade cherm- 
cals The buffer compositions were as follows 

0 1M hydrochloric acid-“pH 1” 
005M potassium hydrogen phthalate + 0 1OM so&urn 

chloride-“pH 4” 
0 02M “tris” + OOlM hydrochloric acid + 0 1OM 

so&urn chloride-“pH 8” 
0 OlM borax + 0 02M so&urn chloride-“pH 9” 
cn 0 0025M calcium hydroxide + 0 02M sochum chlor- 

Ide”pH 12” 

A little silver nitrate solution was added to each buffer 
and to each of the other solutions to prevent dlssolutlon 
of silver chioride from the reference electrode and this 
addition altered the chloride ion content only shghdy 
Nitrogen was used to expel carbon dloxlde from the most 
alkaline solutions 

&cult and emf recordmg 

The electrode vessel was a double-walled tltratlon vessel, 
Metrohm EA 880, kept at 25 0” and shielded m an earthed 
metal cage Not more than three glass electrodes were m- 
vestigated at a time A programmable umt selected and 
connected the electrodes m selected order to an HP 3460 
B voltmeter vu2 a follower (Analog Devices Model 302), 
and the ernf was recorded by an IBM typewrIter m direct 
connectlon The time and order of connection of the elec- 
trodes were programmed m advance as were the number 
of recordmgs and the time intervals between recordmgs 
The typewriter prmted both the time and the emf value 
A reading for each electrode system could be taken about 
every third tnmute The electrode was connected to the 
voltmeter for about 1 mm before a reading was made The 
long-term stab&y of the voltmeter and follower was mves- 
tigated separately and the drift was found to be less than 
0 1 mV over a period of 24 hr 
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Fig, I Emf drift patterns with freshly etched glass elec- 
trodes m different buffers Ingold HA (-), Ingold 201 

(-----), Ingold LOT ( ) 

RESULTS AND DISCUSSION 

Lhji. pattern offreshly etched electrodes 

The potential drifts of three freshly etched elec- 
trodes were studied simultaneously m aqueous solu- 
ttons of various pH The results are summarized m 
Fig 1 Several interesting conclusions can be drawn 
from the results The total drift of the electrodes dur- 
mg the gel-layer formation 1s rather small but 1s 
dependent on the glass composltlon This finding con- 
forms with current knowledge of the rate of gel-layer 
formation of the different glasses, this rate increases 
m the order HA < 201 < LOT A fully-developed gel- 
layer consists of two distinct regions, the external 
region bemg thinner than the internal one The LoT 
glass 1s readily attacked by water, resulting m rapid 
growth of the gel-layer The external region 1s there- 
fore formed rather rapidly Since the response proper- 
ties of the glass are located m the external part, only 
small changes of the cell emf are expected once this 
layer has been established. In fact, the drift curves 
for the LOT electrode m pH 1, 4, 8, and 9 buffers 
are almost parallel with the time axis after one hour 
of hydration On the other hand, the curves for the 
201 and HA glasses, which are more resistant to 

chemical attack by water, require more time to reach 
a steady value, m accordance with slower formation 
of the external layer The thickness of the total gel- 
layer 1s known to mcrease for all electrodes even after 
they have reached a steady potential, but this increase 
apparently occurs wlthm the internal part of the layer 

At higher pH values the probable mechanism of 
electrode glass attack 1s neutrallzatlon of slhclc acid 
groups llpl* The hydration process will be retarded 
by such a reaction and the growth of the gel-layer 
will consequently be reduced. A different drift pattern 
1s thus expected m alkaline solutions With the HA 
and 201 electrodes, the drift from lower to higher emf 
observed at pH l-9 1s compensated at pH 12 With 
the LOT electrode, the shift towards higher emf values 
at the very begmnmg of the curve 1s compensated 
to such an extent even, at pH 8 and 9 that a drift 
from higher to lower emf values results 

Drift pattern of dried (previously hydrated) electrodes 

The three types of glass electrode (LOT, 201, and 
HA) were hydrated for about one month m dlsttlled 
water, dried for 2 hr m a warm air stream at 70-80” 
and allowed to cool m a desiccator They were then 
brought carefully to constant temperature and im- 
mersed m the pH-4 buffer Typical emf values 
observed at different times are given m Table 1 The 
tmmedmte conclusion drawn 1s that drying does not 
influence the long-term stability The LoT electrode 
1s especially msenatlve to drying. It has previously 
been shown that a slmllar drying procedure affects 
the response behavtour m non-aqueous solutions “,” 
Lack of water m the gel-layer hinders proton transfer, 
which occurs via water molecules, and consequently 
the response becomes slow However, lmmerston of 
a glass electrode m an aqueous solution for only 
5 mm 1s sufficient to restore the rapid response The 
redlstrlbutlon of the water m the gel-layer IS so fast 
that the long-term stablhty 1s not affected 

Influence of raped pH changes on the long-term stabzhty 

In Table 2, cell emf values are gtven for the three 
different Ingold electrodes m going from pH 4 to pH 
1 and from pH 4 to pH 9, respectively The change 
from pH 4 to pH 1 does not seem to have any m- 
fluence on the long-term stablltty while, for the Ingold 
LoT only, the change from pH 4 to pH 9 causes 
a small but continuous increase of the emf values 
These results are expected smce a soft glass like the 
LOT glass 1s more easily attacked m a basic solution 
than a hard glass, z e , the HA glass The degradation 
of the outermost part of the gel-layer results in a 

Electrode 

LOT 

Table 1 Potentials of “dried” electrodes m pH-4 buffer, mY 

Time, hr 
01 03 05 10 20 45 100 180 240 

1168 1166 1164 1167 1167 1169 1167 1168 1168 
201 1073 1069 1066 1062 1059 105 6 1060 1065 1068 
HA 106 4 1060 105 5 1054 105 1 105 2 1050 1054 1056 



Stablhty of glass electrodes 1025 

Table 2 Emf varlatlon with time followmg transfer to pH-1 and pH-9 buffers after 
24 hr in pH-4 buffer 

Electrode 
Tome, mm 

4 10 20 40 100 

LOT 308 4 
201 297 8 
HA 296 4 

LOT -2068 
201 -218 7 
HA -2202 

From pH 4 to pH 1 
308 4 308 3 308 2 308 1 
298 0 298 0 2919 2919 
296 5 296.4 296 4 296 4 

From pH 4 to pH 9 
-2072 -2074 -2076 -208 1 
-2186 -2185 -218 5 -2183 
-220 1 -220 1 -220 1 -220 1 

changing potential If the electrodes are subsequently 
re-immersed m the pH-4 buffer, a similar drift pattern 
is expected The gel-layer of the LOT electrode, which 
has been degraded m the basic solution, starts to 
regenerate and this process causes a drift (Table 3) 
Stable potentials are obtained for the 201 and the 
HA electrodes throughout, but slightly different 
potentials are obtamed m the pH-4 buffer, depending 
on the pH of the solution from which the electrodes 
have been transferred The shift may be due to 
changes m the proton actrvmes wrthm the gel-layer 
This proton activity change may m turn be caused 
by an altered standard state within the gel-layer, the 
number of protons may m fact remam constant The 
results m Tables 2 and 3 indicate that rapid changes 
within the pH-region l-9 do not drmmrsh the long- 
term stability of the 201 and the HA glass electrodes, 
only the LOT electrode exhibits deviations during and 
after contact with the pH-9 buffer 

The fact that small potential shifts may appear 
depending on the direction of the pH change m the 
test solutron immediately raises the question of 
whether an electrode has a Nernstian response over 
a broad range of pH or not, irrespective of the duec- 
tron of pH-change Proton activity changes m the gel- 
layer 1111 occur m basic solutions when protons are 
exchanged for cations such as sodmm, resulting in 
the well-known alkali error For low-temperature 
electrodes this deviation occurs even at pH 9-10 
However, it 1s known that by no means all glass elec- 
trodes obey Nemst’s law in the “ideal” range (pH 
l-8) I5 Test procedures with the hydrogen electrode 
as a reference have been described I6 

Table 3 Emf varlatlon with time followmg transfer to pH-4 buffer after 24 hr m 
pH-1 or pH-9 buffer 

Electrode 4 10 
Time, mln 

20 40 100 

LOT 1202 
201 1109 
HA 108 3 

LOT 1177 
201 1108 
HA 1094 

From pH 1 to pH 4 
1201 1200 1200 1200 
1107 1106 1106 1105 
1083 1083 1084 1084 

From pH 9 to pH 4 
1184 1189 1193 1198 
1110 1110 1111 1109 
1095 1094 1094 1094 

hr 

Fig 2 Varlatlons m potential of two hydrated glass elec- 
trodes, Ingold LOT (-) and Metrohm UX ( ) m alter- 
natmg test solutions Ektslc test solution OOIM NaOH + 
099M NaCl, acldlc test solutlon 0 IM HCl + 09M 
NaCl The broken vertical lmes denote the time of the 

electrode transfers 

Large pH changes (from acidic to basic solutrons 
and vrce versa) resulted m unexpected behaviour of 
the low-temperature Ingold LOT electrode, and the 
general purpose Metrohm UX electrode (Fig 2) In 
the basic solution (O*OlM NaOH + 0 99M NaCl) the 
LOT electrode exhrbrts a strong and regular drift m 
potential, whrle the potential of the Metrohm elec- 
trode varies rather irregularly After the first transfer 
to the acidic solution (0 1M HCl + 0 9M NaCl), both 
curves show distmct peaks 
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Several factors must be taken mto account m the 
interpretation of the drift patterns First, we have the 
previously mentloned attack on the glass m alkaline 
solutions Secondly, hydrogen Ions m the gel-layer are 
exchanged for sodmm Ions m the basic solution, and 
reexchange takes place m the acidic solution This 
ion-exchange process strongly affects the emf m non- 
aqueous solutlons’3 and ought also to be of great 
importance m aqueous solutions Thirdly, reduction 
of the gel-layer thickness resultmg from the storage 
m basic solutions causes rehydratlon to occur m the 
acldlc solution Furthermore, breakdown of the gel- 
layer structure may occur when traces of acid or base 
m the surface region of the glass are rapidly neutra- 
hzed during the transfer of the electrode Other pro- 
cesses may also be involved m determmmg the emf 
changes The slow and contmuous emf drift observed 
when the LOT electrode 1s m basic solution 1s cer- 
tainly not due to the ion-exchange process since 
exchange of hydrogen ions m the gel-layer 1s fast It 
1s probably the alkaline attack on the electrode glass 
which causes the emf drift since the LOT glass has 
a low durability 3 On the other hand, the slow attam- 
ment of the peak emf value m acidic solution may 
be partly caused by the ion-exchange process, since 
sodmm ions within the gel-layer require a conader- 
able time to reach exchange equlhbrmm 

The results presented in Fig 3 support the mterpre- 
tatlon that the neutrahzatlon reactlon may damage 
the gel-layer An Ingold 201 electrode was transferred 
to a OOlM sodium hydroxide solution after different 
pretreatments Curve a, showmg the emf varlatlon 
after a direct transfer from 0 1M hydrochloric acid, 
should be compared with curve c, which was obtained 
after electrode transfer ura short periods of lmmerslon 
m a series of buffers with successively increasing pH- 
values The ~rlatlons m curve c are much less than 
those m curve a Even the neutrahzatlon of traces 
of the pH-4 buffer causes a drift in potential (curve 
b), while storage m distilled water seems to be more 
satisfactory (curve d) 

t 
5mv 

I 
d 

5 IO 

hr 

Fig 3 Varlatlon m potential of an Ingold 201 In OOlM 
NaOH Hlstorv of the electrode (a), 48 hr III 0 Ii14 HCl. 
direct transfer; (h), 19 hr m pH-4‘ duffer, direct transfer, 
(c), 49 hr m 0 1M HCI, transfer ura lO-15-set dlppmgs in 
buffers at pH 3. 5, 7 and 9, (d), 24 hr m dIstilled water, 

direct transfer 

5 IO I5 

hr 

Fig 4 Emf drrft with an Ingold LOT electrode (hydrated 
for several months before the start of the experiment) m 
0 IM HCI Pretreatments were accordmg to the scheme 

Absolute @me, Time m OOIM KOH, 
Curve days kr 
a 1 20 
h 3 7 
C 25 20 
d 31 23 
The electrode was stored m dlstrlled water between the 

base-acrd test cycles 

The “peak phenomenon” appearing m acidic soiu- 
tlon (Fig 2) was studied more closely for an Ingold 
LOT electrode (Fig 4) The alkaline storage solution 
was OOlM potassium hydroxide and the acidic solu- 
tion 0 1M hydrochloric acid (both aqueous) The elec- 
trode had been hydrated for several months before 
the experiment was started The curves m Fig 4 have 
been separated from each other for the sake of clarity, 
m reality, the equhbrmm emf values were all very 
similar It 1s obvious that the character of the peak 
changes when the experiment 1s repeated Addl- 
tlonally, attainment of the peak value IS successively 
slower This last finding can readdy be explained 
Treatment m the alkalme solution causes the externd 
part of the gel-layer to be reduced m thickness,’ and 
a further reduction 1s probably caused by the neutrah- 
zatlon The structural rigidity of the gel-layer m- 
creases towards the unhydrated glass core, and conse- 
quently the d&islon coefficients for the mobile tons 
m the gel-layer decrease m the same dire&on Hence, 
the ion-exchange process slows when the gel-layer 
structure increases m rigidity owmg to the reduction 
m thickness The hydration process re-opens the 
structure to some extent, but three weeks of further 
hydration after test b m basic solution 1s obviously 
not enough to form a layer similar to that formed 
after several months of hydration (compare curves a 
and c m Fig 4) 

CONCLUSIONS 

Conclusions and reco~endations m thus section 
are based partly on the results presented m this paper 
and partly on the results of earlier studies 

Temperature 

For precise measurements, the glass electrode must 
be brought carefully to constant temperature when 
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it is m use, since a difference of as httle as 2-3” 
between the electrode and the test solutton causes an 
emf drift of several mV durmg the first hour It is 
self-evidenf that the temperature of the test solution 
must be thermostatically controlled for precise work 

Hydratwn 

Well-hydrated electrodes should be selected for pre- 
cise measurements in aqueous solutions The 
hydratron process causes the largest mrttal emf 
changes when a glass electrode without a gel-layer 
is immersed in water Electrodes used m solutions 
with etching properties are subject both to hydration 
and to other structural transformations of the gel- 
layer, and these processes together cause a pro- 
nounced drift m emf Low-temperature electrodes are 
especially unstable m basic solutions, errors resulting 
even when the electrode is used agam at a lower pH 

Storage 

Storage m distilled water, recommended by many 
manufacturers, IS quote adequate Storage m air for 
short periods is also possible if coatings can be pre- 
vented and if the electrode 1s soaked m water lust 
before use, but it must be emphasized that this is 
valid only for electrodes that have been completely 
hydrated New electrodes should be kept m water 
The pH of the aqueous storage solution 1s not crmcal 
provided too basic or too acidic solutions are 
avoided 

Effect of pH changes 

Since small changes m pH do not alter the elec- 
trode stability, it is prudent to store the electrode m 
a solution of similar pH to the test solution If an 
electrode 1s used alternatively m actdrc and basic solu- 
tions, the stability of its potential m any solution de- 
creases rapidly Electrodes used for end-pomt deter- 

mmation in actd-base tttrations should not, therefore, 
be used for precise pH measurements 

Bu&r capacity 

Emf changes may appear m gomg from strongly 
to weakly buffered solutions, even if the soluttons 
have the same pH The opposite transfer IS less detri- 
mental Thus, electrodes should be kept m an unbuf- 
fered solution before use m a test solution with low 
buffer capacity The expected emf stabihty m such 
test solutions is, however, necessarily lower than m 
well-buffered solutions 
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Summary-The stab&y constants of mononuclear (1 1) and bmuclear (2 1) chelates of the Ag-HDPTA 
and Hg(IIbHDPTA systems (HDPTA = 2-hydroxy-1,3-dlatmnopropane-N,N,N’,N’-tetra-ac&c acid) 
were evaluated from pM and pH data, using a method proposed earlier by Rmgbom and the author 
The determmatlons yielded the followmg stability constants (concentration) 

log KY;; = 5 28, log I?#; = 7 60, log K$%??L = 3 0, 

log Kpgf = 18 35,logK”$j: = 3 85, log KzyL = 8Q 
The use of the reagent for the analytical determmation of silver and mercury(I1) ions IS also discussed 

The formation of chelates of 2-hydroxy-1,3-dlammo- 
propane-N,N,N’,N’-tetra-acetic acid, HDPTA, has 
been investigated by several a$hors durmg recent 
years I-’ The equilibrium data given for the reagent 
are chiefly for the formation of mononuclear metal 
chelates. However, the hgand also forms stable bmu- 
clear chelates with some metals. As shown earlier* the 
stability constants of both mononuclear and bmuclear 
chelates must be considered, when dewsing methods 
of analysis for ligands of this type 

Analytlcally the hgand has been used by Piib16 
for analysis of multlcomponent systems He utihzed 
the fact that lead forms bmuclear (2:l) chelates with 
HDPTA, whereas some other metals react m the 
molar ratio 1.1. 

EXPERIMENTAL 

Reagent 

HDPTA from La Mont Laboratories, Dallas, Texas, was 
employed The followmg logarlthrmc protonatlon con- 
stants’ were used m the calculatmns log KHL = 949, 
log K&L = 6 96, log K$ = 2 60, log K;,,. = 16 

Procedure 

Potentiometrlc measurements were carried out with an 
Orion Research Model 801 digital pH-meter and an elec- 
trode switch The sliver and mercury electrodes were stan- 
dardlzed against known concentrations of the respective 
metal ions The glass electrode was calibrated by a titration 
procedure to give hydrogen concentrations A small 
amount of a strong acid was titrated with potassium hyd- 
roxlde solution from a microburette If the pH of 005M 
potassium hydrogen phthalate 1s taken as 4 008, the value 
logf, = -0 10 was obtamed All experunents were carried 
out at 25” and ionic strength @l (KNOB) m an mert atmos- 
phere The pH was adjusted with potassium hydroxide 
solution 

When a metallic mercury electrode IS used, the reduction 
of mercury(I1) can be. considered In terms of the slde-reac- 
tlon coefficient 

“Hgz+(Hg, = CHg’+) + CHg’+l = 1 + K 

CHg*+l 

where K IS the equllibrmm constant for the reactlon 

HgZ+ + Hg+Hg:+ 

A value of 85 pwn by Schwarzenbach and Anderegg’ was 
used for this constant 

For mathematical calculations a programmable Monroe 
1860 desk calculator was used 

DmERMINATION OF SI’ABILITY CONSTANTS 

The stability constants of the chelate complexes 
were determmed by a method comprehensively de- 
scribed by Rmgbom and HarJu m two earher 
papers lo In the followmg, the method 1s only shortly 
reviewed 

For the determination of equrhbrmm constants of 
mononuclear monohgand chelates, a series of pM and 
pH measurements 1s conducted m a solution contain; 
ing metal and hgand 111 the molar ratlo C, .C, = 
@5 1 From the law of mass action and by appro- 
priate use of conditional constants and ct-coefficlents 
the following equation can be derived* 

log GX; = log K(ML)‘l/cL’I) 
+ P& s + log aL(H) (1) 

If the mononuclear chelates are quantitatively formed 
and the ratio [(ML)‘]/[L’] equals uruty, the followmg 
simplification can be made 

logK$b, = log 1 + P& 5 + log EL(H) (2) 

Of 

lOl2 K$k,, = PM, 5 + log @L(H) (3) 

At the lowest pH values correctlons must be 
applied, because the mononuclear chelate 1s often dls- 
soclated to a considerable degree This can be taken 
mto account by replacing unity 111 equation (2) by 
the value 

C&WI CM - CM’1 -= 
WI CM + CM’1 
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Table 1 The determmatlon of the stab&y constants of 
mononuclear (1 1) Ag-HDPTA chelates from pAg and pH 

values C,, C, = 0 5 1 C, = 400 x 10S3M 

PH, = 1% Corrected BCC 
-losCHl PAs 11 w P& + b~u,, to eqn (5) 

590 292 469 761 698 

640 3 13 3 76 689 650 

690 3 39 292 631 606 

740 3 66 223 5 89 571 

790 3 93 I 65 5 58 544 

8 40 426 I 14 540 5 32 

890 462 069 531 5 27 

940 492 035 527 5 25 

990 5 15 014 5 29 5 28 

1040 5 26 005 531 5 30 

1090 5 30 0.02 532 531 

The equrhbrmm can also be affected to a small 
degree by the formatron of bmuclear chelates The 
followmg expression for correctron can then be de- 
rived by consrdermg the drssocratron of mononuclear 
chelate as well as the formatron of bmuclear chelates 

CWJI 
n-7 _ _ 

CM - @f’] 

K $;l”f”’ can independently be determmed from a 
solutron contammg metal to hgand m a ratio of 
15 1 

For the determination of stability constants of 
bmuclear chelates a solunon contammg the metal and 
hgand m the ratro CM CL = 1 5 1 1s prepared For 
log K$E, we can wrote 

log KS%, = bWN’I/CW4’I) 
+ PM, 5 + 1% C(ML(H,OH) (6) 

If the 1 1 and 2 1 metal chelates are formed 
quantrtattvely, equation (6) can be srmpllfed to 

log K$:\, = PM I 5 + 1% CIML(H.OH) (7) 

If the chelate formatron 1s mcomplete, [(M,L)‘]. 
[(ML)‘] will differ from unity A correction can be 
derrved from the equations 

CM = IN’1 + WV’1 + Wf,L)‘l (8) 

G = WI + r_WL)‘l + cfM,L)‘I (9) 

Frg 1 The determmatlon of the stablhty constants of 
mononuclear silver-HDPTA chelates 

(10) 

Szlver chelates 

The results of the determmatron of equrhbrmm 
constants of mononuclear monohgand srlver- 
HDPTA chelates are presented m Table 1 and Figs 1 
1 and 2 

Owing to the weak chelate formatron, correctrons 
must be applied to the values obtained by the slmph- 
fied equation (3) (fourth column m Table 1) The cor- 
rected values given by equation (5) are presented m 
the fifth column It should be noted that the correc- 
tion will cause a decrease m the value of log K&k, 

In Fig 1 log K$& IS plotted as a functron of pH, 
For srmphcrty the negative logarithm of the hydrogen 
concentration, -log m], is denoted by pH, m the 
followmg text The horrzontal course of the log 
K (ApLr-pHc curve at pH, 8 5-11 mdrcates that the 
OH-group does not participate m the chelate forma- 
tion m this system From this sectron of the curve 
the value of the non-condmonal constant, log K&!- 
= 5 28 is obtamed The rise of the left part of the 
curve mdrcates the formatron of a protonated 
mononuclear chelate AgHL The stabrhty constant of 
this protonated chelate can be computed graphically 
as shown m Frg 1 by the dotted lmes The mtersec- 
tron pomt of the extrapolated tangent of slope - 1 
and the horrzontal lme passmg through ordmate log 
K A& = 5.28 gtves log K$# = 760. The same value 
was obtamed algebrarcally from the data m Table 1 

These equations yield the followmg expressron, which 
can be substituted m equation (6). 

C(M&)‘I 

CWJI 

5- 

4- 

3- 

2J I I I I I I 
5 6 7 8 9 10 II 

WC 

Fig 2 The concentrations of the components (AgL)‘, L’, 
AgzL and Ag’ as a function of pH, for the determmatlon 

of K& gwen m Table 1 and Fig 1 
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Table 2 The determmatlon of the stability constants of Table 3 The determmatlon of the stablhty constants of 
mononuclear (1 1) Hg(II)-HDPTA chelates from pHg and bmuclear (2 1) Hg(II)-HDPTA chelates from pH and 

pH values C,, C, = 0 5 1 C, = 300 x 10T3M pHg values Ca, CL = 15 1 Ca* = 150 x 10-3M 

P%= log 
-10~ CW P& Q,", 

244 784 1199 
272 834 1126 
304 a84 1051 
339 933 974 
3 75 987 898 
417 1053 812 
470 1144 706 
512 1222 622 
596 1373 457 
687 1533 297 
807 1692 147 
900 1793 061 

P%!+~Q,H, 

1983 
1960 
1935 
1907 
1885 
1864 
1850 
1844 
1830 
1830 
1839 
1854 

Corrected act 
to eqn (5) 

1977 
1956 
1933 
1906 
1886 
1864 
1850 
1844 
1830 
1830 
1839 
1854 

PK = log Corrected act 

-log WI PQ %LIH~ pHg+bw,,, w to eqn (II) 

297 712 093 805 808 
329 737 066 803 805 
387 761 029 790 790 
473 795 005 800 794 
537 855 001 856 8 28 
654 1041 0 1041 893 

In Fig 2 the concentrations of the components L,‘, 

(AgL)‘, Ag,L and Ag’ are plotted agamst pH,, for 
the case given m Table 1 This d&lb&on diagram 
clearly shows the eqmhbrmm situation m the system 
At pH, below 4 the 1 1 chelate becomes strongly dls- 
soclated and the concentration of Ag and L’ mcreases 
From the course of the Ag,L curve It can be notlced 
that the formation of 2 1 chelates only sltghtly affects 
the ratio [(AgL)‘]/r] The dflerence between the 
lmes (A&,) and L’ vlsuallzes the correction defined 
by equation (5). 

the use of the slmphfied equation (3) 1s sufficient for 
analytical purposes The hmltmg factor for the attam- 
able accuracy IS probably how ideally the mercury 
electrode follows the Nernst equation at alkalme pH 
and high pHg values For the 1 1 system the deter- 
mmatlon yielded the constants log KEfttL = 18 35 and 
log KZF&L = 3 85 

In Fig 3 the concentrations of the components are 
given as a function of pH, It can be seen that the 
formation of 2.1 chelates chiefly affects the ratio 
[(HgL~]/~] At pH, above 10 the formation of hyd- 
roxo-complexes becomes a competitive reaction 

Blver forms weak bmuclear chelates wtth HDPTA. 
At pH, 8 5 a value of log Kz;“L”” = 3 0 (corrected) 
was obtained 

Mercury(lI) chelates 

Da& from ex~~rnen~ for dc~rnlnat~n of eqm- 
hbrmm constants of mononuclear Hg-HDPTA che- 
lates are given in Table 2 If the corrected values m 
the fifth column are compared with the constants 
obtained by the slmphfied equation (3), they are Seen 
to deviate only m the second decimal at low pH, 
values Thus m this case the accuracy obtained by 

Data for the determmatlon of stability constants 
of 2 1 chelates are presented m Table 3 and Fig 4 
At pH, 5 37 and 654 the constants obtained are 
somewhat higher, whzch can be due to the formation 
of bmuclear hy~oxo~helates of the type Hg,(OH),L 
However, as can be seen from the dlstrlbutlon &a- 
gram (Fig 4), the 2.1 chelate 1s dlssoclated to a con- 
siderable degree at these pH, values, and the con- 
stants obtained must be consldered uncertain Calcu- 
lations from experimental points at pH, below 5 
yielded the average value log K$;~sL = 80 

COMPLEXOMETRIC TITRATIONS 

A general theory for complexometrlc titrations of 
metals as mononuclear (1 1) and bmuclear (2 1) che- 
lates has been formulated by the present author and 
Rmgbom m two earlier papers,s where a thorough 
exposition of the prmctples can be found 

In Fig, 5 the con&tional constants for 1 1 and 2 1 
chelates, as well as pHg at the equivalence pomts, 

(HgL)' 

Fig 3 The ~n~n~atious of the components (HgL)‘, L’, 
Hg2L and Hg’ as a function of pH, for the determination 

of K$$ gwen m Table 2 

r 

F% 4 The concentratmns opfHthe corn~nen~ (Hg*L)‘, 
(HgL)‘, Hg’ and L’ as a function of pH, for the determma- 

tlon of K$p$ gwen m Table 3 
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I I I 
4 6 8 

PHC 

Fig 5 Conditional constants and pHg,, values m 
titrations of mercury(H) with HDPTA to the 1 1 and 2 1 
chelates as a function t,“fi;_%MCHe 1s assumed equal 

are plotted as a function of pH, It can be seen that 
the optnnal determination of Hg with HDPTA is 
obtamed by titration to the 1 *l chelate at pH, about 
6, where K#& = 10’ 6. Tl~s constant 1s rather low, 
but by mstrumental methods the titration can be car- 
ried out with satisfactory accuracy The condltlonal 
2.1 constant attams its maxnnum value at pH, about 
3 The dotted lmes represent the reduction to mer- 
cury(I), when a metalhc mercury electrode 1s used as 
indicator electrode 

Data from a potentlometrlc titration of Hg at pH, 
5 5, usmg hexamethylenetetramme as buffer, are 
plotted m Fig. 6 From the potential lump at the 1.1 
equivalence point, the condltlonal constant can be 
estnnated as ca. lo6 by usmg the Rmgbom error dla- 
gram l1 This is m satisfactory agreement W&I the 
theoretically calculated value m Fig 6, especially as 

Fig 6 Potentlometrlc titration of mercury(I1) with 
HDPTA at pH, 5 50 (hexamme buffer) V, = IOOml, 
p s 0 1 Theoretical equwalence pomts at 1 76 ml (2 I che- 

late) and 3 52 ml (1 1 chelate) 

the buffer may affect the equilibrium in the system, 
e g., by formmg rmxed-hgand chelates. The 2.1 che- 
lates are not formed to any considerable degree, 
because the condltlonal constant 1s only 10’ at this 

PI% 

DISCUSSION 

No published values for equlhbrmm constants of 
silver-HDPTA chelates could be found The value log 
K AeHDPTA = 5 28 obtained m this work 1s surprisingly 
low when compared with the 1 1 eqmhbrlum con- 
stants of other polyammopolycarboxyhc acids. For 
the correspondmg sdver-EDTA complex the value 7 3 
1s reported I2 Owmg to the low stability of sliver- 
HDPTA chelates, silver can hardly be determmed by 
titration with the reagent wlthout usmg some mstru- 
mental method for locatmg the equivalence points 
The eqmhbrlum constants of the sliver-HDPTA sys- 
tem are, however, of Importance, for mstance, when 
determmmg some other metal with the hgand, by use 
of a sliver electrode as indicator electrode 

The value log KHg,_ = 18 35 obtained m this work 
is in very good agreement with the value 18.4 gven 
by Smith ’ Stankovlansky and KGmgstein2 have 
obtained the value 20 59 by a polarographlc method. 
For 2 1 Hg-HDPTA chelates and for protonated 1.1 
chelates no eqmhbrlum constants were found m the 
literature 

If HDPTA 1s compared with, eg , EDTA and 
TTHA as a chelate-formmg reagent, It does not ofl’er 
any advantages for the analytlcal determmation of 
sliver or mercury The condltlonal constants of the 
sliver and mercury HDPTA chelates are noticeably 
low 

Acknowledgements1 thank my colleagues for fruitful dz+ 
cusaons and Mr M Pickering for revlsmg the Enghsh 
text of this paper 
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A A RESULTS AND DISCUSSION 

Fig 2 Agtatmg apparatus A-tray for dGuszon Ashes, 
B--axIs, C-fork, D-eccentnc cam, E-motor 

A Metrohm fluoride-sensltlve electrode was used with 
a Metrohm Ag/AgCl electrode with fibre Junction as refer- 
ence electrode The em f’s were measured with the 
expanded scale of an Orton 701 pH mV-meter 

Materrals 

The fluonde standard solutions were prepared from 
Merck “Suprapur” sodium fluoride and were made 
0033M m both sodium nitrate and hexamethylenetetra- 
mme (Merck pa ), the pH was adjusted to 5.4 with concen- 
trated mtnc acid 

Perchlorrc acid (2 7&f, prepared from the Merck pa 
60% acid) saturated with he~methy~dIslloxane (HMDS, 
Fluka AG) was used for the dlffuslon In some experiments 
10% v/v ethanol was added to the perchlorlc acid before 
Its saturation with HMDS The perchlorlc acid solution 
was stored m a separatory-funnel under a layer of HMDS 

As trapping solutron, 0 1M sodmm hydroxide was used 

Procedure 

The d&Tusion dishes are placed m an mchned posihon 
according to Fig 3, three separated compartments are thus 
formed m each The samples (maximally 10ml) are plpet- 
ted mto the left-hand compartments, 5 ml of trappmg solu- 
tion are plpetted mto the middle compartments, and 5 ml 
of HMDS-saturated perchlorlc acid mto the right-hand 
cornp~~ent~ after winch the hd IS ~m~ately replaced 
and sealed w&h Vaseline Thzs procedure ensures mm~mal 
loss of fluoride smce the compartments for the sample and 
the HMDS-saturated perchlorlc acid are several centl- 
metres apart The lmmedlate replacement and sealing of 
the hd further reduce the risk of losmg fluoride When 
all the dlffuslon dishes have been prepared, the sample 
and the saturated perchlorz acid can be mIxed by rocking 
the dish When analysmg tooth-paste, ca 4g of a 1 5 w/w 
mixture of tooth-paste and water 1s weighed mto the dlffu- 
slon dish For determmatlon of soluble fluoride the mix- 
ture IS centrifuged at 4OOOrpm for 10 mm and the 
supernatant hqmd IS analysed for fluoride 

The dlffuslon time necessary varies with the cornpositIon 
of the sample but 3 hr IS suffiaent for most samples When 
the drffuslon IS complete the dish IS opened and the trap 
pmg solution IS neutrahzed and buffered with 5 ml of 0 l&4 
mtrlc acid and 5 ml of hexamethylenetetramme buffer The 
solution IS then analysed for fluoride with a fluonde-sensl- 
tlve electrode by the method of standard addition 

The fluoride concentration CF m the buffered trapping 
solution (volume V,) IS calculated from 

where C, 1s the concentration and V, the volume of the 
added standard, AE the difference m the e m f before and 
after the addition (mV) and k the Nernstlan slope for the 
electrode 

Fig 3 Preparation of the d@uslon dish 

The first expernnents, with 0 1M hydrochloric acid 
used to neutralize the trapping solutton, showed that 
the response tnne was rather long and dependent on 
the wncentratton of the preceding solution mea- 
sured If the difference m wn~ntration was more 
than one order of magnitude the response was nota- 
bly retarded The use of nitric acid for neutrahzmg 
shortened the response time by about 50% A typical 
response tune for 10e4kf fluoride with the mtric acid 
system was 15mm, but the tune could vary between 
qmte wide hnnts In ~ticul~, the first two or three 
measurements every morning were very slow A 
recorder connected to the pH-meter was found to be 
of great help m determmmg when the potential was 
stable 

The reproducibility of the emf measurement was 
found to be reduced because of heatmg of the solution 
by the magnettc stnrer motor Attempts to insulate 
the solutton with foam plastic dtd not give sattsfac- 
tory results for very dilute fluoride solutions because 
of the longer response time Much better reproductbl- 
hty was obtamed by using a magnetic stirrer driven 
by the~os~~~~y-controll~ water 

The em f of the m~suring cell seemed to change 
shghtly every ttMe the electrodes were hfted out of 
the solution It was to avoid thrs that the method 
of standard addition was used A cahbratron curve 
was constructed by adding known amounts of fluor- 
rde standard to a buffered sodmm fluoride solution 
of known con~ntratlon It was linear over the pF 
range 24. The Nernstlan slope for the curve was 
57 8 mV at 20” Calculations showed that the em f’s 
measured did not differ from the calibration curve 
values by more than 0 1 mV Another advantage of 
the method of standard add&on IS that the response 
time after the adddton IS much shorter than for a 
separate solution with the same concentration Also, 
several additions can be made to give nnproved accu- 
racy 

In the method of Taves, small amounts of 6M hy 
drochlorz aad saturated with HMDS are mjected 
mto the dlf%szon dish through a small hole m the 
hd 8 Smce hydrochloric acid often contams small 
amounts of hydrogen fluoride’ It has to be pur6k.i 
before use 

The Taves8 and Hall9 methods were compared 
experunentally and smce HMDS-saturated perchlonc 
acid gave much faster d&&on it was used m all later 
expernnents No loss of iluonde was observed (rela- 
tlve to the mjectlon method) when the dlffusIon pro- 
cedure described m the experimental part was used 

If larger amounts of fluoride are to be separated 
it is advantageous to increase the amount of HMDS 
present, either by usmg larger volumes of the acid 
reagent or addmg laO/, of ethanol to the perchlorlc 
aad before saturating It with HMDS and using the 
normal volume 

To determine the effect of agitation on the diffusion 
time, two series of dfluslon dishes were prepared wn- 
tammg the same amount of sodium fluoride One 
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Table 1 Recovery of sodmm fluonde 

Sample* Time, hr Agltatlon 
No of 

samples Recovery, % 

12 18 pmole NaF + 5 ml 2 7M HC104 3 None 5 985 + 06t 
12 18 pmole NaF + 5 ml 2 7M HCIO, 1 Rocking 5 987kO6 
12 18 pmole NaF + 5 ml 2 7M HCIO., 1 Rocking 7 997+09 

+ alcoholj 
37 38 pmole NaF + 5 ml 2 7M HC104 3 Rockmg 7 98-O + 10 
37 38mole NaF + 5ml 27M HQO., 1 Rockmg 7 978kll 

+ alcohol$ 

* The perchlorlc acid solution was saturated with HMDS 
t Relative standard devlatlon 
$ The perchlorlc acid solution contained 10% v/v ethanol 

12 

9 

Y 

P 
4 

0 
0 

. 

30 60 90 120 
Time, min 

Fig 4 Diffusion time us amount of fluoride found Dlffu- 
slon of 12 18 wale of NaF l No agltatlon, dlffuslon 
usmg 27M HMDS-saturated HClO, o Rockmg agl- 
tatlon, dlffuslon usmg 27M HMDS-saturated HClO, A 
Rockmg agitation, dlffuslon using 2 7M HMDS saturated 

HClO, contammg 10% ethanol 

series was rocked m the agitator and the other was 
kept static The boxes were opened successively after 
different tnnes and the trapping solutions were ana- 
lysed for fluoride The effect of agltatlon IS very clear 
(Fig 4) The dlffuslon tnne for 12 mole of fluoride 
was shortened from 2 hr to 30mm The effect of alco- 
hol m the perchlorlc acid solution was small for this 
amount of fluoride (Fig 4), but for larger amounts 
of fluoride the addition of alcohol considerably shor- 
tened the diffusion time, e g , from over 2 hr to 30 mm 
for 37 pmole of fluoride The reproduclblhty for sam- 
ples contammg sodium fluoride can be seen m Table 1 

Fluoridated teeth have been found to be less suscept- 
able to canes, which IS why most tooth-pastes contam 
fluoride There are reports of methods for determma- 

tlon of fluoride m tooth-pastes by usmg a fluonde- 
sensitive electrode”* I1 but these methods cannot be 
used for all tooth-pastes because of the dBerences 
in composition Many tooth-pastes contam for m- 
stance monofluorophosphate (MFP) wlch IS also 
active agamst caries Smce MFP cannot be deter- 
mined directly with the fluoride-sensltlve electrode the 
compound must be hydrolysed before analysis These 
dlfficultles can be overcome by separating the fluoride 
from the tooth-paste by dlffuslon Even samples con- 
tammg MFP can be analysed, because MFP IS hydro- 
lysed by the perchlorlc acid used m the dlffuslon Ex- 
perlments show that the rate of hydrolysis IS not a 
hmltmg factor for the speed of diffusion Since fluor- 
ide even 111 Insoluble salts, such as calcium fluoride, 
can be separated by diffusion, the method can be used 
to determme both total and soluble fluoride m the 
tooth-paste 

Tooth-pastes are generally quite thick, which IS 
why they must be dduted with water before analysis 
A suspension of one part of tooth-paste m five parts 
of water (w/w) was found to be suitable Such a sus- 
pension can easily be centrifuged for the determma- 
tion of soluble fluoride A sample of the suspension 
1s weighed directly mto the dlffuslon dish for the 
determmatlon of total fluoride 

The dlffuslon times for tooth-paste (contammg 
solid CaHP04 2H20 and 0 lW/, fluoride as MFP) 
were determined as for sodium fluoride solutions, 
lW/, recovery bemg achieved m ca 33 hr with agl- 
tatlon, but no ethanol present, ca 2 hr with agitation 
and with ethanol present, but over 7 hr without agl- 
tatlon or ethanol 

Table 2 Recovery of fluoride from tooth-paste contammg solid CaHPO, 2H,O and 0 100% fluoride 

Sample* 

4 0 g suspenslon$ + 5 ml 2 7M HC104 
40g suspension + 5ml 2 7M HC104 
4 0 g suspension + 5 ml 2 7M HC104 
+ alcohol 

No of 
Time, hr Agltatlon samples Recovery, % 

22 None 5 992 f 08t 
4 Rockmg 5 993+09 
3 Rocking 5 993+09 

* The perchlorlc acid solution was saturated with HMDS 
t Relative standard devlatlon 
‘j One part of tooth paste and five parts of water (w/w) 
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The recovery of fluoride when analysmg a tooth- Acknowledgement-The authors wish to thank Mr M 
paste containing 0100% fluoride can be seen m Table Plckermg for prehmmary revlslon of the English text of 

2 this paper 

Tooth-pastes contammg the followmg solid abra- 
sives have been analysed CaHPO, 2H20, hO1, 
A1203. The tune for complete dlfFusion was ca 2hr 
for tooth-pastes contammg phosphates or slhcon 
dioxide and ca 5 hr for tooth-pastes containing alu- 
mma Full advantage of the rapidity of dfluslon can 
be taken only d the dlffuslon time 1s determined 
separately for each type of sample 

Analysis of tooth-pastes contammg carbonate does 
not give good results, owing to the formation of car- 
bon dloxlde If the absorbing capacity of the alkaline 
trapping solution 1s exceeded, there will be overpres- 
sure m the diffislon dish, causmg leakage of carbon 
&oxide and trtmethylfluorosllane. 

The method 1s also useful for many other types 
of saqple. It has been applied to determme fluoride, 
often as calcium salts, in such samples as water, food- 
stuffs and rocks. Fluoride concentrations have been 
determmed m waters with alummmm concentrations 
up to 1M The dfluslon tnne for such samples rs, 
however, considerably longer, around 10 hr 
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Summary-A method for the separation and determmation of five major elements m chronute. ore 
(and chrome-bearmg refractories), based on complexatlon of the metals with EDTA IS described After 
removal of s&a, the cations are separated mto two groups by passmg the solution through a cation- 
exchange resin (Dowex 5OW-X8, m Na-form) m the presence of an excess of the complexmg agent 
The optimum condltlons for the separation are discussed on the basis of exchange constants that 
were either known or determmed The first group contains Cr and Fe, which emerge m the filtrate 
at pH between 1 5 and 2 1, whereas Al, Mg and Ca, which are adsorbed on the resin, form another 
group Complexometric titrations are used for the subsequent determination of the cations m each 
group The method IS simpler and more rapld and accurate for routme analysis than the current 
methods 

The methods avadable for the analysis of chromate 
ore and chrome-bearmg refractones, are often de- 
scribed as laborious and time-consuming and yet they 
lack the desired accuracy Consequently, these 
methods have constantly been subjected to revision 
and improvement to make them simple, rapld and 
more accurate 

Zagorchev et al1 were probably the first to use 
an ion-exchange resin to separate chromium from 
rron m the analysis of ferrochrome alloys Bennet and 
Marshall’ employed a liquid ion-exchanger to extract 
chrommm as dlchromate m slightly aadlc solutions 
and were able to separate it quantitatively from the 

ent pH values These differences m the dlstrlbutlon 
coefficients can be utilized to choose condltlons for 
separatmg the catlons mto some suitable groups, there- 
by facllltatmg complexometrlc titration of one cation 
without interference from the other catlons present 
m the solution Thus, a direct titration of iron against 
EDTA can easily be performed m presence of chro- 
mium, which, m turn can be back-titrated at a higher 
pH Bmllarly, alummmm can be titrated successfully 
m the presence of magnesium and calcium 

EXPERIMENTAL 

rest of the elements present m chromate ore 
A complexometrlc procedure based on the usual 

Apparatus and reagents 

analytical separations and complexometrlc titrations 
Ion-exchange column Conventional ion-exchange 

was developed by Sosm and Ztrez.eszewska3 and was 
columns with a bore of about 1 5 cm were used The resin 

mod&d later by Liteanu and Crqan 4 The methods, 
bed was about 10cm long The resm, Dowex 5OW-X8 
(50-lOOmesh), was treated Hrlth 4-5&f, hydrochloric acid 

although comparatively rapid, had lmuted accuracy and washed free from acid with demmerahzed water It 

The ion-exchange separation of chrommm from iron 
was then rinsed with ethanol and dried overmght at 110” 

and alummmm, m the presence of EDTA and DCTA 
The exchange capacity of the resin was checked by the 

has been reported by Babachev,’ and m the presence 
Fischer and Kunnm* method and was found to be 5 1 
meq/g of dry resin The resin was converted mto the 

of EDTA by Kratochvd et al 6 sodmm form by agltatmg it with sodium chloride solutron 

In the present method, the separation of cations and washing it free from chloride ions 

1s carried out by usmg EDTA as the complexmg agent 
EDTA so&on, OOlM Standardized against standard 

The separations are based on theoretical calculations 
lead nitrate solution vvlth Methylthymol Blue as mrllcator 

m accordance Arlth Rmgboms’ concept of condltlonal 
Alummwm and zron solutzons Prepared from pure metals 

and standardlzed agamst the standard EDTA solutxon, 

stability constants of metal-EDTA complexes The with Xylenol Orange as indicator 

notation used throughout this work IS also that of Chromwm solutwn Prepared from potassium dlchromate 

Rmgbom. 
and standardized agamst EDTA, with Xylenol Orange as 
indicator 

The condltlonal dlstrlbutlon coefficients dl”‘, for Cr, Magnesmm and calcwm solutwns Prepared from analytl- 
Fe, Al, Mg and Ca on a strongly basic cation- cal grade carbonates and standardized agamst EDTA, with 

exchange resin (Dowex SOW-X8) m the presence of Eriochrome Black T (EBT) and Murexide respectively as 

an excess of the complexmg agent (EDTA), may be 
mdicators 

calculated from known exchange constants and the Choice of condltlons for the separation 

condltlonal stability constants of the metal-EDTA 
complexes and show considerable differences at dlffer- 

The formation of metal-EDTA complexes IS greatly 
affected by the hydrogen-ion concentration m the solution 

1037 
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Fig 1 CondItional stability constants of metal-EDTA 
complexes as a function of hydrogen Ion concentration 

At higher hydrogen-ion concentrations, a greater propor- 
tion of the metal ions 1s free and consequently more easily 
adsorbed on a catlon-exchanger, whereas m more alkaline 
solutions most of the metal Ions may be bound m neutral 
or m less posltlvely-charged complexes that are not easdy 
adsorbed 

In Fig 1, the condltlonal stability constants of meta- 
EDTA complexes of Cr, Fe, Al, Mg and Ca are plotted 
as a function of hydrogen-ion concentration It can be seen 
that at higher hydrogen-ion concentrations (pH less than 
2 5) Cr and Fe, which have a relatively high complexmg 
abdlty, are transformed mto unadsorbable anionic com- 
plexes, whereas Al, Mg and Ca exist predominantly m the 
cationic form that can be selectively adsorbed on a catlon- 
exchange resin 

In Fig 2, the condltlonal dlstrlbutlon coefficient, DM 
for Cr, Fe, Al, Mg and Ca m the presence of an excess 
of EDTA, 1s plotted as a function of hydrogen-ion con- 
centration The condltlonal dlstrlbution coefficients have 
been calculated from the stability constants of the metal- 
EDTA complexes and the exchange constants of the metal 
ions on the cation-exchange resin The values used for Cr, 
Mg and Ca are based on the data taken from Bonner 
et al ,’ whereas the exchange constants for Al and Fe were 
determined by the present workers lo 

The conditional dlstrlbutlon coefficients have been cal- 
culated from the expression 

D”’ = 

where 

[Na& = concentration of sodium ion m the resin phase 
= resin capacity 

[Na] = concentration of sodium ion m the solution 

K;;; = exchange constant of the metal ion on the resin 

(KMUY 1s the stabdlty constant of the metal-EDTA complex 
and [Y’] IS the excess of complexmg agent not bound to 
the metal ion ) 

A satisfactory separation of two metals on a catlon- 
exchange resin requires that the condttlonal dlstrlbutlon 
coefficient must be greater than 10’ ’ for complete adsorp- 
tion, and less than 10’ ’ for practically no adsorption 7 

From Fig 2 It can be seen that the condltlonal dlstrlbu- 
tlon coefficient D”’ for Al, Mg and Ca IS greater than 10’ ’ 
at pH below about 24, whereas for Cr and Fe It IS less 
than loo ’ at pH above about 14 

If we choose to work m the pH range 1 S2 1, there 
wdl be enough margin of safety and the results should 
be in good agreement with the calculated values 

Procedure for the analyszs of chromzte 

Decomposztwn of chromzte sample A mixture of sodium 
carbonate and borax (3 2) 1s recommended as a universal 
flux for the decomposltlon of chromate ore and chrome- 
bearing refractories I’ The followmg procedure has been 
found suitable by the present workers 

Weigh out about 1 g of anhydrous sodium carbonate 
and about 0 5 g of boric acid m a clean and freshly lgmted 
platinum crucible, and fuse together on a low flame Cool 
to room temperature and add 0 1 g (accurately weighed) 
of chromate sample previously ignited at about 650” Heat 
the contents, first gently with occasional swlrlmg of the 
crucible, and then place the crucible m an electric furnace 
at 900-950” for 45 mm Allow to cool and extract with 
dilute hydrochloric acid 

The melt cake IS taken out m the usual manner The 
function of very dilute hydrochloric acid IS to neutralize 
the solution and to wash out any solid melt still adhering 
to the crucible Care should be taken to mmlmlze the con- 
tact of melt dissolved m hydrochloric acid with the platl- 
num crucible 

If boron 1s not removed, precipitates will sometimes 
form during the ion-exchange separation process The 
removal of boron may be combined with the reduction 
of Cr(V1) which may be effected by bodmg with methanol 

Transfer the solution to a conical flask and evaporate 
it almost to dryness on a water-bath Add a few drops 
of acetic acid and about 20 ml of methanol to remove 
boron and reduce Cr(V1) Evaporate to dryness Repeat 
the procedure twice with further 15-20 ml portions of 
methanol Dissolve the residue m a mnnmum quantity of 
dilute hydrochloric acid, filter off sdlca and dilute to about 
100 ml 

Separatzon of chromzum and zron fom alumznzum, magne- 
szum and calczum To the soiutlon prepared as above add 
an excess of 0 1M EDTA such that the concentration of 
the free complexmg agent is about 0 OlM The excess con- 
centration must not be much higher than OOlM because 
there IS risk of EDTA preclpltatmg Adjust the pH to 
1 8 + 0 3 (ddute hydrochloric acid or sodlvm hydroxide) 
and boll for 20-25 mm Cool to room temperature and 
pass the solution through the column, pretreated with 
about 50 ml of 0 OlM EDTA at pH 1 8 + 0 3 Adjust the 
flow-rate to 1 5 + 0 5 ml/mm Wash the column with 150 
ml of 0 OlM EDTA at the same pH and add the washings 
to the mam filtrate 

Determznatzon of Fe and Cr 

Heat the filtrate to reduce its volume to about 50 ml 
Add 15 ml of hydrochloric acid (12M) and then in order 
to destroy EDTA, add cautiously about 2 g of potassium 
chlorate m tmy portions Evaporate to dryness on a water- 
bath Repeat the procedure with 10 ml of hydrochloric 
acid and 1 g of potassmm chlorate Take up the solution 
with a small amount of dilute mtrlc *acid while heating 
on the water-bath, cool to room temperature and make 
up the volume to 100 ml m a standard flask 

‘0 
B 

-50 I 2 3 4 5 6 7 8 9 IO 

PH 

Fig 2. Conditional dlstrlbutlon coefficients of metal ions 
on Dowex 5OW-X8 (sodium form) m the presence of an 
excess (OOlM) of EDTA as a function of hydrogen ion 

concentration 
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Determznatzon of Fe To a smtable alzquot (15-20 ml) 
add about 10 ml of ethanol and heat gently for 5 mm 
Add a drop of nztrzc aced to oxldtie Iron Cool to room 
temperature, dilute to about 100 ml and if necessary adJust 
the pH to 10-l 5 wzth dilute sodnzm hydroxide or nitric 
acid Heat to about 80” and titrate agamst OOlM EDTA, 
usmg Xylenol Orange as mdzcator 

Determznatzon of Cr To the solution after the tztratzon 
of Fe, add an excess of OOlM EDTA and 10 ml of hexa- 
mme buffer at pH 5 Heat to bozlmg for 2&25 mm Cool 
to room temperature and back-titrate the excess of EDTA 
wzth standard lead solutzon 

Elutzon and determznatzon of Al, Mg and Ca 

Elute the sorbed cations with 150 ml of 4-5M hydro- 
chlorzc acid Wash the column wzth about 50 ml of water 
and add the washmgs to the eluate Heat the eluate to 
reduce zts volume to about 50 ml and add cautiously about 
2 g of potassnzm chlorate to destroy EDTA Evaporate 
to dryness on a water-bath Repeat the procedure wzth 
10 ml of hydrochloric acid and 1 g of potassium chlorate 
Take up the solutzon m a small amount of dilute hydro- 
chorzc aced and make up the volume to 100 ml m a standard 
flask 

Determznatzon of AI I2 To a suitable alzquot (15-20 ml) 
of the solution piepared as Just descrIbedi add an excess 
of OOlM EDTA and 10 ml of oH 5 5 hexamme buffer 
Heat to bozlmg for 5 mm, cool gnd dzlute to about 100 
ml Check the pH and readJust, if necessary, wzth sohd 
hexamme and 1M hydrochlorzc aced Back-titrate the 
excess of EDTA agamst standard lead solution, using 
Xylenol Orange as mdzcator 

Determznatzon of Mg and Ca The sum of Mg and Ca 
1s determmed m another alzquot (15-20 ml) of the sohztzon 
by the usual complexometrzc tztratzon at pH 10 (NH&- 
NH3 buffer) with EBT as indicator Ca 1s determmed m 
ls-20 ml of the sample solution by titrating complexome- 
trzcally with EDTA at pH > 13 (sodzum hydroxide), wzth 
Murexzde as mdzcator Murexlde zs the only Indicator that 
we have found that will work properly m the presence 
of a precipitate of magnesium hydroxzde Mg zs then deter- 
mined by difference 

RESULTS AND DISCUSSION 

In Table 1 some results of successive titrations of 
Fe3+ and Cr3+ are shown Table 2 shows the results 
of analysts of a synthetic mixture whereas m Table 
3 are presented the results of analysis performed on 
a standard chromate sample (British Chemrcal Stan- 
dards No 308, Grecian chromate ore) The amounts 
found show a negative error of about 0 5%, which 
1s probably due to losses during the lon-exchange 
procedure 

The present method, m comparison to other 
methods based on complexometric titrations, posesses 
certam definite advantages The separation of cations 
mto groups facihtates the complexometric determma- 

Table 1 Complexometrzc determmatzon of Fe3+ and Cr3 + 
wzth EDTA, m presence of each other 

Amounts added Amounts found 
Fe3+, mg Cr3+, mg Fe3+, wzg Cr3+, mg 

5 55 5 20 5 53 524 
1110 520 1102 5 16 
1110 1040 1106 10 34 
1110 1560 1108 1554 
1665 1560 1658 1548 

Table 2 Catzon-exchange separatzon of Cr” and Fe3+ 
from A13+, Mg*+ and Ca’+, m presence of EDTA at pH 

18 f 03 

Amount found, mg 
Amount Filtrate Adsorbate 

Cation added, mg (1) (2) (3) (1) (2) (3) 

$1 
25 9 252 258 256 - - - 
139 138 135 135 - - - 

Al3 + 68 - 65 64 67 
Mg2+ 63 - 63 61 61 
ca*+ 62 - 62 60 60 

Table 3 Analysis of B C S Sample No 308, Greczan Chro- 
mite Ore 

NO 

1 
2 

3 
4 
5 

RCUlge 
Mean 
Reported 
values 
Mean error 
RehtlVe 

error, % 

Cr,O,x% FeO, % AI,O, % MgO, % 

41 26 IS 14 1923 1627 
41 17 1533 IV 18 1635 

41 32 1526 1942 1641 
41 24 1537 1931 1625 
4138 1508 1934 1621 

021 029 024 020 
41 27 1524 1930 1630 

415 I53 194 164 
-02 -01 -01 -01 

-048 -065 -052 -061 

tions m the same solutron by means of one direct 
and one back-titration This avoids the necessrty of 
masking and demaskmg, which 1s often mcomplete 
and thus reduces the accuracy 

Iron (III) is titrated at pH 1 O-l 5 m the presence 
of chrommm(II1) In this pH range, the conditional 
stability constant of the Fe-EDTA complex is high 
enough to permit a direct trtratron, whereas Cr3+ 
does not enter mto reactron since It requrres a pro- 
longed heating (more than 10 mm)‘3 for complex for- 
mation However, successive titrations lead to reci- 
procal errors which may be signficant for materials 
contammg large amounts of iron and small amounts 
of chromnrm Slight evidence of this is shown m Table 
1 Slmllarly, m the back-titration of A13+ at pH 5 5, 
Mg2+ and Ca2+ do not interfere, because of then 
low conditional stabihty constants at this pH At 
higher pH (> lo), the condmonal stabrhty constant 
of the Al-EDTA complex is low enough to permrt 
the direct titration of Mg2+ and CYazf 

The method, which is rapid and yields better accu- 
racy than the current methods, will be found useful 
m the routme analysis of chromate ore (and chrome- 
bearing refractories), particularly m those laboratories 
that are poorly equipped 
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SIMPLE RADIOCHEMICAL NEUTRON-ACTIVATION METHOD 
FOR THE DETERMINATION OF URANIUM IN ULTRAMAFIC ROCKS 
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Instttutt for Atomenergt, Isotope Laboratortes, RJeller, Norway 

(Recewed 5 February 1975 Accepted 4 March 1975) 

As ultramaBc rocks may be the mam constttuents of the 
terrestrtal mantle, knowledge of the concentrations of the 
naturally radtoactive elements m them 1s of tmportance 
for heat-flow calculattons Even though the concentratton 
of uranmm m these rocks IS m many cases very low, l- 
1OppM (parts per mtlhard), the need for rehable data IS 
evident Various modtficattons of neutron-acttvabon analy- 
sts can be used for the determmatton of uranium m geolog- 
ma1 matrices Purely instrumental methods based on y- 
spectrometry, which may be useful for uranium determma- 
tron m rocks, especially when using eptthermal actt- 
vatiom’.* may not be sufficiently sensitive for certain ultra- 
mafic rocks Delayed-neutron countmg3*4 may gave a 
shghtly hrgher sensrttvtty, but would still not be applicable 
to all ultramafic rocks Ftsston-track countmg’ is probably 
still more sensttrve, but even that techmque may fall m 
some cases where uramum is present m clusters wtthm 
the rock. 

A number of radmchemtcal neutron-activation methods 
for uranium m rocks have been proposed Some of them 
were based on a fission product of *“U, eg, 140Ek- 
“‘La 6 Constderably hrgher senstttvtty may be obtamed 
tf Instead of 235U(n, f) the 23*U(n, y) reaqtton is employed 
Furthermore, possible mterference due to fission of thor- 
mm Induced by fast neutrons IS avoided m this case The 
use of 235-dav 23gNn for the uranium determmatron m 
ultramaSc rocks has deen successfully demonstrated,‘~’ but 
the analysis 1s complicated by the fact that no neptunmm 
carrter can be used The mother nuchde 239U seems more 
favourable m this respect, and has been used by Sankar 
Daa9 Turkowsky et al lo and Aruscavage and Mallard i’ 
In these cases 23gU was measured by /$countmg after a 
sequence of separation steps resultmg m a fauly low chemi- 
cal yteld A need for improvement stall seemed to be pres- 
ent 

Experience m tlus laboratory’**i3 has shown the sol- 
vent extraction of uramum mto trt-n-butyl phosphate 
(TBP) from moderately concentrated nitric acid to be a 
very efficient means of separatmg 239U from various types 
of neutron-activated mrxtures, with htgh and reproductble 
chemical yteld The highest extraction 1s obtained m the 
range 7 5--lOA mtrtc actd In view of the fact that the 
heavy rare earths show apprectable extractron at htgh 
mtrtc acid molartty, it was found useful to apply a some- 
what lower nitric actd concentratron when usmg thts 
extraction for rock samples, m order to avotd Interference 
from 2 3-hr 165Dy and other short-hved rare-earth nuc- 
hdes 

Irradlatwn 

EXPERIMENTAL 

Rock samples (about 2GOmg) were weighed mto l-ml 
polyethylene vtals and nradtated for 10mm m the pneu- 
matte-tube facthty of the JEEP II reactor with a thermal 
neutron flux of about 15 x 10” n mm-’ set-’ and 
R$: = 2 8 The standard used was 1 ml of a 0 1-ppm 

uranmm solution m 0 1M nitric acid, from which 0 100 ml 
was taken for acttvtty measurement Two samples and a 
standard were nradtated smmltaneously The chemtcal sep- 
aration was started mmredtately after the return from the 
reactor If samples with alummmm contents exceedmg 1% 
are to be analysed, the samples should be left for 5-10 mm 
m order to reduce the radtatton level from 23-mm *‘Al 

Radlochemxal separation 

The nradtated sample was transferred to a nickel cru- 
cible, contammg 5 ml of uranium carrier evaporated to 
dryness, and fused for 5 mm wtth 1 g of sodmm peroxide 
and 1 g of sodmm hydroxtde, with an electrothermal 
burner After coolmg, the fusion “cake” was released from 
the cructble wtth 20ml of water and transferred to a 
beaker Then 20ml of concentrated nitric actd were care- 
fully added After l-2 mm the rmxture was passed through 
a paper filter mto a separatory timnel and subsequently 
extracted wtth 20 ml of trt-n-butyl phosphate The aqueous 
phase was discarded The orgamc phase was then washed 
twice with 20 ml of 5M mtrtc acid and transferred to a lOO- 
ml plastic screw-cap bottle for y-spectrometry The separ- 
atton procedure took about 20 mm 

Achvrty measurement 

The y-acttvtty measurements were performed with a 35- 
cm3 Ge(Lt) detector connected to a- 17OO-channel pulse- 
height analyser based on a small digital computer The 
counting ttme was 10 mm, and the area of the 74-keV peak 
of 23sU was calculated accordmg to the method of Ster- 
lmskt l4 

Chemrcal yzeld determmatlon 

After the 239U actrvtty of the TBP fractrons had decayed 
to a negligible level, the chemtcal yteld of the radtochemt- 
cal separation was determmed by re-acttvatton The 
organic phase was diluted to 50ml with toluene, and 
0 100 ml of this solutton was sealed m a polyethylene tube 
and irradiated for 1Osec m the pneumattc-tube facthty 
together with an ahquot of the uramum carrier solution 
dduted m the same manner with water The yacttvtttes 
were measured as described above, with a countmg time 
of 2mm The chemical yield was m most cases SO-90% 

RESULTS AND DISCUSSION 

The method descrtbed m thts work was tested on two 
ultramatic standard rocks issued by the US Geologtcal 
Survey, the dumte DTS-1 and the peridotrte PCC-1 
Results of these analyses are grven m Table 1 The two 
standard rocks have been analyzed prevrously for uranium 
m several other mvesttgattons, the results of which are also 
hsted Data obtained m different mvestrgatrons, m all cases 
by some kmd of neutron-acttvatton technique, show remark- 
ably good agreement, mdtcatmg that DTS-1 and PCC-1 
are fatrly homogeneous wtth respect to uramum m spite 
of the low concentratron levels The values of the present 

1041 
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Table 1 Uranmm content of two U S Geological Survey The hmrt of detectron of thus method wrth the neutron 
standard rocks flux and measurement condmons used m the present work 

IS about 0 2 ng of uramum If necessary, a sample stze of 
Present work 500 mg could be used, thus permtttmg uramum con- 

Smgle Mean Lrterature concentratrons at the 0 5 ppM level to be determmed 
Standard 

rock 

Dumte DTS-1 

Perldotlte PCC-1 

values, value, values, 
PPM PPM PPM 

3 3,2 8, 2 6, 3 4. 3 0 ;;;1:;;:: ; 

28 40’154;6 

4 6,4 0, 5.+ 4 7,5 
40,33, 39 41,s47,r1 : 
37 49,‘s 5 l6 

work are m espectally good agreement wrth those of Mor- 
gan and Herer,’ who also used a radlochemrcal method 
based on the 238U (n,r) reaction 

The precrsron of the method appears to be about + 10% 
when the amount of uranmm determined 1s about 1 ng 
The radronuclidrc purrty of the separated sample appeared 
to be satrsfactory, as all the malor actrvmes, such as 56Mn 
and *‘Mg, appeared to have been effictently removed The 
only forergn activity present m srgmficant amounts 
appeared to be lc5Dy In samples wrth higher con- 
centrahons of the heavy rare-earth fractton or wrth a more 
unfavourable U/Dy ratio rt IS recommended that another 
2 or 3 washmg steps with 5M mtrtc acid be Introduced 
Each of these steps would reduce the dysprosium con- 
centratton by about a factor of 3, whrle the uranmm con- 
centrations would probably not be reduced by more than 
2% 

5 
6 

7 

8 

9 

10 

11 

12 

13 
14 
15 

16 
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fusron by extraction with trr-n-butyl phosphate from moderately concentrated mtrrc acid, followed 
by measurement of the 74-keV y-ray wrth a Ge(Lr) detector The hmrt of detectron IS D2ng of U 
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In a previous paper’ a general method for coulometrrc titrated 4-chloro-3,5-drmethylphenol and 2,4-dwhloro-3,5- 
trtratron of alkylphenols wrth anodrcally generated bro- drmethylphenol m aqueous solutron which was 0 2M wrth 
mme was descrrbed The present paper deals with coulo- respect to potassium bromide and 1M wrth respect to sul- 
metrrc brommatron of deactivated phenols The coulo- phurrc acid One hydrogen atom was exchanged for bro- 
metrrc brommatron method has httherto been applied only mme Delgado’ titrated sahcyhc acrd and 2- and Cmtro- 
to a small number of deactivated phenols Lrchtenstem’ phenol at pH 3 m aqueous solutton whrch was 02M wrth 
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respect to potassium bromide Two hydrogen atoms were 
exchanged for bromine m tl-ns case 

Although our previous work’ m this series dealt with 
activated phenols, conclusions concerning suitable condo- 
tions for the coulometrtc biommation of deactivated 
phenols can nevertheless be drawn Monobrommation was 
found to dominate m pyndme-free acetic acid-water media 
while full brommation mainly occurred m pyndme-con- 
taming media As the latter reactlon mvolves brommatlon 
of a bromophenol as an intermediate product, I e , a deactl- 
vated phenol, it can be concluded thatebrommated phenols 
require pyridme-acetic acid-water media for quantitative 
brommatlon * The same was found to be the case for all 
fully deactivated phenols titrated m this work 

The term “deactivated phenol” 1s often interpreted as 
meamng any phenol containing electron-withdrawing 
groups such as mentioned m the summary A method of 
determining the relative degree of activation of phenols 
may be based on reaction with an electrophllic reagent 
such as bromine A test for this purpose IS described later 
m this paper It should be noted that accordmg to this 
test, some of the phenols investigated here are activated 
The effects of various factors on the brommatlon reaction 
were reported m the previous paper 1 

EXPERIMENTAL. 

The apparatus as well as the reagents used were the 
same as those described earher ’ All phenols were of the 
best grade commercially available and they were generally 
analysed without further purfication The standard 
titration procedure was identical with that used before,’ 
I e, a generating current of 3 mA at a 2-cm2 Pt-elec- 
trode, and a polarlzmg voltage of 630mV through a lOO- 
kQ resistance were used The chart speed was 30 mm/nun 
The composition of the titration media was shown m Table 
1 of the earlier paper 1 

RESULTS AND DISCUSSION 

Dutmguuhmg between actwated and deactrvated phenols 

The authors are not aware of any previous method 
which dlscrlmmates between activated and deactivated 
phenols The test proposed here IS based on the reaction 
between a phenol and bromine m the titration medium 
III-1 contammg 60% v/v acetIc acid, 40% v/v water and 
being 0 1M with respect to so&urn bromide 

If a phenol produces titration curves hke those labelled 
A m Fig 1, when 20 meq are titrated m this medium under 
standard condltlons, It 1s considered to be activated If the 
consumption of bromine 1s small and a titration curve hke 
B m Ftg 1 IS obtained, the phenol IS said to be fully deactl- 
vated Naturally not all phenols can be classified as either 
activated or fully deactivated There are mtermedate types 
which have a certain bromine consumption without givmg 
a usable titration curve (see C m Fig 1) This kmd of 
phenol IS considered to be partly deactivated 

Of the phenols titrated earlier,’ all but one turned out 
to be activated according to the test Only 4-hydroxybl- 
phenyl was partly deactivated Of the phenols titrated m 
the present work, most were fully deactivated However, 
those phenols which contamed one chlorine atom and one 
methyl group were partly deactivated and 4-bromo-3,5- 
dimethylphenol was activated The test falls for 2,4,6-trltert 
butylphenol which, although activated, gives a type B 
titration curve It IS evident that not only tlns phenol but 
all phenols m which all ortho and para positions are occu- 
pled, and whrch do not form bromocyclohexadlenones’ 

* For exceptions see Table 1 

Fig 1 Shape of titration curves obtained m the test for 
distmgmshmg activated and deactivated phenols A = acti- 
vated phenols, B = fully deactivated phenols, C = partly 

deactivated phenols 

on reaction with bromine m medmm III-l, will give a type 
B titration curve Accordmgly they will be classtied as 
fully deactivated regardless of then activation state 

Quantltatwe brommatlon of deactwated phenols 

As seen from Table 1, pyrlclme-contammg titration 
media must be used throughout for the quantitative bro- 
mmatlon of deactivated phenols No quantltatlve mono- 
brommatlon 1s possible for this type of phenol, with the 
standard media m Table 1 of ref 1 There 1s nonetheless 
m Table 1 of the present paper one phenol, 4-bromo-3,5- 
dlmethylphenol, which can be quantitatively monobro- 
mmated, but this compound IS activated according to the 
test above In the following, the titration results for various 
types of deactivated phenols will be discussed m some 
detail 

Halophenols Most of the halophenols without alkyl 
groups can be titrated m medium 11-l (55% HOAc, 40% 
H20, 5% C,H,N and 0 IM with respect to NaBr) 3,5- 
Dlchlorophenol, being more reactive, requires a slightly 
slower medium (II-2,0 4 M with respect to NaBr), presum- 
ably because the two ortho-directmg chlorme atoms are 
placed ortho to the free positions m the phenol The two 
lodophenols tested, namely 2- and Ciodophenol, were 
found to react slugg~hly with bromine, even m the fastest 
medium available (I-l), and the titration curve could not 
be quantitatively evaluated It was observed that the elec- 
trodes were easily contaminated m this case 

As expected, the presence of alkyl groups m addition 
to halogen atoms m the molecule generally makes It more 
reactive Thus, the three phenols with one chlorine atom 
and one methyl group were quantitatively brommated m 
medium II-2 while, for the correspondmg chlorophenols 
without alkyl groups, mechum II-1 was required 4-Bromo- 
3,5-dimethylphenol ddTers from the other halophenols m 
Table 1 m that it IS an activated phenol Accordmgly It 
can be monobrommated m the pyndme-free medium III-2 
For Its full brotnmation, medium II-2 1s necessary This 
fact indicates that 2,4-chbromo-3,5-dimethylphenol 1s more 
reactive towards bromine than the correspondmg chloro- 
phenol, wluch had to be titrated m medium II-1 The two 
trifluoromethylphenols form a specutl type of halophenol 
as the halogen atoms are placed m the side-&am instead 
of m the rmg Obviously the deactivating effect of a tn- 
fluoromethyl group IS greater than that of a fluorine atom, 
as a faster titration medium had to be used m the former 
case 

Carboxyphenols Of the carboxyphenols tested only m- 
and p.hydroxybenzcuc acid can be titrated quantltatlvely 
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Table 1 Brommatlon of deactivated phenols 

Phenol 
Tltr We;ght*, w ET 

medmm Ca c Found Phenol 
Tltr Weight*, 119. Error, 

medmm Calc Found % 

2-Fluoro 

3-Fluoro 

CFluoro 

2-Tnfluoromethyl 

3-Tnfluoromethyl 

2-Chloro 

2-Chloro-5-methyl 

2-Chloro-6-methyl 

3-Chloro 

4-Chloro 

4-Chloro-3-methyl 

2,4-Dlchloro 

2,4-Dlchloro-3,5-dlmethyl 

2,5-Dwhloro 

3,4-Dlchloro 

3,5-Dlchloro 

2,4,5-Tnchloro 

II-1 5605 558 
559 

II-1 3736 379 
379 

II-1 5605 563 
557 

I-l 8106 799 
789 

I-l 5403 550 
547 

II-1 6798 682 
684 

II-2 7085 713 
717 

II-2 1417 1454 
1465 

II-1 4286 418 
421 

II-1 6428 648 
651 

II-2 7085 712 
709 

II-I 1630 1657 
1624 

II-1 1910 1940 
1949 

II-1 8150 829 
829 

II-1 8168 806 
811 

II-2 6320 627 
627 

II-1 1974 2020 
2023 

-04 
-03 
+ 14 
+ 14 
+ 04 
-06 
- 14 
-27 
+ 18 
+12 
+03 
+06 
+ 06 
+12 
+26 
+34 
-25 
-18 
+08 
+ 13 
+ 05 
+01 
+17 
-04 
+16 
+ 20 
+ 17 
+17 
- 13 
-07 
-08 
-08 
+08 
+08 

2-Bromo 

4-Bromo 

4-Bromo-3,5- 
dnnethylt 

2,CDlbromo 

3-Carboxy 

4-Carboxy 

2-Formyl 

3-Formyl 

4-Formyl 

4-Acetyl 

2-Nltro 

3-Nltro 

4-Nltro 

2,4-Dmltro 

2,6-Dmltro 

Phenolphthalem 

II-1 9114 916 
917 

II-1 865 1 869 
859 

II-2 7710 776 
779 

II-1 2474 2452 
2452 

II-1 4604 464 
466 

II-1 4542 463 
462 

I-l 6106 622 
623 

I-l 4067 404 
397 

II-1 6106 624 
630 

I-l 6810 690 
689 

I-l 6956 710 
708 

I-1 463 7 461 
466 

I-l 6956 708 
709 

I-l 1841 1854 
1863 

I-l 1841 1835 
1855 

II-2 7953 815 
810 

t 05 
t @6 
t 05 
- 0.7 
t06 
+ 10 
- O-9 
- 0.9 
+ 08 
t 12 
t19 
t 17 
t19 
+ 20 
-07 
-24 
+22 
t32 
+ 13 
+ 12 
t21 
t18 
-06 
+05 
+18 
+ 19 
+07 
+ 12 
-03 
+ 08 
+25 
+18 

* This weight consumes about 20 peq of bromme 
t Can also be quantltatlvely monobrommated m medmm III-2 with an error of about 1% 

Sahcyhc acid consumes more than the expected 4 equlva- 
lents of bromme per mole, but the result 1s not reproduc- 
ible The shght overconsumptlon IS presumably caused by 
a partial decarboxylatlon The same reaction, although 
quantltatlve, takes place for p-hydroxybenzolc acid which 
consumes 6 equivalents of bromine instead of the expected 
4 

Decarboxylatlon has been reported before m connectlon 
with phenol brommatlon 4*5 However, it should be noted 
that m a previous mvestlgatlon by one of the present 
authors,6 m whzh sahcyhc acid was titrated m acidtied 
acetlc acid solution with bromide-bromate m aqueous 
medium, no decarboxylatlon was observed, the consump- 
tion bemg 4 equivalents of bromme Delgado’ reported 
the quantltatlve determmatlon of sahcychc acid m aqueous 
medmm at pH 3 We have venfied this result, usmg his 
titration medium and our standard condltlons Obviously 
the composltmn of the tltratlon medmm 1s of declslve lm- 
portance for the course of the brommatlon reaction. 

Formylphenols Of the titrated hidroxyb-enzaldehydes the 
orrho and meta Isomers reqmre the fastest medmm (I-l) 
with loo/, pyrldme whde p-hydroxybenzaldehyde gves high 
values m this medium and should be determined m 
medium II-1 The high values might arise from a partial 
deformylatlon 4 

Acetylphenols Of the compounds tested o-hydroxyaceto- 
phenone was found not to react with bromine m any 
tltratlon medium used m this work This somewhat sur- 
prlsmg fact m&t be attributed to a deactlvatlon due to 

the hydrogen bond between the phenohc hydroxyl group 
and the oxygen atom m the acetyl group smce the corre- 
sponding pnra isomer can be titrated with good accuracy 
It 1s noteworthy that t% medium used by Delgado” also 
failed for o-hydroxyacetophenone, accordmg to our expen- 
ence 

Nltrophenols These are strongly deactivated and 
accordingly for all mtrophenols the fastest medium (I-l) 
has to be used 

Phenolphthalern This phenol may be expected to be actl- 
vated but on the basis of a type B tltratlon curve, obtamed 
m medmm III-l, was found to be deactivated Conse- 
quently quantitative brommatlon demands a pyndme-con- 
taming medium (11-2) Since 8 equivalents of bromme are 
consumed, It appears that 2 hydrogen atoms m each of 
the two phenohc rings are exchanged for bromine 

CONCLUSIONS 

The present work has shown that the coulometrlc bro- 
mmatlon method developed ongmally for the quantitative 
determmatlon of alkylphenols IS also applicable to the bro- 
mmatlon of deactivated phenols contammg various elec- 
tron-wlthdrawmg subsfituents A fast medmm, contammg 
pyrldme as a brommatlon promotor, has to be used 
throughout 

Although the majonty of the compounds tested could 
be determmed with good accuracy, d&ficulty was expen- 
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enced with certain phenols contammg ortho substituents 
capable of formmg a hydrogen bond with the phenobc 
hydroxyl group Thus sahcyhc and and o-hydroxyaceto- 
phenone could not be titrated Although the former 
reacted, the results were maccurate owmg to Incomplete 
decarboxylatton The latter compound totally faded to 
react. The only two Iodophenols tested give another 
example of a phenohc type which could not be assayed 
For unknown reasons they reacted sluggishly and gave a 
sloping titration curve which did not perrmt any deter- 
mination of the equivalence point 
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Summary-A number of deactivated phenols contammg fluorine, chlorine or bromme, formyl, acetyl, 
carboxyl or mtro groups have been titrated with anodically generated bromine The reaction was 
carried out In a water-ace& aad-pyrIdme medium and the reactivity was controlled by varymg the 
water and pyrIdme Content and the concentration of bromtde Ion Hydrogen In all free posItIons ortho 
and para to the phenohc hydroxyl group Is generally exchanged for bromme, but In certain mstances 
a partial brommatlon Is possible The method as developed Is widely applicable for deactivated phenols 
Only certain or&-substituted phenols could not be quantitatively titrated The mean relative error 
for the phenols titrated was f 1 2% 
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THE TITRATION ERROR IN POTENTIOMETRIC 
PRECIPITATION TITRATION 

P 0 KOSONEN and E J. HAKOILA 

Department of Chermstry, UmversIty of Turku, SF-20500 Turku 50, Fmland 

(Recewed 26 February 1975 Accepted 8 Aprrl 1975) 

The general theory of potentIometrIc precipitation tItratIon 
and the theoretical error In the titration have been dIs- 
cussed by many mvestigators ‘-lo 

When the reactIon that takes place In a preclpltatlon 
tItratIon Is expressed by 

mA + nB +A,B, (1) 

and the solublhty product of the sparingly soluble salt by 

K, = [A]“[B] (2) 

at the Inflection pomt of the titration curve the molar con- 
centratIons of the ions are3v4 

and 

[B-JM, = 

At the equivalence point of the titration the concentrations 
are given by’~g~4 

[A]., = 

and 

l/on+n) 

When the concentrations of IndIvIdual Ions are expressed 
as molarltles and the total concentrations of the solutions 
taking part m the reaction are expressed In normahtles the 
buffer capacity P at the InflectIon point of the tItratlon Is 
obtained by means of the equatlon4 

P,,, = 2 303 x (m + n){(~~-mKs~“m+“i (7) 

The error of the titration, (molar concentrations only) IS 
given bv6 _ - 

U(m+n) 
(8) 

The InflectIon point of the titration curve and the eqmva- 
lence pomt of the titration comclde when m = n M 

PRINCIPLES 

Let us express the precipitation reactIon by equahon 
(1) and the solublhty product by equation (2) Let us 
further assume that the Indicator electrode responds to the 
variation of the concentration of Ion A After a permanent 
preclpltate has been formed we have 

cA = TcB - y~,“n[A]-“n + [A] (9) 

where the total concentrations of A and B are denoted 
by CA and C, By differentiating this equation with respect 
to pA we get the buffer Index (BA = -dC,fdpA = 
2 303 [A] dC,/d[A], for A as titrant), and by differen- 
tiating the Index with respect to pA and setting the result- 
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mg equation to zero we get for the Inflection point of the 
titration the equation 

l/(m+n) 
P (10) 

as well as equations (3) and (4) 
Slmdarly, by differentiating Ca with respect to pA we 

get the buffer index (pa = dCa/dpA, for A as tltrant and 
an electrode responsive to A, or /Q, = -dCa/dpA, for B 
as titrant) 

P n BA ,nt, Ll,,nfl = ; , (11) 

At the equivalence point equations (5) and (6) are valid 
The absolute titration error F* m the concentration of 

ion A 1s a sum of two terms the difference between the 
concentrations of A at the inflection and the eqmvalence 
points, the “concentration” of A that has been preclpltated 
between the equivalence and the mflectlon points Thus 

FA = CAlmr, - [Ale, + ;KBle, - CBltnrJ (12) 

When expressions (3)<6) are substituted m equation (12) 
we obtain for the error the expression 

FA = (1 - (~~){(~~Kj~““’ (13) 

This equation IS thus the same as equation (8) derived6 
earlier The equation gives the error only with respect to 
ion A The error with respect to ion B is given by 

F, = nFA (14) 
m 

By combmmg equations (10) and (13) we get 

FA = m 
m+n 

(15) 

In practical titration we have 

(16) 

where cA 1s the molar concentration of the tltrant, V, IS 
the volume of the solution at the mflectlon pomt and 
(APAL IS the maximum change m pA on addltlon of 
AV, of tltrant Slmllarly, if B 1s the tltrant, we have 

P 
Abe, -~. 

a+“” - V,(ApA),,, 
(17) 

More generally 

where z,,,~ and z,, are the charges of the tltrant ion and 
the electrode (response) ion, A&,,, 1s the maximum change 
m the potential on addition of AK,,, of titrant, and R, 
T, and F have then usual meanings 

When A IS the tltrant the practical titration errors are 

and 

F, = nFA 
m 

(19) 

(14) 

When B IS the tltrant the values of the errors are of oppo- 
site sign 

EXPERIMENTAL 

Reagents and solutzons 

All the reagents were of reagent grade and the solutions 
[CaCI,, Sr(N03)*, and NaF] were standardized gravlme- 
trlcally 

Procedure 

The analyte solution was kept at 25” and was allowed 
to stand until the potential of the measuring cell became 
stable After this the titration was started by adding small 
equal increments of tltrant The solution was stirred for 
400 set and the potential was allowed to stabilize for a 
further 2OOsec after every addition of the tltrant before 
the potential was recorded (When strontium fluoride was 
the precipitate the correspondmg times were 600 and 
3OOsec) The lomc strength of the analyte solution was 
adJusted with potassium chloride 

The titrations were carried out on an automatic tltrator 
described previously I1 The mslde of the titration vessel 
was covered with epoxy resin The mdlcator electrode was 
a Philips IS 550 F fluoride electrode and the reference elec- 
trode was a Radiometer K 401 saturated calomel electrode 

RESULTS AND DISCUSSION 

In order to determine the practical titration error and 
to vlsuahze the prmclples m preclpltatlon titrations some 
titrations have been performed The titrations and results 
are given m Tables 1 and 2, which need some further 

Table 1 The tltratlon error and the solublhty product when 0946M fluoride IS used as tltrant 

Error, % Calculated apparent values of pK, 

from from dilution 

Concentration 
of analyte, M 

P. FAT allowed 
V 
??Z I 

found, calculated, predicted, eqs eqs for. cf 
eq (19) eqs (18, 15) eq (13) (18, 10) (19, 13) ref 8 

ca*+ 
1600 x 1O-2 1200 0112 455 4 59 2 63* 907 908 908 
1600x lo-* 1200 0112 4 37 391 2 63* 9 28 9 14 9 13 
1600 x IO-* 1200 0112 4 16 431 2 63* 9 14 9 20 9 19 
4571 x 1o-3 2100 0104 14 56 15 27 8 98* 911 9 17 9 16 
4571 x 1o-3 2100 0104 12 87 15 15 8 98* 9 12 933 933 

Sr2+ 
5000 x 1o-2 1000 0138 804 9 50 3 59t 674 695 691 
5000 x 1o-2 1000 0139 1109 10 13 3 59t 6 66 6 54 606 

* pK, = 9 8, ref 13 
t pK, = 8 0, ref 13 (I = 0 1) 
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Table 2 The tltratlon error and the solublhty product when 0096OM calcium IS used as tltrant 

Fluoride 
concentration 
of analyte, M 

Error, % Calculated apparent values of pK, 

from from dlluhon 
B, FA> allowed 

I/ 0, found, calculated, predicted, for, cf 
ml I eq (19) eqs (18, 15) eq (13)* $?lO) $Ys13) ref 8 

2755 x 10-z 1030 0109 -677 -539 -334 9 18 8 88 892 
2755 x 1o-2 1030 0109 -860 -552 -333 9 14 8 56 861 
1398 x 1O-2 1015 0105 -998 -1137 -619 901 9 18 921 
1398 x lo-’ 1015 0105 -1031 - 1@89 -6 19 906 9 13 917 
1398 x lo-’ 1015 0105 -938 -1179 -6 19 8 96 9 26 9 29 

*p&=98, ref 13 (1=01) 

explanation. The slope of the electrode potential as a func- 
tion of fluoride ion concentration was found emprlcally 
by the titration techmque to be 58 7 mV/decade (nrespec- 
tlve of the type of the reference electrode) The maximum 
potential change (AE,,,) at the inflection pomt was calcu- 
lated by Nasanen’s method ‘* The value of the buffer mdex 
at this point was then calculated with the aid of equation 
(18), and hence the error and the value of the apparent 
solublhty product The p&-value was also calculated with 
the aid of equation (13) from the determmed expenmental 
error For comparison, the values of the predicted error 
and those of the apparent solublhty product calculated 
accordmg to prmclples previously published* (which take 
mto account the dilution of the analyte solution durmg 
the tltratlon) are also given 

The tables reveal that the observed values of the exper- 
imental error and those calculated from the buffer index 
are m good agreement, but those predlcted from the solu- 
b&y product are always too small 

Tables 1 and 2 also reveal that the values of the apparent 
solublhty product calculated from the expernnental error 
and from buffer index values are of the same order of 
magnitude and larger than the published values This can- 
not be explained by the ddutlon of the analyte, it 1s caused 
by the method of preclpltatlon When the preclpltate 1s 
formed durmg the tltratlon, the particles are small m size, 
they have not enough time to grow, and thus the solublhty 
(and the lomc product) IS larger than under eqmhbrmm 
condltlons When the stlrrmg and stablhzatlon time 
between Increments was increased to 1200 + 6OOsec (for 
CaF,) the p&-values increased by about 0 OXI 1, support- 
mg the explanation gven 

The difference between the observed and published pK,- 
values (and the observed and theoretical error values) 
might also be due to some side-reactlon, e 9, complex for- 

matlon However, a side-reaction can always be included 
m the calculations, and as complex formatlon IS not likely 
to occur m the tltratlons performed, It IS not considered 
further 

The facts found for the titrations performed can perhaps 
not be generalized to cover all preclpltatlon titrations but 
It may be concluded that though m some precipitation 
titrations the error cannot be predlcted from the solublhty 
product, nor can the pK,-value be calculated from titration 
data for the mflectlon point, the error of the tltratlon can 
be estimated from buffer mdex determmatlons If the pre- 
cipitate 1s formed ideally, the calculation of the solublhty 
product 1s relevant 
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Summary-The tltratlon error can be calculated with the aid of the value of the buffer index determmed 
at the mflechon pomt of the titration curve when a preclpltatlon titration IS followed with an Ion- 
selective electrode When the precipitate IS not formed ideally m the tltratlon (z e , IS not formed under 
eqmhbrmm condltlons) the tltratlon error cannot be predlcted from the values of the solublhty product, 
nor can the values of the solubdity product be calculated from tltratlon data at the mflectlon pomt 
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ANALYTICAL DATA 

THREE TRACE-ELEMENT GEOLOGICAL MATERIALS CERTIFIED 
AS A RESULT OF A CO-OPERATIVE INVESTIGATION 

OLAV H J CHRISTIE 

Umversrty of Oslo, Laboratory of Mass Spectrometry, P b 1048 Bhndern, Oslo 3, Norway 

(Received 19 December 1974 

Since 1968 twenty-two chemtcal analysts from Nordtc 
countrtes have partrcrpated m a co-operattve work for m- 
tercahbratron of trace-element analytical techniques Three 
geological materials were selected as working samples 

ASK-l, Larurkrce, from the Tvedalen quarry SW of the 
town Larvrk, Vestfold country, South Norway Thts 1s a 
type locality of the hghtcoloured variety of larvrktte, de- 
scribed by Barth 1 

ASK-2, Schzst, from the Upper Tremadoc Ceratopyge 
schist [3b of the Oslo region Aremgan (Lower Ordovr- 
aurn)] m the underground of St Olavs plass, Oslo 1, Nor- 
way,‘described by BJ0rlykke ’ 

ASK-3. Sulohlde ore. from the zmc-lead ore-body at 
Bleikvash mines, Nordland county, North Norway,. de- 
scribed by Vokes ’ 

Preparation of samples 

Each sample was mrttally washed m pure water and cut 
m pieces with a hydrauhc rock cutter After the first crush- 
mg m a Jaw crusher the sample was spht mto two parts 
Equal amounts of the two parts were powdered m a steel 
rmg eccentric ml11 (Labor-Scheibschwmgmuhle, Srebteck- 
mk, Germany) The finely crushed sample was spht mto 
two parts, and the parts again mrxed together m a heavy 
cardboard contamer with a 40-kg Turbula mixer (Wtlly 

Table 1 Analysts 

Accepted 13 January 1975) 

Bachofen, Basel, Switzerland) The cardboard container 
showed no signs of wear after the homogemzatron 

The homogenerty of the sample materials was checked 
thus ten independently collected samples of each matertal 
were pressed, without bmdmg matenal and wrth a backing 
of polyjvmyl chlortde), to form drscs of 25 mm diameter 
smtable for X-ray fluorescence analyses Counts of the K 
line of rron of 64sec duratton were recorded five times 
for each sample The estimated relatrve standard deviation 
of the number of counts per recordmg of the total number 
of samples was 0 6”/, whereas 14 recordings of one of the 
samples over the whole period of analysts gave an estimate 
of relattve standard devratton of 0 4%, mdicattve of absence 
of mstrumental drift The 95% confidence interval was 
Y(l f. 00017) for the whole set of observations and 
Jz(1 k 00021) for the drift-check parallels 

Participants and chozce of recommended values 

Laboratories and analysts who have supplied con- 
centration data are listed m Table 1 The recommended 
values m Tables 2 and 3 have been selected m a series 
of round-table meetmgs of the partrcrpatmg analysts These 
values are given as means of values supplied by partrct- 
pants The means are based upon two or more values m 
good agreement and reported by at least two analysts from 

1 L-H Andersson 
2 B T Anderassen 
3 A-L Arnfelt 
4 K 0 BJerlykke 
5 H J Bolhngberg 

6 A 0 Brunfelt 
7 B Bruun 
8 0 H J Christie 

9 L Damelsson 

10 G C Faye 
11 S Fregerslev 
12 F J Langmyhr 

13 W Lund 
14 S Melsom 
15 P E Paus 
16 A R Selmer-Olsen 

17 A Srmonsen 

18 E Stemnes 
19 G Sundkvtst 
20 I Serrensen 

21 C U Wetlesen 
22 H Zachartasen 

FOA, S-104-05 Stockholm 80, Sweden 
Geologrcal Survey of Norway, P b 3006, N-7001 Trondhemr, Norway 
A B Atomenergr Studsvrk, S-611 01 Nykopmg 1, Sweden 
Instttute of Geology, University of Oslo, P b 1047 Bhndern, Oslo 3, Norway 
Umverstty of Copenhagen, Mmeralogrcal Museum, Bstervoldgade 10, DK-1350 
Kerbenhavn, Denmark 
Umversrty of Oslo, Mmeralogtcal-Geologrcal Museum, Sars gate 1, Oslo 5, Norway 
University of Oslo, Mmeralogrcal Geologrcal Museum, Sars gate 1, Oslo 5, Norway 
Umversrty of Oslo, Laboratory of Mass Spectrometry, P b 1048 Blmdern, Oslo 3, 
Norway 
Swedish Institute of Metal Research, Drottnmg Krlstmas vag 48, S-l 14 28 Stockholm, 
Sweden 
Geological Survey of Norway, P b 3006, N-7001 Trondheun, Norway 
Umverslty of Aarhus, Department of Geology, DK-8000 Arhus C, Denmark 
(Some data m collaboration with analyst no 15) 
Umverstty of Oslo, Institute of Chemrstry, P b 1033, Bhndern, Oslo 3, Norway 
Umversttv of Oslo. Instrtute of Chemtstrv. P b 1033, Bhndern, Oslo 3, Norway 
Institute of Industrral Research, Forskmngsveren 1, Blmdern, Oslo 3, Norway 
Instrtute of Industrial Research, Forskmngsveren 1, Blmdern, Oslo 3, Norway 
Norwegian Agriculture Umversrty, Laboratory of Chemical Analysis, 1432 Vollebekk, 
Norway 
Technical Umversrty of Denmark, Instrtute of Mineralogy, Bld 204, 2800 Lyngby, 
Denmark 
Instrtute of Atomic Energy, 2007 KJeller, Norway 
Bohden AB Ronnskarsverken, Centrallaboratorlet, Skeleftehamn, Sweden 
The Geological Survey of Greenland, Bstervoldgade 10, DK 1350, Ksbenhavn K, 
Denmark 
Central Institute of Industrial Research, Forsknmgsveren 1, Blmdern, Oslo 3, Norway 
Falconbrrdge Nrkkelverk A/S, 4600 Krrstransand S, Norway 

1048 
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Table 2 Uncertified concentration values (%) of major and some mmor constrtuents 

ASK-l ASK-2 ASK-3 
Larvlklte Schist Sulphlde ore 

SlO* 59 5 542 74 
TIO~ 11 092 trace 
Al203 186 188 03 
Total Fe as Fe,Op 46 69 
MnO 013 003 004 
MgO 11 20 008 
CaO 32 07.5 005 
Na,O 65 08 0018 
K@ 42 53 0 070 
Fe 35 6 
cu - 014 
Pb 21 
Zn 92 
S 4150 
C - 85 

different laboratorles and usmg different methods, each 
analyst havmg a thorough knowledge of his own method 
The methods applied are anodlc strlppmg voltammetry, 
atomic-absorption spectrometry, electrolysis, flame emls- 
slon methods, gravlmetrlc methods, spectrophotometry, 
tltrlmetrlc methods and X-ray fluorescence 

The evaluation of the results has benefited considerably 
from the extensive methodological dlscusslons m which 
most of the partlclpants have taken part In several cases 
the recommended values are different from the arithmetic 

mean because there has been general agreement on the 
superiority of given methods or experience of some of the 
participants Some of the participants have found this type 
of work so encouraging that it ~111 be continued with other 
materials 

Samples of the present three reference materials are 
available m 75-g lots, together with a list contammg 
all reported concentration values and covering 41 trace 
elements Further mformatlon 1s obtainable from the 
author 

Table 3 Recommended trace concentration values (ppm) and analytical methods used 

ASK-l ASK-2 ASK-3 
Methods 

used 

Ag 
Au 
As 
B 
Ba 
Be 
Bl 
Cd 
Cl 
Co 
Cr 
cs 
cu 
Ga 
Hg 
In 
Ll 
Mn 
MO 
NI 
Rb 
SC 
Sr 
Tl 
V 
Zn 
Zr 

005 
- 
- 

04 
- 
- 

153 
1130 

4 4 

- - 
100 14 

6 27 
40 90 

15 11 
7 120 

29 25 
- - 

18 
1020 

- 
110 
85 
7 

680 
main element 

49 
105 
400 

30 
280 
60 

148 
175 

100 
mam element 

220 
166 
168 

19 
006 

630 

35 

33 
340 

7 
88 
25 

1450 
6 
76 

177 
- 

260 
45 
37 

33 

main element 

aa, ms, naa, OS 
naa 
ms, OS, xr 
OS 
OS 
OS 
aa, ms, xr 
aa, ms, naa, 0% XT 
ch, naa 
aa, naa, os, xr 
aa, ms, naa, OS, xr 
naa 
aa, ch, naa, OS, xr 
ms, naa, os, xr 
aa, OS 
aa, naa 
aa, OS 
aa, ms, naa, os, xr 
ms, naa, os, XT 
aa, ms, OS, xr 
aa, naa, os, xr 
naa 
naa, OS, xr 
aa, ch, OS 
ch, ms, OS 
aa, naa, OS, xr 
OS, xr 

aa atonuc-absorption methods 
ch wet chemical methods, mainly tltrlmetrlc 
‘3s spark-source mass-spectrometry 
OS optical spectrography 
xr X-ray fluorescence analysis 
naa neutron-activation analysis 

TAL 22/12-H 
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Summary-The results of a Nordic analytlcal trace-element study of three geologzal samples are given 
Recommended concentration values for 27 trace elements and 14 mam elements have been arrived 
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POTENTIOMETRIC AND SPECTROPHOTOMETRIC DETERMINATION OF 
THE PROTONATION CONSTANT OF HEXAMETHYLENETETRAMINE 

ARI IVASKA and LEO HARJU 

Department of Analytical Chermstry, Abe Akademl Abe 50, Fmland 

(Recened 25 October 1974 Accepted 16 January 1975) 

Hexamethylenetetramme (urotropme) has found extensive 
use as a buffer, and IS especially sultable for this purpose, 
because It forms relatively weak complexes with metals 
In medlcme it has long been used m the treatment of url- 
nary tract infections More recently it has been found to 
have an mhlbltmg effect on the growth of tumours 1 

Very few eqmhbrmm data can be found m the literature 
for this reagent * Below, both a potentlometrlc and a spec- 
trophotometrlc method are utlhzed for the determination 
of the stab&y constant of the reaction 

H+ + L=HL+ 
CHL+I &. = ~ 

CH’I CL1 
(1) 

where L denotes the hgand hexamethylenetetramme, and 
the constant 1s determined as a concentration constant 

Reagents 

EXPERlMENTAL 

Hexamethylenetetramme and other chemicals were 
Merck pa grade Potassmm chloride was used to keep 
the iomc strength at 0 1 and 0 5 The tltrant was potassium 
hydroxide solution All measurements were made at 25” 
m an inert atmosphere 

Apparatus 

The potentials were recorded with an Orlon 801 pH/mV 
meter (precision k 0 1 mV) usmg Beckman glass and calo- 
me1 electrodes The hydrogen-ion concentrations were cal- 
culated from the measured potentials by a method shghtly 
modified from the one given by Ingman et al 3 The spectro- 
photometric measurements were performed with a Cole- 
man model 46 UV-VIS Spectrophotometer equipped with 
a quartz flow-cell The volumes were measured with 
Metrohm piston and nucro burettes 

For mathematical calculations a programmable Monroe 
186&44 calculator was used 

Procedures 

Potentmnetrtc determmat~on A potentlometrtc method 
not previously used for determmatlon of stability constants 
of acids was employed It is due to Ivaska and W anmnen,4 
and uses the equation for tltratlon of weak acids derived 
by Ingman and Still 5 The data obtained from a potentlo- 
metric titration are processed with a desk-calculator The 
program calculates both the equivalence volume and the 
stability constant of the acid by an iterative procedure 
The stability constant 1s a mean of four values calculated 
from four points, two on each side of the half-titration 
pomt The equivalence volume 1s determined by the 
method of Ingman and St111,5 using titration points near 
the equivalence pomt 

The tltratlon 1s started by performmg an EL-titration3 
and then adding solid hexamethylenetetramme! to the solu- 
tion and hydrochloric acid m excess m order to protonate 
the reagent The titration 1s then performed m the ordinary 
manner, the electrodes remammg m the solution through- 
out.3 The tltratlon curve, -log[H+] us V, the volume of 
added base, shown m Fig la, 1s the one obtamed when 
protonated hexamethylenetetramme and excess of hydro- 
chloric acid are titrated with potassium hydroxide at p = 
0 5 The excess of hydrochloric acid, I e , the starting pomt 
for the hexamethylenetetramme tltratlon, can be deter- 
mmed by the Gran method6 using points before the first 
potential Jump (Fig la) The data given m Table 1 repre- 
sent the titration of hexamethylenetetramme, and the pro- 
ton stability constant calculated from them 1s also given 
The value of the constant at p = 0 1 IS determined m a 
similar way and IS given m Table 3 

Spectrophotometrrc determmataon Spectrophotometru: 
methods are widely used for the determination of protona- 
tion constants’ However, m this work a less common 

ii?-- 

IO- 

(a) 

6- 

0 2 4 6 8 IO 0 01 02 03 04 05 06 

V. ml A 

Fig 1 (a) -log [H’] as a function of the volume of added potassrum hydroxide for a titration of 126 x 
10-‘M hexamethylenetetramme containing an excess of hydrochloric and V, = 48 33 ml, p = 0 5 
(KC]), Co, = 0 098 16 M (b) -log [H’] as a function of absorbance Par 5 x 10e3 M hexamethylenetetra- 
mme, which is neutrahzed by addition of potassmm hydroxide V, = lOOOml, p = 05 (KCl), 

1= 215nm 
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Table 1 Titration of the proton complex of hexamethyl- Table 3 Summary of the stability constants of the proton 
enetramme for determmatlon of Its stablhty constant complex of hexamethylenetetramme 

v,mt -~ogCH+l V,mI -log[H+] 

105 4 389 405 5340 
155 4 590 430 5421 
20.5 4 155 4 5.5 5 511 
2 55 4 90.5 480 5 610 
280 4977 505 5 727 
305 5 050 5 30 5864 
3 30 5 121 5 5.5 6 049 
3 55 5 190 5 80 6 328 
3 80 5 263 605 1075 

Found log KHL = S 04s 
CL = 1239 x IO-*&f 

Temp , 
“C Reference 

492 
630 
49 

485 

_ 

25 
- 

- Koltho@ 
05’ Pummerer and Hofmann’ 
- Evstratova et al ” 
- Redley and Schmld” 

4 88, 25 0 1 (KCI) Thts work 
504. 25 
4 88; 

0 5 (KCli 
2s 0 i&xi 

(DotenhOmetric 
?h,s work 

method) 

so& 25 0 5 (KCI) (spectrophotometrzc method) 

* 0 5M hexamethylenetetramme 

Imtlal volume V, = 48 33 ml, KOH conc&tratton 
Co, = @09816M, total mitral concentration of hexamethyl- 
enetetramme C, = 0 0126N, T = 25” and p = 0 5 (KQ) 

half-tttratlon, because small errors m the absorbance 
measurements then have bttle effect on the value of 
mL+]/fL] By taking four points around the point of half- 
titration the mean value log KHL = 5 05, was obtained for 
the example given m Table 2 

t&ration procedure IS employed The absorbance and hy- 
drogen-Ion ~n~n~tlon of a solution that IS gradually 
neutrabzed by ad&on of potassmm hydroxide are slmul- 
taneously measured The hydrogen-ion concentration 1s 
measured as described abbve The advantages of this pro- 
cedure are that no buffers are needed and the electrodes 
need not be removed from the solution durmg the ex- 
periment An absolute necessity for precise spectrophoto- 
metric measurements 1s a fixed cell, e g , of flow-through 
type 

A smtable wavelength for the measurement of the 
absorptron by hexamethylenetetramme was 215nm An 
example of an absorbance curve plotted as a fun&on of 
-log[H’] is gven m Fig lb The shape of the absorbance 
curve lmpltes that one proton IS liberated at -log[H+] 
about 5 At -log[H+] above ca 10 there IS another rise 
m the curve, owing to absorption by the hydroxide ion 

When only the complex HLC 1s formed, the following 
equations are valid 

A = u&L [HL+] + aL [L] (2) 

C, = [HL+] + [L] (3) 

A IS the measured absorbance and unL and at denote 
absorptlnties, which can be determmed from the pI% 
regons where respective spe&es dominate Thus equations 
(2) and (3) contam only two unknowns and can easily be 
solved Because a tltriltion 1s used, the change m volume 
must be taken mto amount m calculating C,, equation 
(3) 

Typical results are given m Table 2 The optimal region 
for the determlnatlon of the ratlo [HL+]/[L] and thus 
also the protonation constant IS at or near the point of 

DISCUSSION 

In Table 3 the protonatton constants deterrnlned m this 
work are summarized and compared with pubhshed 
values The values obtamed by the potentiometrlc and 
spectrophotometric methods are m very good agreement 
(It 1s perhaps motivated to gve log Km to three 
decimals, especially when the potentials are measured wtth 
0 1 mV and absorbances with 0001 umts accuracy) The 
chfference between a potentlometnc and a spectrophoto- 
metric method for determination of stablhty constants can 
be seen m Fig 1 In potentrometry the amount of added 
t&ant and m spectrophotometry the measured absorbance 
are used to calculate the mole ratio of mL+f to [L] 
At alkahne pH the two curves are snmlar, because hydrox- 
ide ions absorb at the wavelength used, but m the acid 
region, the additional I-ICI affects the shape of the poten- 
tlometric curve 

The values of the protonation constant of hexamethyl- 
enetetramme obtamed m this paper are m satisfactory 
agreement with the values reported by Kolthoff,’ Evstra- 
tova et at I1 and Reilley and Schrmcl” although the exact 
temperature and medmm for their experiments are not 
given The value given m “Stabdity Constants”2 could not 
be found by the present authors in the orlgmal paper of 
Pawelka lo 
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used to adJust the Ionic strength 
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ABSORPTION SPECTRA OF CHELATES OF NITROSONAPHTHOLSULPHONIC 
ACIDS WITH VANADIUM(IV) 

0 A MAKUIE and K V 0 LAJUNEN 

Dlvlslon of Analytical Chemtstry, Department of Chemistry, Umversrty of Helsinki, 
SF-00100 Helsmkr, Finland 

(Recerved 4 Aprd 1975 Accepted 10 April 1975) 

Orrho-mtrosonaphthols are well-known spectrophoto- 
metrtc reagents m trace analysts of c&am metal tons The 
active chelatron groupmg also forms coloured complexes 
with vanadium I-’ In the present work five sulpho derrva- 
trves of o-mtrosonaphthols were compared as hgands m 
complex formation with oxovanadmm(IV) m aqueous 
solutton I-Nttroso-2-naphthol-3,6-drsodmmsulphonate 
(Nttroso-R salt) and 2-mtroso-1-naphthol-4-sodmmsul- 
phonate are known reagents The other hgandq the S-sul- 
pho, 8-sulpho and 4,6-dlsulphodertvattves of 2-mtroso-l- 
naphthol, are new water-soluble reagents of o-mtrosonaph- 
thol type 

Reagents 

EXPERIMENTAL 

The dtsodmm salt of I-mtroso-2-naphthol-3,6-drsul- 
phonic acid (Nrtroso-R salt), a purtsstmum grade reagent 
from Fluka AC, was used after recrystalluatton from 
water 2-Nttroso-1-naphthol+sulphomc acid (purtsstmum 
grade, Fluka AG) was recrystalhzed as a sodmm salt from 
water The sodium salt of 2-mtroso-1-naphthol-5-sulphomc 
acid was prepared by a nrtrosatlon reaction from the sod- 
mm salt of 1-naphthol-S-sulphonm actd, and the mtroso 
salt formed was recrystallized twrce from water, as the 
dehydrate 4 The sodmm salt of 2-mtroso-l-naphthol-l-sul- 
phonic acid was prepared from 1-ammonaphthalene-8-sul- 
phomc acid through the correspondmg dtazo-compound, 
wtth naphthosultone and naphtholsulphonate as mterme- 
dtates The product was purrtied by repeated recrystalhza- 

300 400 5OOnm 

WAVELENGTH 

Ftg 1 Absorptton spectra of 2-mtroso-1-naphthol-5-sul- 
phonate (HL-) and of tts oxovanadmm(IV) complex (VOL) 
m aqueous solutton Curves l-4 refer to soluttons where 
the pH was 3 16, 3 28, 3 43 and 3 55, respecttvely (cr = 

18 x 10-4&& c, = 33 x 10-3M) 

tron from water ’ The drsodmm salt of 2-mtroso-l-naph- 
thol-4,6-drsulphomc acid was prepared by the method of 
Saarmen from the btsulphrte addmon compound of l- 
mtroso-2-naphthol-6-sulphomc acid (obtamed by mtrosa- 
tton from 2-naphthol-6-sulphonate, a purtfied reagent from 
B D H Ltd ) by treatmg with hydroxylamme hydrochloride 
m dilute hydrochlorrc actd and with aqueous sodium 
chloride soluhon 6 Vanadmm(IV) oxysulphate 
VOSO, 5H,O (E Merck AG) was used 

Apparatus 

A Perkm-Elmer Model 402 Ultravtolet Spectro- 
photometer connected to a Dtgrtal Voltmeter Mk III (Wets 
Electronics, Ltd) was used for the spectral measurements 
at 25” The pH values were measured with a Radrometer 
Model PHM4d pH meter connected to a Beckman glass 
electrode and an open hquid-Junctron reference calomel 
electrode containing saturated potassmm chloride soluhon 
The hydrogen-ton concentratrons were calculated by means 
of the apparent hydrogen-ton actrvtty coeffictent values 

RESULTS AND DISCUSSION 

The formation of the spectrum of the first oxovana- 
dmm(IV) complex of 2-mtroso- 1-naphthol-5-sulphomc acid, 
taken as an example, 

VO’+ + HL- K, VOL + H+ (1) 

m solutron where metal ions are present m excess relative 
to the hgand, 1s illustrated m Fig 1 The absorption spectra 
of the first complexes of the hgands studred, are repro- 
duced m Fig 2 

The vanadmm(IV) complexes are all fatrly strong, red- 
brown m colour, and are formed m acid soluuon The 
common spectrophotometnc method was used for deter- 
mmatron of the equthbrmm constants of the correspondmg 
reactions (cf Table 1) 

I-Nrtroso-2-naphthol-3,6-drsulphomc and 2-mtroso-l- 
naphthol-5-sulphomc actds were chosen as hgands for ex- 
periments on the complex formatton m soluttons of vary- 
mg romc strength (potassmm chloride as mert salt) The 
results m Table 2 show that the Debye-Huckel equation 

pK, = pK: + A&h/(1 + mJi) - BI (2) 

can be fitted to the data (A = 0 509), and the dependence 
of the p&value on the square root of tome strength of 
the solutron indicates that the complex spectes VOL- and 
VOL are formed wrth these hgands, respecttvely The fol- 
lowing values for the constantsand parameters in equatton 
(2) were obtamed PKY = -045. a = 162. B = 003. and 
pk@ = 0 38, a = 2 66, b = Oa for complexes of 1-mtroso- 
2-naphthol-3,6-dtsulphomc and 2-mtroso-1-naphthol-5-sul- 
phonic acids respecttvely 

At pH 44, Job’s method of contmuous vartatton gave 
the molar ratto 1 2 (cr cu) for the oxovanadmm(IV) com- 
plex of l-mtroso-2-naphthol-3,6-dtsulphomc acrd, and 1 3 
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Table 1 Determmatlon of the values of pK, of the first 
oxovanadmm(lV) complex of I-mtroso-2-naphthol-3,6-d]- 
sulphomc acid from absorption spectra of aqueous solu- 

tions(cL=14x lo-“M,cM=18x 10-3M,I=041) 

Absorbance 
-log[H+] 434 nm 446 nm 454 nm 462 nm 474 nm 

(HL’-) 0 252 0 160 0 110 O-072 0 024 
297 0360 0296 0255 0224 0 143 
3 17 0403 0345 0314 0282 0187 
331 0438 0397 0364 0332 0 227 
342 0462 0425 0 399 0 372 0 255 
3 50 0481 0451 0426 0400 0 279 
3 59 0492 0467 0444 0422 0 294 

(VOL-) 0647 0655 0644 0620 0 454 

PJG 053 052 052 051 052 

for the complex of 2-mtroso-1-naphthol-5-sulphomc aad, 
when measured at 47G520nm m solutions buffered with 
acetIc acid and acetate 

The values of the dlssocaation constants of the hgands 
studied, and the stabihty constant values, fit = 
~OL(n-2)-]/[V02+] CL’-], are hsted m Table 3 

These hgands can be used for spectrophotometrlc deter- 
mmatlon of vanaclmm(IV) In particular the wide absorp- 
tlon band of the chelate of 2-mtroso-1-naphthol-5-sul- 
phomc acid seems to be smtable at about 510nm, where 
the spectrum of the hgand does not Interfere The dettllls 
and the spectra of the chelates formed m the presence of 
excess of hgand were not, however, studied further 

Table 2 pK, values of oxovanachum(IV) complexes of l- 
mtroso-2-naphthol-3,6dlsulphomc aad and of 2-mtroso-l- 

naphthol-5-sulphomc acid at different lomc strengths 

I-Nltroso-2-naphthol-3 6- 2.Nltroso-1.naphthol-S- 

dsuiphomc acld sulphomc aad 

I PMobs ) PK,@alC ) I PUohs ) PfGWC ) 

0009 -019 - 020 0011 054 055 

0 108 018 021 0011 @16 075 

0208 037 0 36 0211 083 0.82 

0408 052 052 0410 090 090 

0 508 057 057 0511 091 093 

1011 0 74 074 IO10 1 03 I 03 

I I I I I 

400 500 600 nm 
WAVELENGTH 

Fig 2 Absorption spectra of oxovanadmm(IV) complexes 
(VCX or VOL-) m aqueous solution (PH * 4) The curves 
refer to the complexes of I-mtroso-2-naphthol-3,6-drsul- 
phomc acid (l), 2.mtroso-1-naphthoWsulphomc acid (2), 
2-mtroso-1-naphthol-5-sulphomc acid (3), 2-mtroso-l- 
naphthol-8-sulphomc acid (4), and 2-mtroso-l-naphthol- 

4,6&ulphomc acid (5) 

It IS well known that several other metals form coloured 
chelates with o-mtrosonaphtholate ions m acid solution, 
for mstance rron(II),’ cobalt, palladium and other platinum 
metals, zircomum,’ etc 
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Table 3 Statnhty constants and some spectral characteristics of the bgands and oxovanadmm(IV) complexes 

Llgand P& log PY 
log Pt (462(HL) l 462(ML) 

(I = 01) lo3 I mole-’ cm-’ lo3 I mole-’ cm-’ 

I-Nitroso-2-naphthol-3,6- 
chsulphomc acid 

2-Nltroso-I-naphthol-4- 
sulphomc acid 

2-Nltroso-1-naphthol-S- 
sulphomc acid 

2-Nitroso-1-naphthol-8- 
sulphomc acid 

2-Nitroso-1-naphthol-4,6- 
dlsulphomc acid 

751 796 671 056 458 

663 5 96 054 3 29 

7 32 694 6 19 055 223 

8 19 7 19 057 1 58 

651 5 68 041 3 97 

Summary-The absorption spectra of chelates formed by oxovanadmm(IV) with five different o-mtro- 
sonaphtholsulphomc acids m aqueous solution are presented All the hgands studied, 1-mtroso-2-naph- 
thol-3,6-dlsulphonate- (Nltroso-R salt), 2-mtroso-1-naphthoWsulphonate, 2-mtroso-l-naphthol-5-sul- 
phonate, 2-mtroso-1-naphthol-8-sulphonate and 2-mtroso-1-naphthol-4,6dlsulphonate, form red-brown 
vana&um(IV) chelates m acid solution Values of the first stabdlty constants of the complexes are 
reported 



EXCHANGE CONSTANTS OF Al(II1) AND Fe(II1) ON DOWEX 5OW-X8 
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The basic concept mvolvmg the adsorptlon and separation 
of metallic Ions on a catlonexchange resin 1s that of 
affimty Argersmger et al 1 studled the equlhbrla between 
the resin and aqueous phases and developed the concept 
of an equlhbrmm constant The work was extended by 
Banner’*” and his co-workers who determmed the “ailimties” 
of a number of metal ions for Dowex-50 resms They 
arranged the metals 111 a selectlvlty scale, based on the 
numerical values of the eqmhbrmm constants’,” 

The results are presented m Tables 1 and 2 

Table 1 Exchange constant of A13+ on Dowex 5OW-X8 
(Hf-form) 

Such data were efficiently used by RIngborn m 
numerous theoretical calculations of the dlstrlbutlon coeffi- 
cients of various metals between the resm and solution 
phases, m the presence of complexmg agents, and for pre- 
dicting the optimum condltlons and the extent of separ- 
atlon of different groups of metals Most of these predlc- 
tlons have been confirmed by various workers m the field 

Smce no such data were avallable for alummlum and 
Iron, It was decided to determme their exchange constants 
on Dowex SOW-X8 (50-100 mesh) resin 

Soln Resm A13+ Al”+ 
vi;. CH!$, (drywt h ads, m soln , 

Q mg mg K 

3000 1644 1 325 9 14 7 35 1 63, 
3600 1370 1012 921 7 29 163, 
4200 1 174 0 974 9 69 680 1 66, 
4800 1027 1121 11 20 5 29 1 66, 
5400 0913 1384 1285 364 169, 

Average 1 66, Devlatlon 002, Standard devlatlon 003 

Table 2 Exchange constant of Fe’+ Ion on Dowex SOW- 
X8 (H’-form) 

Resin 
EXPERIMENTAL 

Soln Resin Al”+ Al’+ 
vi;, CHLI, (drywt b ads, in soln , 

9 mg w K 

Dowex 5OW-X8 (5CrlOO mesh) resm was treated with 
4-5M hydrochloric acid and washed free from acid with 
demmerahzed water It was then rinsed with absolute alco- 
hol and dried overnight at 110” The exchange capacity 
of the resin was determmed by the method of Fischer and 
Kunnm’ and found to be 5 1 meq per g of dry resin 

30 00 1644 1 274 20 53 1396 2 16, 
3600 1 370 1 178 21 92 1257 2 134 
4200 1 174 1203 24 42 10 17 2 27, 
4800 1027 0841 2158 1291 2 15, 
5400 0913 1212 26 95 7 54 221, 

Procedure Average 2 19. Devlatlon 0 05, Standard devlatlon 0 06 

A known amount of the resin with known moisture con- 
tent was placed m a ground-glass-stoppered flask, and a 
measured volume of the solution contammg a known 
amount of metal ion and at appropriate hydrogen Ion con- 
centrahon, was added The eqmhbrmm was attamed by 
agltatmg the mixture for 6 hr at room temperature m a 
mechamcal agitator The dlstrlbutlon of metal Ions at equl- 
hbrmm was determined by analysmg the filtrate 

Both alumuuum and iron were determmed tltrlmetrl- 
tally with EDTA the former by back-tltratlon with stan- 
dard lead solution at pH 5 5.” the latter by direct tltratlon 
at pH 1 O-1 5 at cu So’, Xylenol Orange bemg the mdl- 
cator 

The constants above have been determined at room tem- 
perature (20 f 1”) and variable ionic strength However, 
at the high lomc strengths (OS1 7) used, the varlatlons 
of the actlvlty coefficients are normally small and may be 
neglected 

The choice of mtrlc acid for adJustmg the hydrogen-Ion 
concentration of the solution mmimlzes the posslblhty of 
complex formation of the metal Ions with the amon of 
the acid 

RESULTS AND DISCUSSION 

The exchange constants were calculated from the expres- 
slon 

TheoretIcal calculations based on these values were used 
for predicting the optimum condmons and the extent of 
separation of these metals from each other and from other 
metal Ions The experlmental results agree very well with 
the predrctlons ’ 

Acknowledgement-The authors wish to express their grate- 
tude to Professor Axe1 Johansson for Interest m their work 
and for placmg faclhtles at then disposal 

where 

[MR,] = C, - [M3’] expressed m meq per g of dry 
resm, C, bemg the total concentration of 
metal ions m the aqueous phase before equl- 
hbratlon, 

[M3’] = the concentration of M”+ In the aqueous 
phase at equlhbrmm (meq/ml), 

[H’] = concentration of H+ m the aqueous phase 
at eqmhbrlum, 

[HR] = concentration of H+ In the resm at equlllb- 
rlum, expressed m mmole per g of dry resm 
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1056 ANALYTICAL DATA 

Summary-The exchange constants for A13+ and Fe”+ ions on the catlonexchange resm Dowex 5OW-X8 
(H+-form) are reported A batch method of equlhbrmm at room temperature was used to determme 
these constants, which are 

Al’+ + 3HR +AlR3+3H+,K=166 

Fe3+ + 3HR e FeR3+3Ht,K=219 

R denoting the resin 



Talanta. Vol. 22, p I Pergamon Press. 1975 Punted m Great Bntam 

LOUIS GORDON MEMORIAL AWARD 

Professor Lloyd Smythe (right) presenting the Louis Gordon Memorial Award to J. T. van Gemert 
during the Third Australian Symposium on Analytical Chemistry. 
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SEVENTH TALANTA MEDAL 

Dr. M. Williams, Professor Alimarin and Professor Zolotov admire the Talantu Gold Medal 
presented to Professor B. V. L’vov for his work on development of flameless atomic-absorption 

methods. The medal was formally presented by Professor Alimarin. 



ADVISORY BOARD OF TALANTA 

The Editorial Board and Publishers of Talanta have pleasure in welcoming Mr. F. 
C. A. Killer to the Advisory Board. For many years Mr. Killer has supplied the Russian 
translations of the summaries of papers appearing in Talanta. ’ 

Mr. Killer was born in 1920 in Eichtal (Austria) and obtained his degree in chemistry 
from the University of Zagreb, Yugoslavia in 1947. He started work as analyst at the 
Institute of Petroleum, Zagreb, became head of the Analytical Department. He worked 
there on problems related to oil production and petroleum processing, in particular 
desulphurization. After a period in industry in Yugoslavia and Germany he joined the 
Esso Research Centre at Abingdon in 1961. Where he worked as project leader on 
chromatographic methods of separation, in particular TLC of petroleum products, and 
elemental analysis, specializing in microcoulometry of sulphur and sulphur compounds 
in petroleum. He was also engaged in gas analysis and the prevention of explosions 
on large oil tankers. He has published ca. 20 papers on the analysis of materials related 
to oil production (characteristics of oil-bearing strata, formation waters, drilling mud), 
hydrocarbon type analysis, applications of TLC to petroleum products, and microcoulo- 
metry. 
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EDITORIAL 

Our percipient readers will have noticed that the page size of Taluntu has been markedly 
increased, but the full page depth was not always used in the first two issues for the year. 
The reason for this is the standardization of paper size for Pergamon journals, permitting 
greater economy in production and hence stabilization of prices. Further economy can 
be achieved by using double-column type-setting, which allows use of a greater width 
on the page and saves space by decreasing the size of blank areas around illustrations. 
We shall be changing to the double-column format in the May issue, and from the 
beginning of the year we have been using the page size that will be necessary for it, so 
that the size will be uniform throughout the year. It is hoped that in this way 
future increases in the cost of paper and printing can be at least partially compensated 
for. One consequence will be that though we shall publish the usual amount of material, 
it will occupy fewer pages, and it should be possible to bind Tulantu in one volume 
instead of two, giving the subscriber a corresponding saving. We shall therefore revert 
to the issue of an annual index instead of two 6-monthly ones. 
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FOREWORD 

The Editorial Board and Pub /s of TALANTA take great pleasure in hug fie Scan- 
dma4an Schools of Analytiqal, C$Wnistry by presenting this special issue rt4!&t& +4&m work. 
They consider it appropriM,tii’link the issue with the name of J. @kLDAHL in this, the year 
of thet 75th anniversary of his dq&h. 

Plate 1 The first pubhshed illustration of the Kjeldahl apparatus (1888) 

+A‘ 22/12-A 



Plate 2 KJe~dah~ at the age of about 47 ID. the Carl&erg Laboratory (By permmon of K M Msller 
and the Carl&erg Foundatzon hcture Archwes) 
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Trace-metal speciation in sen-water.--I. Removal of trace metals from sea-water by a chelating resin: T. M. FLORENCE 
and G. E. BATLEY. (26 March 1975) 

Iron(III) titration of tungsten reduced with mercury in thiocyanate medium: V. YATIRAJAM and SUDERSHAN DHAMffA. 
(26 March 1975) 

Thioviolurie acid as an analytical rengentmII. Spectrophotometric studies of rhodium(III), osmium(VIII), iridium(IV) and 
platinum(IV) complexes: R. S. CHAWLA and R. P. SINGH. (26 March 1975) 

Solvent extraction and speetrophotometrie determination of vanadium(V) with N-phenyl-n-hatyrohydmxamic acid: J. P. 
SHUKLA and Y. K. AGRAWAL. (26 March 1975) 

Micro and submiero iodometric determination of arsenite and sulphite ions by amplification reactions: AmR BESADA, 
Y. A. GAWARGIOUS and S. Y. KAREEM. (27 March 1975) 

Determination of low levels of uranium in phosphoric acid solutions obtained by acid attack on phosphate rock: FLORIN 
T. BUNUS. (31 March 1975) 

Miniature potassium-sensitive electrode with a neutral carrier in a poly(vinyl chloride) matrix: O. RYBA and J. PETRANEK. 
(31 March 1975) 

Sensitive tests for nitrite through azo-dye formation: B. S. GARG, Y. L. MEHTA and MOHAN KATYAL. (2 April 1975) 

The analysis of copper refinery slimes: R. S. YOUNG. (2 April 1975) 

Zur Prublematik der massanalytiscben Ammoniakbestimmung: JOSEF MALq. (2 April 1975) 

Fluorescence characteristics of rhodamine complexes with gallium and indium: N. B. ZOROV and J. D. WIN~ORDNER. 
(3 April 1975) 

Rapid sequential atomic-fluorescence determination of silver and copper with an EIMAC continuum excitation source 
and a graphite-filament atomizer: F. S. CHUANG and J. D. WINEFORm,mR. (3 April 1975) 

Simultaneous determination of trace niobium, tantalum and tungsten in ferrous and non-ferruns alloys: G. L. VASSILAROS 
and C. J. BYRNES. (17 March 1975) 

A thin-layer chromatographic method for separation and estimation of the condensation products of aromatic amines 
with formaldehyde in acid medium: M. R. G. NAYAR, T. K. RADHAKRtSHNAN and D. JOSEPH FRANCIS. (4 April 1975) 
Absorption spectra of chelates of nitrosonaphtholsulphonic acids with vanadium(IV): O. A. M~.KITIE and K. V. O. LAJUNEN. 
(4 April 1975) 

Estimation of short-lived radionuelides in fesh fail-out debris for identification of nuclear weapon test~ S. B. HINGORANI, 
R. N. KHANDEKAR and S. J. S. ANAND. (7 April 1975) 

New redox titrants in non-aqueons or partially aqueous media---VI. Potentiometric determinations using dibromamine-T 
and some further applications of diehloramine-T: C. G. R. NAIR and P. INDRASENAN. (7 April 1975) 

The determination of traces of cadmium in alloy steels by anodi¢ stripping polarography: KAREL STULiK and KAREL 
MAi~fK. (8 April 1975) 

Milligram determination of azo compounds: Reaction of azo compounds with N-bromosoceinimide in acetic acid medium: 
UMESH C. PANDE and MADHUBAN GOPAL. (10 April 1975) 

A novel method of determination of zinc calcium and phosphate: S. V. CHIgANJEEVl RAO. (10 April 1975) 

The iron(Ill) derivatives of 4,7-dihydruxy-l.10-pbenanthroline: DONALD P. POE and HARVEY DIEHL. (7 April 1975) 

i 



ii PAPERS RECEIVED 

Tris(4,7-dihydroxy-l,10-phenanthroline)imn(ll) as a low-potential oxidation-reduction indicator. Determination of hydrosal- 
phite: DONALD P. POE and HARVEY DIEHL. (7 April 1975) 

The hydrogen selective glass electrode: GILLIS JOHANSSON, BO KARLBERG and ANDERS WIKBY. (16 April 1975) 
Selective extraction of organic compounds as ion psirs and adduets: ROLF MODIN and GORAN SCHILL. (17 April 1975) 
Queklues applications de la colorim~trie de pr~ision a la microanalyse ~l~mentaire. Dosages du titane, du platine, du 
palladium, du molybd~ne et du phosphore: E. DEBAL, R. CHASSlN and S. PEYNOT. (7 April 1975) 
Spectrophotometric study of osmium with sulphonated anthranilic acids: D. CHAKRABORTI. (23 April 1975) 

Conductometric determination of copper with 2'-hydroxychalcone: R. SESHADRI NAIDU and R. RAGHAVA NAIDU. (23 
April 1975) 

A high-precision coulometric method for standardization of vinyl chloride permeation tubes: A. CEDERGREN and S. A. 
FREDRIKSSON. (28 April 1975) 

Analytical properties of 1,3-cydohexanedione bisthiosemicarbazone monohydrochloride: J. J. BERZAS NEVADO, J. A. MU~OZ 
LEYVA and M. ROMAN CEBA. (28 April 1975) 

Colorimetric studies on the reaction of U(VI) and Mo(VI) with 3,5-dichioro-2-hydroxyacetophenone and its oxime: KEEMTI 
LAL and S. P. GUPTA. (29 April 1975) 

Determination of vicinal hydroxyl groups in poly(vinyl alcohol) (PVA): J. G. PRITCHARD and Y. L. LAN CHUM FUNG. 
(5 May 1975) 

Microwave-induced plasma coupled to a tantalum-filament vaporization assembly for trace element analysis: FRED L. 
FRICKE, OLIVER ROSE, Jr. and JOSEPH A. CARUSO. (6 May 1975) 

Effects of auxiliary complex-forming agents on the rate of metailochmmic indicator colour change--IlI. Mechanism of 
the colour change of TAC in nickel-EDTA titrations: GENKICHI NAKAGAWA, HIROKO WADA and OSAMU NAKAZAWA. 
(14 May 1975) 

Studies on the molybdenum(Vl) chelate with 2-aminobenzenethiol: ANIL K. CHAKRABARTI and SASWATI P. BAG. (14 
May 1975) 

Ion-exchange behaviour of pyridinium tungstoarsenate: W. U. MALIK, S. K. SRIVASTAVA and SATISH KUMAR. (14 May 
1975) 

Studies with inorganic ion-selective membranes--l. Preparation and characterization of membranes: W. U. MALIK, S. 
K. SRIVASTAVA, V. M. BHANDARI and SATISH KUMAR. (14 May 1975) 
Development and publication of solvent extraction methods: Y. MARCUS. (14 May 1975) 
Study of liquid--liquid extraction of perrhenate with cyclohexanone in different media: N. JORDANOV, M. PAVLOVA and 
D. BOJKOVA. (14 May 1975) 

Partial masking of copper by cyanide in the formation of copper diethyldithiocarhamate complex: E. O. UME~. (16 
May 1975) 

Estimation of cyanide via its interference with the formation of copper diethyldithiocarhamate complex, Cu(DDC)2: E. 
O. UMEH. (16 May 1975) 

Estimation of glucose and maltose by the two-wavelength method: S. K. MEUR, V. SITAKARA RAO and K. B. DE. (16 
May 1975) 

Extraction and spectrophotometric determination of cobalt(II) with thiobenzoylacetone simultaneous determination of nickel: 
M. V. R. MORTI and S. M. KHOPKAR. (16 May 1975) 
Anreicherong yon Sporen Au und Pd aus Reinstmetallen Cd, In, Ni, Pb und Zn mit nachfolgender Bestimmung in der 
Graphitmhr-Kiivett~ EWALD JACKWERTH and PAUL G~INTER WILIMER. (16 May 1975) 
Free energy, enthalpy and entropy changes accompaning the formation of the Ag(I) complexes of ethylenediamine: L. 
C. VAN POUCKE. (16 May 1975) 

Plasma emission sources in analytical spectroseopy--III: S. GREENFIELD, H. McD. MCGEACHIN and P. B. SMITH. (19 
May 1975) 
Determination of gold in ores by neutron-activation analysis: S. SUKIMAN. (19 May 1975) 
Quantitative estimations by sodium bisthiosalicylatomercurate: MAHARAJ K. KOUL and KESHAVA P. DUBEY. (20 May 
1975) 
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Determination of cadmium by precipitation of cadmhtm moiybdate 6om bomogensous solution: XAW 
SOMASEKHARA RAO and V. G. VAIDYA. (23 Octd~er 1974) 

Mass spectra of metal bxdides: Kozo MP;TSUMOTO, NOBU%X%II KIBA and T~UGIO TAKEXHI. (24 October 1974) 

Polarograpbic determination of chlorhexidine in pharmaceutical preparations: EINAR JACOBSEN and BJPI#N 
GYLSETH. (25 October 1974) 

Analysis of cbromite by cation-exchange using EDTA as a complex& agent: MOHAMMAD JAWAID and FOLKE 
ING~N. (25 October 1974) 

Exchange constants of A&III) and Fe(IB) on Dowex JOW-X8: Mo~~D JAWAID and FOLKE INGMAN. 
(25 October 1974) 

Determination of vltamio Blz by means of tbe cyanide group, by thermal decomposition and use of tbe cyanide- 
selective electrode: S. GOLDSTEIN and AL. DUCA. (28 October 1974) 

~u6i~ium effects in the carnation of tantalum by atomic~b~rp~n spectroscopy: W. F. PICKERING and 
P. E, THOMAS. (29 October 1974) 

Automatic classification of cbemka! bebavhmr by sequential hypotbesixation and m&parametric curve-6tting-III. 
Fully computerized elucidation of polarographic data on stepwise complex formation: LOUIS MEITES. (29 October 
1974) 

Extvactive concentration of platinum-group elements and tboir determination by atomic-absorption techniques: A. A. 
V~SIL~EVZ+, I. G. Yu~~~~ L. M. -R-I, ‘I’. V. LANISINA, R. S.’ ~SHUI.,MAN$ I. L. KO&AR&K~ and V. N. 
ANDRIEVSKY. (29 October 1974) 

Specbopbotometric determination of copper(H), zinc@) and manganese(H): MO~MED A. ELDAWY, S. R. 
ELSHABOURI and M. M. ALY. (4 Nowmber 1974) 

Long-term stability of glass electrodes in aqueous media: B0 KARM~ERC~. (4 Nowmber 1974) 

Photometric ~~~~~u of some aromatic aldebydes witb barbituric acid and of barbituric acid with ~~~- 
amiuobenmIdehyde: MOHSIN QUUESHI, HAMIX SINGH RATHORE and ALI MOHAMMED. (5 November 1974) 

Separation and determination of chromium(III) and chromium(V1) by anion-excimnge using sodium stdpbite: 
YASUMA~A SHIGETOMI, TAKASHI YAMASHIGE and TAKEJ~ HATAMOTO. (7 Nowmber 1974) 

CeUolar and foamed plastics as separationpredi~ A new geometrical form of the solid phase in analytical liiuid- 
sdid conmet: T. BRAUN and A. B. FARAG. (7 Nowmber 1974) 

A chlorate ion-selective electrode based on a poIy(vfny1 cbIovide) matrix membrnne: K. HIIRO, G. J. MOODY and 
J. D. R. THOMAS. (7 November 1974) 

Studies on inorganic ion-exchangers-I. Synthesis, ion-exchange properties and applications of ferric arsenates: 
J. P. RAWAT and J. P. SINGH. (12 Nooetnber 1974) 

Studies on inorganic ioosxcbange~I1. Pvepavatiq pvopevties and appBcatiom of fevrie pb~sphates: J. P. RAWAT 
and PRITAM SINGH. (13 bower 1974) 

Separation of lead stdphate from barium sulpbate in their determination in glasrr: B. C. SINHA and S. K. ROY. 
(18 November 1974) 
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Computer calculation of distribution dims.: RICCARD~ MAGGIORE, SALVAT~RE MUSUMECI and SILVIO 
SAMMARTANO. (21 November 1974) 

Pbospkorimetry, a spectrocbemical metkod of analysis: J. J. AARON and J. D. WINEFORDNER. (21 November 1974) 

Spectropkotometric estimation of micro-amounts of ethylene glycol in propylene glycol: M. SRINIVASAN and 
S. THIAGARAJAN. (25 November 1974) 

Substoicbiometric neutron activation determination of gallium: Extraction from bydrockloric acid with tri-n- 
octylpbusphine oxide in cyclobexane: J. W. MITCHELL and J. E. RILEY, JR. (26 Nouember 1974) 

Nomenclature in thermal analysis-III: R. C. MACKENZIE (26 November 1974) 

Spectropbotometric investigation of the reaction between alumhium and Eriocbrome Cyaain RC: N. G. ELENKOVA 
and E. POPOVA. (26 November 1974) 

Iodometric micro and sabmicro determination of bydrazines by amplification reactions: Y. A. GAWARGIOUS and 
AMIR BESADA. (26 November 1974) 

Studiesonamorpbous and crystalhe thorium tungstate as an ionsxcbanger: ANIL K. DE and KAILAS CHOWDHLJRY. 
(2 December 1974) 

2-Metboxyetbanol as a solvent for conductometric acid-base titrations: GARY A. SCHWARTZ and BARBARA J. 
BARKER. (13 November 1974) 

2-Amino-3-bydroxypyridine as reagent for the spectropkotometric determihion of osmium: Y. L. MEHTA, B. S. 
GARG and R. P. SINGH. (3 December 1974) 

Chromatography of alkaloids on titanium arsenate papers: Quantitative separation of some alkaloids from nicotine 
on a titanium arsenate cohmn: MOHSIN QURESHI, SYED ASHFAQ NABI and NIGHAT ZEHRA. (4 December 1974) 

Tbe determination of lead in carbouate rocks by carbon-furnace atomic-absorption spectrometry after dissolution 
in nitric acid: W. C. CAMPBELL and J. M. OTTAWAY. (4 December 1974) 

Use of pdiethylan&@enylmereurie acetate for the determiaation of tbiol groups in biiogical samples: A. J. 
BUSEV, L. J. TE~RNI~KOV, M. M. BUZLANOVA, E. D. KASHPAROVA, L. M. ROZDESTVENSKY and P. HENNING. 
(6 December 1974) 
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TALANTA ADWSORV BOARD 

The Editorial Board and Publishers of Ttvfa@a t&e pleasure in welcoming the following new members to the 
Advisory Board of the journal. 

C. B. BELc2nul 
Ix M. HmCCurdm 
J.D.R.&f&&S 

They a&o wish to record their sincere t&&s for the help giv@ by 

I. &%lWN 

A.A*S?&t.G4 

who retire from the Advisory Board. 

C. El. Belcher joined The Central Research Laborut@eri ofThe Broken Hill Proprietary Company Limited, 
Shortland, Australia, in 1956, and is Anaiytieal ~~~~ Services Manager. He graduated in Metallurgy 
from Newcastle Technical College and the N.SW. I% of Teuhtmlogy, in Chemistry from the University 
of N.S.W., and is a Fellow of The Roy4 Au$tralian CJt@eal In&it& and The Institution of Metallurgists. 
Publications include some thirty paperu in the fial& atom& abuorption, optical emission and X-ray 
spectrometry, as applied to economic minaralb and me&l is premnt research interest is non-destructive trace 
element analyses of solid fuels and minerals. 

III 



Iv Tulanta Advisory Board 

Professor David M. Hercules is 44 years old and graduated in chemistry (B.S.) in 1954, obtaining his Ph.D. 
in 1957. Since then he has held various academic posts and is now Professor of Chemistry at University of 
Georgia, Athens, U.S.A. His research interests centre mainly ,on the application of spectroscopic techniques to 
the solution of chemical problems. At present he is specially interested in chemiluminescence and electron 
spectroscopy, but other areas of interest: idclu& fluorescence, phosphorescence, electroluminescence, photo- 
chemistry and other phenomena involving electronically excited states of molecules. He is already a member 
of the Editorial or Advisory Boards of Spectrochimica Acru, Jou&l of Electron Spectroscopy, Analytical 
Chemistry and Applied Spectroscopy, and has been extensively involved with organization of international 
conferences and with undertaking lecture tours and giving specialty invited lectures. He has published nearly 
100 research papers and several books. 

Following a break in studies through over three years’ service in the Royal Army Medical Corps, Dr. J. D. R. 
Thomas completed his Honours Degree of the University of Wales at University College, Card8 in 1950. After 
two years working respectively for Spillers Ltd. and the Public Analyst for Glamorgan, he took a Diploma in 
Education and became Assistant Lecturer in Inorganic and Physical Chemistry in Cardiff College of Technology 
and Commerce where with the encouragement of Dr. H. B. Watson he carried out research in physical organic 
chemistry. In 1956 he moved to the South East Essex Technical College at Barking, Essex, to teach Physical 
Chemistry and later to the Newport and Monmouthshire College of Technology. He joined the Welsh College 
of Advanced Technology as Senior Lecturer in Inorganic and Analytical Chemistry in 1961 and is now a Reader 
at UWIST, CardiS, where he has established Analytical Chemistry in its own right in the un~rgradua~ 
curriculum. Dr. Thomas was awarded the D.Sc. degree of the University of Wales in 1972. His current research 
interests include ion-selective electrodes and separations by ion-exchange and elec~ophoresi~ He has publi~ed 
5 books and about 100 papers and he directed the IUPAC~sponsored International Symposium on Ion Selective 
Electrodes held at UWIST, Card%, in April 1973. He is a Vice-President of the Society for Analytical Chemistry 
and of the Analytical Division of the Chemical Society. 
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PAPERS RECEIVED 

The solvent extraction of copper(H) wfth chlorendic acid SELMAN A BERGER (21 August 1975) 

&ice of chemical conditions in order to obtain linear titration curves in potentiometry Axa~ JOHANSSON (22 August 
1975) 

Raman spectra of phenothiazine and some pharmaceutical derivatives BARBARA KURE and MICHAEL D MORRIS 
(22 August 1975) 

Spectrophotometric determination of salicylaldehyde SAIDUL ZAFAR QURESHI, M S RATHI and IZZATIJLLAH (22 August 
1975) 

Spectrofluorometric determination of tbiopurinesI. 6-Thioguanine A D THOMAS (25 August 1975) 

Hydrogen peroxide determination using huninol and a new catalyst VENCESLAV PATROVSK~ (2 September 1975) 

Centribtion to the determinntioo of lead in propellant samples by atomic-absorption spectrophotometry- EDGARW J 
WOOD, ROBERTO GONZALEZ, JUAN A BLANCO and ALBERTO 0 Ruccr (2 September 1975) 

Reeeot applications of quantitative nuclear magnetic resonance spectroscopy in pharmaceutical research DAVID M RACK- 
HAM (2 September 1975) 

The stability of the certified reference ores, MP-1, KC-1 and SU-1 to air oxidation H F STEGER (2 September 1975) 

Potentiometric determination of n-butyl-1-biguanide wrth a liquid-state CuZ f-sensitive electrode G E BAIULESCU, 
V V COPFRET and F G Cocu (3 September 1975) 

Metal oxide electrodes as sensors in complexometric titrations ADAM HULANICKI and MAREK TROJANOWICZ (3 September 
1975) 

Total systematic error in redox titrations with visual indicators-II. Experimental verilication ADAM HULANICKI and 
STANI~LAW GRAB (3 September 1975) 

Scandinavian contributions to analytical chemistry E RANCKE-MADSEN and R A CHALMWS (8 July 1975) 

Potentlometric study of the complexes of copper, nickel, cobalt, cerous and uranyl with 1-hydroxy-2-naphtbDic acid 
S S SANDHU, R S SANDH~J and J N KUMAR~A (3 September 1975) 

Rapid specfrophotometric determination of ruthenium with diethazine hydrochloride H SANKE GOWDA and P G RAMAPPA 
(3 September 1975) 

Spectropbotometric and Buorometric determination of cobalt P R HADDAD, P W ALEXANDER and L E SMYTHE 
(3 September 1975) 

Analytical appliitkms of organic reagents in hydrophobii gel media--II. Selective preconcentration of mercury(H) with 
ditbizone or thiothenoyltrifluoroacetone gel TAIROKU YANO, SHUNSUKE IDE, YOSHIO TOBETA, HIROSHI KOBAYASHI and 
KEIHEI UENO (3 September 1975) 

The st&bmetric formation constants of metal complexes with 3-phenylazo-&hydroxycoumarin, 2-phenylazo-1-naphthol 
and l-pyridylazo-2-naphthol (PAN) G S MANKU (4 September 1975) 

Stability constants and thermodynamic functions of molybdenum and uranium chelates formed with DL+aminobutyric 
acid J P N SRIVASTAVA and M N SRIVASTAVA (12 August 1975) 

An evaluation of macro-porous silica gel as a reusable clean-up adsorbent for presticide residues MELVIN E GETZ 
(15 September 1975) 

Extraction and spectrophotometric determination of copper with l,l,l-trifluom-3~2yl)acetone HIDES AKAIWA, 
HIROSHI KAWAMOT~ and FUJIO IZUMI (18 September 1975) 

Some observations on the interferences in flameless atomic-absorption spectrometry of magnesium KIYOHISA OHTA and 
MASAMI SUZUKI (23 September 1975) 

The determination of platinum in reforming and automotive catalysts by differential spectrophotometry SILVE KALLMANN 
(5 September 1975) 

An automatic electrometer ranging circuit for a spark-source massspectrometer R J C~NZEMIUS and G A SLEEGE 
(83 August 1975) 

Extraction and direct spectrophotometric determination of ruthenium with ethyl-z-isonitrosoacetoacetate M R PATIL 
and B C HALDAR (24 September 1975) 

Separation and determilvltlon of molybdenum(V) by sulpbide precipitation- V YATIRAJAM, USHA AHLJJA and L R KAKKAR 
(24 September 1975) 

Gravimetric determination of tungsten with tetraphenylarsonium chloride after its extraction as thiocyanate V YATIRAJAM 
and SUDERSHAN DHAMUA (29 September 1975) 

Interferences in the determination of silicon by means of atomic-absorption spectrometry J MUSIL and MARIE NEHASILOVA 
(29 September 1975) 

Ehtrochemical determination of hydrogen sulpbide in air- JOHN M SEDLAK and KEITH F BLURT~N (6 September 1975) 

Mechanistic interpretation of the redox behaviuur of diphenylamine K SRIRAMAM (30 September 1975) 
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Studies on the electrocapillary curves of anionic surfactants in presence of non-ionic surfactants RAMESH BEMBI, R N 
GOYAL, V P SAXENA and WAHID U MAL~K (1 October 1975) 

New spectrophotometric method for the determination of phenolic hormones SAAD S M HARLAN and M T M ZAKI 
(3 October 1975) 

Non-aqueous quantitative determination of the carbonyl functional group by constant-current potentiometric titrations 
J F REMARK and C A REYNOLDS (29 September 1975) 

Relative sensitivity coefficients for the analysis of steel by spark-source mass-spectrometry E VAN HOYE, R GIIBELS 
and F ADAMS (7 October 1975) 

A sensor for determining hydrogen sulphide NOBUTOSHI KIBA and MOT~HISA FLJRUSAWA (9 October 1975) 

Improvement in sample preparation for alpha liquid-scintillation spectroscopy W J MCDOWELL (13 October 1975) 

Chromatographic separation of optical isomers by using outer-sphere complex formation reactions J GAAL and J INCZBDY 

(13 October 1975) 

Dosage coulom&rique precls des actinides-application B de faibles massesI. Uranium JACQUES RAVENEL, CHRISTIAN 
S~RET and CLAUDE BERGEY (12 June 1975) 

Dosage du mercure et de I’or dans I’eau de mer par spectrometrie-gamma non destructive S ALEXANDROV (14 October 
1975) 

Determination of lead in plants M SHAMSIP~~R and F WAHDAT (14 October 1975) 

Differential-pulse polarographic determination of some benzodiazepines and its application to toxicological analysis 
M M ELLAITHY, J VOLKE and 0 MANOUSEK (14 October 1975) 

Chloroform extraction of metal ethyl xanthates from hydrochbric acid media ELSIE M DONALDSON (14 October 1975) 

Solvent extraction of metal xanthates ELSIE M DONALDSON (14 October 1975) 

Schiffs base derived from salicylaldehyde and o-aminophenol as a gravimetric reagent for Cu(II) B L W~zrrc and 
C N KACHRU (13 October 1975) 

The determination of weak acids in aqueous solution by catalytic thermometric titrimetry E J GREENHOW and 
A A SHAFI (16 October 1975) 

Thermodynamic examination of pH measurements BJORN BERGTHORS~~N (20 October 1975) 

N-o-tolylbenzohydroxamic acid as an analytical reagent for tin M R GHOSH and MRINAL K DAS (13 October 1975) 

fPhenyl-S-isoxazolon4carbonic acid ethyl ester as a selective reagent for the spectrophotometric determination of iron(III) 
F CORIGLIANO and S Dr PA~QUALE (20 October 1975) 

X-Ray photoelectron spectrometric and X-ray fluorometric studies of sulpbur compounds on the surface of copper plates 
exposed to the atmosphere KATSUO MURAA, SHIGERO IKEDA, TAKAE UTXJNOMIYA and ARATA YASUI (20 October 1975) 

Selective stripping voltammetric determinations employing cells for electrolysis with simultaneous km-exchange or solvent 
extraction KAREL STUL~K and PETR BEDROS (20 October 1975) 

Simultaneous titrhnetric determination of polyphosphoric and sulphuric acids in a mixture REX A SOUTER and RAFIK 
H BISHARA (21 October 1975) 
Polarographic reduction of some potential anti-diabetic compounds with more than one reduction site WAHID U MALIK 
and R N GOYAL (22 October 1975) 

Analytical applications of tbioglycoilic acib1. Potentiometnc and visual titrations of ironQII) with thioglycollic acid, 
using thiocyanate and sulphosalycilic acid as indicators N KRISHNA MLJRTY and K R~lll~ RAO (22 October 1975) 

Spectrophotometric determination of vanadium as V(III) oxinate V YATIRAJAM and S P ARYA (22 October 1975) 

Determination of cyanide in the ppM range ERVIN JUNGREIS and FANNY AIN (24 October 1975) 

A novel colour reaction for aldehydes and ketones K L BAJAI (23 September 1975) 

Determination of barium and strontium peroxides (active oxygen) in igniters in small arms tracer ammunition GEORGE 
NORWTIZ and MICHAEL GALAN (27 October 1975) 

Untersuchunger zur Bildung von N-Nitroso-Nornikotin aus Nikotin-N’-Oxid H -J KLIMISCH and L STADLER (27 October 
1975) 

Extractiowphotometric determination of micro amounts of Zn’+, Cd’+ and Hg’+ with 1-(2quinolyl-azo)-2-aeeMlphtby- 
lenol ISHWAR SINGH, Y L MEHTA, B S GARG and R P SINGH (31 October 1975) 

L’estimation de l’erreur, introduite dans le dosage des &ments a 1’8tat de traces dans les roches, Ii& aux cara&ristiques 
statishques de leur &partition H JAFFREZIC (16 October 1975) 

Organic acid solutions in the chromatography of inorganic ions-IV. Cation-exchange of Mn(II), cd(Il), Co(H), NiiII), 
Cu(II), AI(III) and Fe(IIl) in tartrate media A DAWNE, F BAFFI and R FRACHE (7 November 1975) 

Dissociation constants of some hydroxamic acids Y K AGRAWAL (7 November 1975) 

Titrimetric determination of thiocyanate and thiosulphate ions by oxidation with lodine in alkaline solution R BELCHER, 
SARAH SAU-TUNG LIAO and ALAN TO~NSHEND (13 Nooember 1975) 

Atomic-absorption spectrometry of laser-nebulized samples T KANTOR, L WLO$ P FODOR and E PUNCOR (18 November 
1975) 

Gravimetric and spectrophotometruz determination of uranium(V1) wltb 3-pbenyl4,5,7-trihydroxycoumarin (18 November 
1975) 

Salicylaldehyde hydrazone (SK) and sahcylaldazine (SA) as analytical reagents M P JAIN and SATYA KUMAR 
(18 Nooember 1975) 
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Specific separation of equal from estrogens by thin-layer cbromatograpby J C KOHLI (18 November 1975) 

Liquid-liquid extraction of arsenic(III) with diluted tributyl phosphate S KALYANARAMAN and S M KHOPKAR 
(18 November 1975) 

Extractiouspectropbotometric determination of zinc(II) with 4-(2-pyridylaso)resorciuol and quatemary ammonium salt 
D NONOVA, V NENOV and N LIII~~REVA. (19 Nouember 1975) 
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ZIEGLER, HELMUT ROSEMEYER, HORST WINKLER and GUNTER MODZEL (27 October 1975) 

The relatiomhip between the inflection point and equivalence point of a potentiometric titration WALTER LUND 
(20 November 1975) 

Construction and analytical evaluation of a new liquid-state Hg2+ -sensitive electrode G E BAIULESCU and V V CO~FRE T 
(21 November 1975) 

Potentiometric determination of sodium and benzylammonium benzyldithiocarbamates by using ion-sensitive membrance 
electrodes V V COMFY, M BLASNIC and T PANAITESCU (21 November 1975) 

The determination of vanadium G S~EHLA and G TOLG (21 November 1975) 
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An interlaboratory study of potassium determination in rocks and minerals: T. D. RICE. (7 July 1975) 

‘I& determination of lanthanides and yttrium in rocks and minerals by atomic-absorptlon and flame-emission -metry: 
J. G. SEN GUPTA. (1 April 1975) 

Determination of sulphide, sulpbite and thiosulphate with thallic perchlorate or sulphate: D. N. SHARMA, P. D. SHARMA 
and Y. K. GUPTA. (8 July 1975) 

Ion-exchanger calorimetry-4 Microdetermination of chromium, iron, copper and cobalt in water samples: KU~HI~A 
YOSHIMURA, HIROHIKO WAKI and SHIGERU OHMHI. (8 July 1975) 

Solvent extraction of gold: N. R. DAS and S. N. BHATTACHARYYA. (15 July 1975) 

Selective detertiaation of arsenic(III) and arsenic(V) by means of carbon-tube atomizer with solvent extraction by APDC- 
MIBK: TOSHIHIKO KAMADA, TAKAH~RO K~MAMARU and YUROKU YAMAMOTO. (15 July 1975) 

Determination of bromide with gas chromatography: A. R. ALI AKBAR and A. NADJAFI. (18 July 1975) 

Linear titration plots for polyfunctional weak acids and bases: D. MIDGLEY and C. MCCALLUM. (18 Jury 1975) 

Nondestructive multielement photon-activation analysis of environmental materials: TOYOAKI KATO, NOBUYOSHI SAIQ 
and NOBUO SUZUKI. (18 July 1975) 

Dilfusion layer model for copper solid-state chalcocite membrane electrode. Sensitivity to copper ions: ADAM HULANICKI 
and ANDRZEJ LEWENSTAM. (22 July 1975) 

Spectrophotometric determination of magnesium with ERCR in analysis of silites N. G. ELENKOVA and E. S. POKWA. 
(22 July 1975) 

On the determination of stability constant6 at low values of tbe complexing agent concentration: N. G. ELENKOVA. (22 
July 1975) 

Formation constants for the cobalt(II) chloridt+l-nitroso-2-naphthol system in ethanol-benzene mixtures: ROBWT~ BEDETTI, 
VINCENZO CARUNCHIO and MAURO TOMASSETTI. (25 July 1975) 

Investigation on the reduction of gold. Separation of gold from platinum and palbtdimn: Z. MARCZENKO, K. K~IIJRA 
and M. SZCZYGIELSKA. (25 July 1975) 

Plutonium extraction from mixed aqueous media. PlutoniunrurPnium separation: N. SOUKA, R. SHABANA and F. HASXZ. 
(25 July 1975) ^._ 
Studies on the polymorphism of barbital: IRENA GRABOWSKA and ROMAN KALISZAN. (30 July 1975) 

Molybdenum(II1) as a reductometric reagent. Titration of Methylene Blue with chloromolybdate(II1): S. R. SAGI and 
T. Bose BABU. (30 July 1975) 

Quantitative reflectometry-III. Determination of protein in aqueous media: DAVID KFALEY. (30 July 1975) 

Enthalpimetric assay of cerium-iron alloys: L. S. BARK and V. OPASNIPUTH. (30 July 1975) 

A rapid fire-assay-atomic-absorption method for the determbtation of platinum, palladium and gold in ores and concentrates \ 
A modification of the tin-collection scheme: P. E. MOLOUGHNEY and G. H. FAKE. (21 July 1975) 

New iodometric methods for the microdetermination of arsenic in organic compounds: Y. A. GAWARGIOUS, L. S. Bou~os 
and B. N. FALTAOOS. (30 July 1975) 

Spectrophotometric methods of determination of Ti(IV), Zr(IV) and Hf(IV) with chromotropic acid derivatives in perchloric 
acid media: JOANNA MAX~WSKA and JAN DIJDA. (19 August 1975) 
Spectrophotometric determination of ha&~m(IV) with l-(Z=pyridylazo)-Z-naphtbol: B. SUBRAI-IMANYAM and M. C. ESHWAR. 
(19 August 1975) 

Lapachol: a new acid-base indicator: KRISHNA C. J~~I-II, P. SINGH and GIRRAJ SIGH. (19 August 1975) 

Use of the copper@)-EDTA-PAR system for visual and photometric end-point detection in ion(III)-EDTA titration: 
D. NONOVA and N. LIHAREVA. (20 August 1975) 

Spectrophotometric determination of vanadium(V) and its application to vanadium steels containing chromium, molybdenum, 
tungsten and manganese: BIJOLI KANTI PAL, BIRENDRA KUMAR MITRA and SYAMAL CHATTOPADHYAY. (20 August 1975) 

Gravimetric determination of tetraphenylarsonium hi-iodide : N. GANTCHEV and A. KIREVA. (20 August 1975) 

The determination of metallic iron in tbe presence of fayalite: I. J. BEAR and P. F. STRODE. (20 August 1975) 

Ternary complexes in the analytical chemistry-I. The niobiu~pyrocatechol-sparteine complex: A. G. WARD and ODD 
BORGEN. (20 August 1975) 
Potentiometric__!etermination of orthophosphate by EDTA titration: J. L. STUART and E. J. DUFF. (20 August 1975) 

A refined chemical analysis of SnF, .AsF,: B. SEDEI. (20 August 1975) 

Estimation of cyanide in metal salts and complexes with chloramime-T and dicbloramiw-T: D. S. MAHADEVAPPA and 
B. T. GowDA. (20 August 1975) 

Some peculiarities of the polarographic behaviour of oxygen on self-cleaning rotating electrodes in preaease of variou9 
indifferent electrolytes: HR. NONINSKY, S. POPOVA and M. STOICXEVA. (20 August 1975) 
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Liquid ion-exchange membrane electrode for lithium: W. A. HILDBRANDT and K. H. POOL. (14 July 1975) 
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(27 May 1975) 
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M. BIG~IS and R. LEVY. (5 Muy 1975) 

An investigati~ of the applicatlou of a shnple photoiuuization detector for nondisperalve atomic spectrometry in tbe 
vacuum ultraviolet region: M. J. ADAMS, G. F. KIRKBRIGHT and R. M. TAYLOR. (29 May 1975) 

A study of dilferential precipitation titrations: P. S. DUBEY. (29 May 1975) 

Qwntitative separation of .gold from &mknu, indium, zinc and other elements by catiousxcbange chromatography ln 
Hf%acetone: F. W. E. STRELOW, A. H. VICTOR, J. .Smm and H. H. LACHMANN. (2 June 1975) 

Simple ~~quanti~tive negation of trace metal ions by use of reagent gel cohnuns--IL ~ter~ati~ of zinc 
with dithizone gel: YONG tim LEE, Kw JA WHANG and KEIHEI UENO. (3 June 1975) 

Synthesis and iou-excbange properties of niobium arsenate: MOHSIN QURESHI, JAGDISH P. RAWAT and ANEK P. GUPTA. 
(3 June 1975) 

Trace characterization of powders by atomic-absorption spectrometry. The state of the art: B. V. L’Vov. (3 June 1975) 

Determination of the elemental sulpbur content of minerals and ores: H. F. STIZGER. (4 June 1975) 

S~tr~~to~~ study of the ~ly~~(~-D~A~omp~x: J. H~N~NDEZ-M~DEZ and L. POLO-DIEZ. (4 June 
1975) 

Spectrophotometric study of the vanadyl-DCTA complex: J. HERNANDEZ-MBNDEZ and L. POLO-DIEz. (4 Juple 1975) 

An evaluation of four titrimetric methuds for the determination of lead in ores: ELSE M. DONALDSON. (11 June 1975) 

Determination of petoxydipbospltate in acid medium with oxalate (i) using silver(I) as catalyst and (ii) in the presence 
of excess of manganese(H): L. M. BHARADWAJ, D. N. SHARMA and Y. K. GUPTA. (11 June 1975) 

Stability constauts of some bivnlerrt metal chelates with 2,~by~x~a~~~e oxime: JAI SINGH and S. P. GRETA, 
(11 Juiune 1975) 

Stabilities and soiubility products of Cu(IB and Ag(I) complexes of glycohliicaptoacetate: R. S. SAXENA and S. K. 
BHATIA. (11 June 1975) 
Selective pyrimldinethiols for palladium(I1) determination: A. K. SINGH, MOHAN KATYAL, A. M. BHATTI and N. K. 
R&HAN. (11 June 1975) 
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Synthesis and ion-exchange properties of Sn(IV) sulpltide: MOHSIN QURESHI, JAGDISH P. RAWAT and ANEK P. GUP~A. 
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Dete~~ati~ of u~nium in materials and rocks: J. KORKISCH and H. Hi&m. (16 June 1975) 
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D. SREE RAMACHANDRA Muon. (17 June 1975) 
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tion by atomic-absorption spectroscopy-II. Molybdenum in soils, sediments and natural waters: C. H. Kw P. W. ALEX- 
ANDER and L. E. Smm. (18 June 1975) 

~~~~to~~c deter~~ of Arquad 2T-75 with E&chrome Black T: M. A. QUDDUS. (19 June 1975) 

Application of ion+xchange separations in organ& solvent media to the analysis of inorganic and organic mater&--IL 
Determination of beryllium in liquid euvironmental samples: J. KORKISCH, A. SORIO and I. S-AN. (19 June 1975) 

Response characteristics of an iodide-sensitive electrode in citrate buffered media: E. J. DUFF and J. L. STUART. (19 
June 1975) 

Properties of 4-amine-4’-metbyldlphenylamine as a redox indicator: ADAM HULANICKI and STANI~LAW GLAB. (20 June 
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Volumetric determination of sulpbate: C. J. COBTZEE. (25 June 1975) 
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(27 June 1975) 
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Atomic Fhoresceoce Spectroscopy: V. SYCHRA, V. SVOXIDA and I. RUBESU. Van Nostrand Reinhold, London. 1975. 
Pp. 379. E12.00. 

The authors have succeeded in producing a handbook which is comprehensive and at the same time sufficiently 
brief to be read and not merely consulted. A feature of the theoretical section is the inclusion of many diagrams 
based on computer calculations of fluorescence growth curves (us. concentration) and line profiles (us. wavelength) 
for a variety of source types and optical arrangements round the flame. The chapter on instrumentation has been 
kept brief in those sections dealing with factors common to other modes of flame spectroscopy, but gives particular 
attention to light sources and to complete instruments for fluorescence studies. Fluorescence characteristics of the 
elements (39 of them) are reported briefly for each in turn and the final chapter covers some applications to biological, 
industrial, and geochemical applications. One of the more exiciting aspects of atomic-fluorescence spectroscopy is that 
it lends itself more than other flame techniques to simultaneous multi-element determinations, an aspect which is 
discussed in this book, and which will certainly make it of interest to many analytical chemists. The extensive biblio- 
graphy covers references up to 1973. 

Arckeolqical Chemistry: CURT W. BECK (Ed.). Advances in Chemistry Series, No. 138. American Chemical Society, 
Washington, D.C., 1974. Pp. ix + 254. $22.50. 

It is not often that one finds a chemistry book so fascinating and captivating that one wants to read it through 
from cover to cover at a sitting, but that is how I reacted to this book. Thirteen papers from a symposium held 
in Dallas in 1973 are gathered together here, and for most chemists that in itself is a service as accounts of this 
type of work are usually found not in chemical but in archeological journals. The reason for this becomes clear 
as one goes through the chapter-the analytical results are only a part of the story, becoming meaningful only when 
correlated with age, origin, or method of manufacture of the artifacts being studied. The whole book might be described 
as an essay in sampling. The controversial problem of surface analysis versus bulk analysis is discussed (particularly 
with reference to early silver articles) and the reliability of the analytical results themselves, on the basis of a round-robin 
on some bronze samples, comes under fire, There are chapters on lead isotope ratios, silver (3), bronze, ivory, pottery 
(3), glass, Chinese ink, and NMR and Mossbauer spectroscopy. A final tip-read this before you take it home, as 
the family will all want to have a turn. 
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EDITORIAL 

One of the most important end-products of analytical research is the established method 
of analysis, usually laid down on the basis of a collaborative study between laboratories 
expert in the field and drawn up with the specific intention of serving the purpose of 
quality control in the broadest sense--quality pf iron and steel, bread and butter; ozone 
in air, collagen in meat products, cholesterol in blood. Such.methods (or the results obtained 
when using them) are not themselves definitive of quality; they are chosen so as to serve 
as a convenient index of this, on the basis that an acceptable norm can be established 
by comparison with which quality can be judged. These norms, represented by or perhaps 
representative of the amount of carbon in steel, moisture in bread, connective tissue in 
lean meat for example, may vary according, to which of a number of standards of excellence 
or performance is selected to be required of the steel, the bread, the meat. 

One of today’s problems is not so much the analysis as establishing the, norm (which 
may be a limiting value or a range within two such values) upon which to base the 
interpretation of the analytical results. The applied analyst today has a choice, at times 
almost an embarrassing choice, of methods for the estimation or determination of many 
of these indexss, although he may often need help in evaluating the relative merits of 
alternative procedures and may need to check the analytical performance for his own 
substrate of interest. Such matters deserve a fuller attention than perhaps at present they 
get, not only in collaborative studies but also in the more speculative areas of analytical 
research. Harmonization of the approach in collaborative studies may be just as important 
as a further proliferation of the raw material of these, the new or improved method of 
analysis. 

Trace and compositional analyses still go a long way to provide the basis for quality 
criteria of natural produce when the origin and identity of the produce is known or can 
be assumed. But identity, and in some cases genuineness, are not always to be taken for 
granted. In addition, there are often today for very good economic (and sometimes health 
or safety) reasons, opportunities to substitute, in part or otherwise, natural produce by 
the products of a well-intentioned technology. Since the aim is usually to simulate, in all 
its desirable attributes, the natural product itself, the already diffuse analytical criteria may 
become even less able to deal with such questions as which material is of natural origin 
and which the product of technology, especially when admixture is the practical answer to 
the problem of acceptability to the customer. What is then needed is a sounder approach 
to the problem of relating analytical results to quality. This almost certainly calls for a 
new and fundamentally different view of trace and compositional analysis as indexes of the 
quality and identity of natural produce. 

A century or so ago saw the establishment of fat, solids-not-fats, and eventually the 
ratio of various constituent butterfat fatty acids, as a basis for the quality of milk. 
Nitrogen content and protein (N x 6.25) have long been considered a basis for the evalua- 
tion of lean meat in meat products. Sugars, amino-acids, organic acids, trace minerals 
have similarly been studied as a basis for the quality and content of citrus fruits in soft 
drinks and similar products and again ratios and similar derived functions based on two 
or more of such individual parameters have been sought as a sounder basis of such 
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evaluations. The philosopher’s stone of today-or one of them at least-is the key to the 
problem of chemical composition and overall acceptability of products such as natural 
foods and their processed counterparts, rmt only in terms of such attributes as safety, 
flavour and aroma, but also in terms of more aesthetic considerations such as the proportion 
of traditional protein to synthetic or other novel substitutes in a hamburger steak or the 
proportion of fruit in stratiberry jam. ,Analysis using conventional criteria can still go a 
long way in providing estimates for such answers; but in recent years the difficulty of 
doing this and at the same timehaving a full understanding of the identity of the product 
has increased. This has led in part to the use of more sophisticated (and more expensive) 
physical methods of examinatiorr and has tended to widen the gap between what is possible 
and what, from an everyday control point of view, is practicable. 

The “applied” analytical method is still one of the most important end-products of 
analytical research. Selectivity is usually at a premium; but this may not be equally true 
of sensitivity and how far accuracy and precision are to be taken will depend on the manner 
of appbeation of the method. These are matters which should be taken into account in 
selecting methods for designated purposes, and if the methods are not already to hand 
these are matters which should for preference be taken into account before the method is 
developed, not afterwards. 

HAROLD EGAN 
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NOTICES 

1976 PITTSBURGH CONFERENCE 

The Twenty-seventh Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy will be held at the 
Cleveland Convention Center. Cleveland Ohio. U.S.A.. March 1-5. 1976. The theme of the Conference svmoosia is 
two-fold: (1) papers on new methods; and (2) papers on methods which are orientated to the practicing chimist to 
assist him in solving his everyday problems. The symposia have been organized on the following subjects: 

1. Gas Chromatography 
2. Toxicology 
3. Future Trends in Clinical Chemistry 
4. Liquid Chromatography 
5. Criteria for Method Selection in Pharmaceutical Analysis 
6. Recent Advances in Analysis in the Steel Industry in Foreign Countries and in the U.S.A. 
7. Coatings in Food and Beverage Can Industry 
8. New Trends in Powder Diffractometry 
9. Bicentennial Symposium 

(a) History of Chemistry in the U.S.A. 
(b) British Influence on U.S. Chemistry to be presented by British Scientists 

10. Energy Dispersive Sources and Systems (ASTM E-2)_ 
11. Awards by Coblentz Society, Society for Analytical Chemists of Pittsburgh, and Spectroscopy Society of Pittsburgh 

General papers are not restricted to the symposia topics. It is expected that more than 400 submitted papers will 
cover many aspects of the general fields of Analytical Chemistry and Spectroscopy. Those wishing to present papers 
in the 1976 Conference Technical Programme should submit three copies of a 300-word abstract (on the special forms 
provided) to: 

Dan P. Manka, Program Chairman 1976, 
Jones & Laughlin Steel Corporation, 
Graham Research Laboratory, 
900 Agnew Road, 
Pittsburgh, Pennsylvania 15230, U.S.A. 

INTERAN ‘76 

Prague, 23-27 August 1976 

This conference will deal with analysis of ores and ore-dressing products, minerals, rocks, and radioactive materials, 
and with analytical problems in geochemistry, analysis of extraterrestrial materials, and standard samples. New potentiali- 
ties of chemical and instrumental analysis on the micro and macro scales, new techniques for decomposition of minerals. 
problems of phase analysis, and statistical evaluation of results will be discussed. Automation will also be an important 
topic. 

All correspondence should be addressed to: 
Ing. N. Bajova, 
House of Techeology, 
SVTS, 011 80 Zilina, 
Czechoslovakia, 

from whom further details may be obtained. Applications should arrive not later than 30 September 1975. 
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LOUIS GORDON MEMORIAL AWARD 

The Editorial Board and Publishers of Tulanta have great pleasure in announcing that 
the Louis Gordon Memorial Award for the best-written paper appearing in Tulantu 
during 1974 has been awarded to A. L. Wilson, of the Water Research Association, for 
his paper “Performance characteristics of analytical methods--IV” (November issue, 
p. 1109). 

II 
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Introduction to Organic Electrochemistry: M. R. RIFFI and F. H. COVITZ. Dekker, New York, 1974. Pp. 
viii + 417. 

This is not a book on polarography or on electrode potentials, but on preparative organic chemistry 
involving electrolysis. The authors stress that though much of the basic information is far from new, it is only 
more recently that suitable equipment has become commercially available; further, most organic chemists are 
reluctant to consider electrochemical approaches. It is to these chemists that the book is primarily addressed. 
Basic principles, approaches and techniques are reviewed briefly, then two chapters deal in more detail with 
electro-reduction and oxidation of functional groups, and the last two cover electro-initiated polymerization 
and electro-coating. Those interested in coulometric analysis should find this book interesting and useful. 

Modern Quantitative Analysis Experiments for Non-Chehistry Majors: GEORGE G. GLJILBAULT. Dekker, New 
York, 1974. Pp. ix + 243. 

I hke the “one-book” approach used her-based on the assumption that unless the student has the theory 
in front of him while he does the experiment he is unlikely to bother looking for it afterwards. This does 
inevitably result in a book which presents a selection from the field rather than attempting to be comprehensive, 
but again, particularly for the non-specialist student, this is not a bad thing. The experiments in this book are 
aimed largely at medical students, but could also be used in courses in many biological sciences. Each 
experiment is dealt with under seven headings-Purpose, Theory, Apparatus, Reagents, Procedure, Calculations 
and Questions. The text is concise and clear, and suggestions for further reading are given. 

The Chemistry of the Non-Metals: P. POWELL and P. TIMMS. Chapman & Hall, London, 1974. Pp. xii + 281. 

The authors call this “a new attempt to interrelate the chemistry of the non-metals”. The emphasis is on 
structure and bonding, and why compounds form (thermodynamics) rather than how they are prepared, 
although this aspect is not neglected. The authors have succeeded in producing a text which is readable and yet 
contains a considerable amount of detailed information and comment. The book is intended for advanced 
students m honours courses. 
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Volumetric determination of sulpbate: C. J. COBTZEE. (25 June 1975) 

Application of ion-exchange separations in organic solvent media to tke analysis of inorganic and organic materialsII1. 
Siuhpoeous isolation and determination of uranium aad thorium ia natural waters: J. KORKISCH and H. KRIVANEC. 
(27 June 1975) 

On the optimum cooditioos for tke reduction of nitrate to nitrite by cadmium: FOLKE NYDAHL. (2 July 1975) 

Spektralpbotometriscke Chrakterisieruag voa tern&en Komplexen in Lihog durcb indirekte Aaalyse mit Hilfe hearer 
Traasformationen: S. KOCH and G. ACKERMANN. (26 May 1975) 

Quantitative NMR-spektroskopische Siiltanaaalyse von Mekrkomponentengemiscken unter Einsatz eiaes Reckoers ti 
on-line-Retrieb: WERNER STOREK. (9 June 1975) 
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Atomic Fhoresceoce Spectroscopy: V. SYCHRA, V. SVOXIDA and I. RUBESU. Van Nostrand Reinhold, London. 1975. 
Pp. 379. E12.00. 

The authors have succeeded in producing a handbook which is comprehensive and at the same time sufficiently 
brief to be read and not merely consulted. A feature of the theoretical section is the inclusion of many diagrams 
based on computer calculations of fluorescence growth curves (us. concentration) and line profiles (us. wavelength) 
for a variety of source types and optical arrangements round the flame. The chapter on instrumentation has been 
kept brief in those sections dealing with factors common to other modes of flame spectroscopy, but gives particular 
attention to light sources and to complete instruments for fluorescence studies. Fluorescence characteristics of the 
elements (39 of them) are reported briefly for each in turn and the final chapter covers some applications to biological, 
industrial, and geochemical applications. One of the more exiciting aspects of atomic-fluorescence spectroscopy is that 
it lends itself more than other flame techniques to simultaneous multi-element determinations, an aspect which is 
discussed in this book, and which will certainly make it of interest to many analytical chemists. The extensive biblio- 
graphy covers references up to 1973. 

Arckeolqical Chemistry: CURT W. BECK (Ed.). Advances in Chemistry Series, No. 138. American Chemical Society, 
Washington, D.C., 1974. Pp. ix + 254. $22.50. 

It is not often that one finds a chemistry book so fascinating and captivating that one wants to read it through 
from cover to cover at a sitting, but that is how I reacted to this book. Thirteen papers from a symposium held 
in Dallas in 1973 are gathered together here, and for most chemists that in itself is a service as accounts of this 
type of work are usually found not in chemical but in archeological journals. The reason for this becomes clear 
as one goes through the chapter-the analytical results are only a part of the story, becoming meaningful only when 
correlated with age, origin, or method of manufacture of the artifacts being studied. The whole book might be described 
as an essay in sampling. The controversial problem of surface analysis versus bulk analysis is discussed (particularly 
with reference to early silver articles) and the reliability of the analytical results themselves, on the basis of a round-robin 
on some bronze samples, comes under fire, There are chapters on lead isotope ratios, silver (3), bronze, ivory, pottery 
(3), glass, Chinese ink, and NMR and Mossbauer spectroscopy. A final tip-read this before you take it home, as 
the family will all want to have a turn. 
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Analytical Chemistry of Radium: V. M. VDOWt~KO and Yu. V. DUBASOV. Wiley, London, and Israel Program for 
Scientific Translations, Jerusalem, 1975. Pp. VIII + 198. £12.25. 

This new addition to the Vernadsky Institute series on the analytical chemistry of the elements follows its predecessors 
in style. The literature coverage seems to stop at 1970; it is not difficult to update a book like this during translation 
and even during printing, and at the price the purchaser might well expect this to have been done. 

Functional Group Determination of Olefinic and Acetylenic Unsaturation: K. MOLLER. Academic Press, London, 1975. 
Pp. xii + 334. £9.20. 

This is a very comprehensive and detailed monograph on the analysis of unsaturated compounds. There are three 
main divisions of the text dealing with olefins, conjugated diolefins and acetylenes. The coverage is restricted to chemical 
methods of detection and determination, but not all instrumental methods are excluded. Some spectrophotometric 
techniques are described and there are sections concerned with methods based upon the polarograph. However the 
analytical chemist will find most useful the extensive experimental details of chemical methods based on addition 
reactions. These include the addition of halogens, peracids and, more particularly, hydrogen. The separation of mixtures 
of unsaturated compounds, either directly or in the form of metal complexes, by techniques such as paper or thin-layer 
chromatography is discussed. References are given at the end of each chapter and an author index is provided. There 
is no accompanying subject index, although this deficiency is partly remedied by the inclusion of an unusually detailed 
list of contents. 

Determination of Organic Compounds with N-Bromosuccinimide and Allied Reagents: N. K. MATHUR and C. K. NARANG. 
Academic Press, London, 1975. Pp. ix + 166. £5.20. 

This is a compact monograph dealing with the synthesis and reactions of N-haloamides and imides, in particular 
the well-known reagent N-bromosuccinimide. The authors concentrate on the analytical possibilities of this reagent 
and in addition to a survey of its applications in the study of unsaturated compounds, there are sections which deal 
in detail with the determination of alcohols, phenols, aromatic amines, sulphonamides and other sulphur compounds. 
There is an additional chapter which is concerned with some examples of structure determination based on the specific 
allylic bromination reaction. References are grouped at the end of every chapter and an author and subject index 
is provided. 

Advances in Chromatography, Vol. 11: J. C. GIDDINGS and R. A. KELLER (Eds.). Dekker, New York, 1974. Pp. xi + 196. 
$19.75. 

This volume follows the format of earlier ones. The subjects reviewed are quantitative analysis by gas chromatography 
(J. Novhk), polyamide layer chromatography (K.-T. Wang, Y.-J. Wang and 1. S. Y. Wang) specifically absorbing silica 
gels (H. Barrels and B. Prijs) and non-destructive detection methods in paper and TLC (G. C. Barrett). The references 
cover approximately two decades ending in 1972. Nov~k's review is a discussion of the theoretical basis of quantitative 
interpretation of GC peaks and their dependence on the nature of the detector. That by Bartels and Prijs is a speculative 
review of an underdeveloped area. The other two reviews have a practical bias. Thus the volume is nicely balanced 
and a good addition to the series. 

iii 
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Analysis of Water: J. RODIER. Halstead Press, 1975. Pp. xvii + 926. 382.50. 

It is probably worthwhile and certainly interesting to compare this volume with two other handbooks on water 
analysi&Anal$s of Raw, Potable and kste Waters (HMSO, 1972) and Standard Methods for the Examination of 
Water and Waste Waters. 13th edition (AWWA. 1971). Wilson’s monoaraoh on The Chemical Analysis of Water (1974) 
is a commentary on the problems and practice of watkr analysis and is not comparable with but rather complementaj 
to these other books. 

The HMSO handbook (304 pp.) covers only chemical analysis, and recommends well-tried methods based on mainly 
titrimetry and photometry, which even the smallest laboratory should be in a position to carry out. The AWWA 
handbook (874 pp.) includes more instrumental methods, but deals separately with polluted waters and with relatively 
clean waters. It also has sections on radioactivity, bacteriological and biological examination of waters. 

This new book, written, like the others, by a team of experts, is a translation of the latest edition of a widely-used 
French handbook. It follows the approach used by the AWWA of dealing first with natural waters (about half the 
book) then with waste waters (called residual waters, 100 pp.) and sea water (40 pp.). Bacteriological and biological 
examinations are then covered (100 pp.) followed by a section on the interpretation of the results, discussing why 
elements or chemical compounds are desirable or harmful and what levels they should not exceed. Finally there are 
some 140 pp. of appendices covering just about everything from an etymological table of the elements to procedures 
for purification of a well. 

The authors claim that a special feature is the addition of notes to each method, pointing out snags and difficulties 
which may be encountered. But in fact the other two handbooks also do this, only with a different layout. The quality 
of the translation is on the whole good, but occasionally the standard drops. The reader will guess what a semi-plateau 
potential in polarography is, but I wonder if anyone knows what blanose is? And again, to omit the word “atomic” 
in the heading to a section on AAS is a little misleading. But one should rather concentrate on the many good 
features of this book-the wide range of proven methods, well documented, and the filling-in details which make 
it not only useful and practical, but also readable. 

Handbook of Moisture Determination and Control, Vol. 3: A. PANDE. Dekker, New York, 1975. Pp. xi + 289. $33.50. 

This is the third of a set of four volumes (see Talanta, 1975, 22. No. 4/5, iii) leaving the reader to acquire the 
last to get the index. Chapters are devoted to Moisture in Textiles; Bagasse, Wood and Paper; Foods and Allied 
Agricultural Products; and Soils, Sands, Concrete and Silicates. As the first two volumes contain descriptions of the 
methodology, this part discusses the significance of moisture content in the various materials, how they may be dried, 
and what moisture levels should be aimed at. Instruments designed particularly for specific applications (e.g., to test 
whether plaster is dry enough for painting or coffee beans dry enough not to lose colour on storage) are described 
where appropriate. There is much interesting information here which an analyst confronted with problems of moisture 
determination would need to know and not find in most analytical handbooks. Many references are given, but very 
few of these are from the last 15 years. It would be surprising if this were a balanced picture of the present state 
of knowledge in the field. 

Atomic Absorption Spectrophotometry: M. PINTA (ed.). Hilger, London, 1975. Pp. xxii + 418. E35.00. 

This is an English translation of Spectrometrie d’dbsorption Atomique published in 1971. Little of the excellence 
of the French original has been lost in the translation. Since practical application of AAS is always uppermost in 
the treatment, most of the multitude of analytical methods described are well-tried, no attempt being made to include 
the newer flameless techniques. Theory and practicalities are particularly well harmonized, especially in the earlier 
chapters, which give a good theoretical background to the choice of instrument and technique. Later chapters are 
devoted successively to rocks and soils, ores, water, vegetable matter, biochemistry and toxicology, petroleum products, 
metals and alloys, nuclear energy, civil engineering, indirect methods and sundry applications. These chapters contain 
an abundance of practical detail gathered both from the laboratories of the many contributors and from the literature. 
Typographical mistakes are unfortunately not uncommon, but are easily recognized and are not serious. The awkward 
punctuation and heavy abbreviation in the description of methods is irksome, and is occasionally the cause of ambiguity. 
However, these minor faults do not significantly detract from this encyclopaedic work, which is of immense value 
to practising analysts. 

Collogue International sur PAnalyse par Activation de t&s Faibles QuantiGs d’FGnents: AkadCmiai Kiadb, Budapest, 
1975. Pp. viii + 686. E36.10. 

This weighty tome contains the papers presented at the eponymous colloquium held at C.E.N. Saclay in October 
1972. and is reprinted from J. Radioanal. Chem., apparently constituting Vols. 17, 18 and 19 of that journal. 

Radiochemical Separation Methods (Proceedings of the 7th Radiochemical Conference, Mariknske L&m& April 1973): 
T. BRAUN and E. BUJLXX~, eds. Elsevier, Amsterdam, 1975. Pp. 478. $64.75. 

This is another reprint from J. RadioanaL Chem., this time from Vol. 21. Page for page it seems to be a bit dearer 
than the Hungarian reprint reviewed above. 
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THE CECIL L. WILSON PRIZE 

Cecil Wilson, Professor of Analytical Chemistry in the University of Belfast, died m March 1974. He 
graduated from Queen’s with an MSc. in 1933 and was a member of staff from 1946 until his death. He was 
Professor of Analytical Chemistry from 1958. His colleagues wish to commemorate him by establishing the 
“Cecil Wilson Prize” to be awarded to the best first-year chemistry student each year on the basis of the June 
examination. This seems partjcularly appropriate as Cecil Wilson lectured largely to first-year classes and was 
always very concerned with the progress of undergraduates. 

Analytical chemists throughout the world are cordially invited to contribute to the capital fund, interest from 
which will be used to provide the prize described above. Donations, in any currency, should be made payable to 
“Queen’s University of Belfast” and crossed, “Cecil Wilson Prize, account No. CSOlCC”. They may be sent to 
either: Dr. G. Svehla or Dr. M. A. Leonard, Department of Chemistry, Queen’s University, Belfast, Northern 

. Ireland. 

22nd SPECTROSCOPY SYMPOSIUM OF CANADA 

The 22nd Spectroscopy Symposium of Canada, sponsored by the Spectroscopy Society of Canada in collabora- 
tion with the Analytical Section of the Chemical Institute of Canada and the Canadian Probe Users Group, will 
be held in Montreal, Quebec, Canada, 27-29 October 1975, at the Sheraton-Mount Royal Hotel. Papers are 
solicited for approximately twelve sessions on all phases of spectroscopy. information can be obtained from: 
Mr. P. J. Skerry, Symposium Chairman, Northern Electrtc Co. Ltd. Dept. K31 i, P.O. Box 6124, Montreal, 
Quebec, Canada H3C 3J4: 

Or 

Miss C. Ratzkowski, Program Chairlady, Hoffmann-LaRoche Control Laboratory, 1000 Roche Blvd., Vaudreuil, 
Quebec, Canada. 

FIRST EUROPEAN SYMPOSIUM ON THERMAL ANALYSIS 

This Symposium, organized by the Thermal Methods Group of the Analytical Division of the Chemical 
Society, will be held at the University of Salford, England, on 2&24 September 1976. The deadhne for submission 
of contributions is 31 December 1975. Further information can be obtained from: Dr. D Dollimore, 
Reader m Physical Chemistry, University of Salford, Salford M5 4WT, England. 

I.‘ 
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Chamieal Maniptdatioo : MICHAEL FARADAY, Halsted Press, New York, 1974. Pp. viii + 656. S35.00. 

This latest addition to the Royal Institution Library of Science series is a facsimile of the copy of “Chemical 
Manipulation” presented to the Royal Institution by the author, and bearing his holograph corrections. It is 
full of practical information, written in a clear and elegant style. The Foreword to the book has a curious 
sentence that suggests that use of the cheeks as bellows may be helphrl in transferring a spark from a Leyden 
Jar to a eudiometer, a feat which might be thought only possible for a certain young man of Madras. One would 
like to suggest that this book should be required reading for all first-year chemistry students, in the hope of (a) 
giving them a proper appreciation of the giants of the past (and indeed of all time), (b) teaching them how to write, 
and (c) teaching them some use&Z chemistry and technique. 

E~k~~ye spektry i stmktura o~n~~kk reagentov (Electronic spectra and shtctnres of organic reagents): 
S. B. SAWN and E. P. K~JZIN, Nat&a, Moscow, 1974. Pp. 277 (in Russian). 1 Rb. 29 K. 

This book contains details of the spectra, properties and applications of many analytically important organic 
reagents, together with an LCAO-MO treatment and discussion of the spectra and structure of the reagents. 

The infrared spectra of minerals: ed. V. C. FARMER, Mineralogical Society, London, 1974. Pp. 539. E16:OO 
@U.S. 38.00). 

This volume contains 21 chapters contributed by 13 authors. They describe the origin of infrared and Raman 
spectra in crystalline solids and glasses. The title is somewhat misleading; the spectroscopic properties of many 
important synthetic product-ements, ceramics and glasses--are also described, although the coverage is not 
always up to the extremely high standards set by the other chapters. Lack of a good formula index may 
handicap efforts to find references to a specific compound. Nevertheless, it is rare to find an edited volume designed 
to appeal to the specialist which will also be so helpful and comprehensible to the practising chemist. This will 
undoubte~y remain the standard work on the subject and deserves a place on the shelf of every analyst who 
applies infrared spectroscopy to industrial inorganic and mineral products. 

TAL 22/1---x 
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AMERICAN VACUUM SOCIETY 
SHORT COURSES IN VACUUM SCIENCE AND TECHNOLOGY 

A four-day basic course and nine one-day specialized courses will be offered in conjunction with the 22nd 
NATIONAL SYMPOSIUM OF THE AMERICAN VACUUM SOCIEn which will be held at the Philadelphia 
Civic Center, Philadelphia, Pennsylvania, on 28-31 October 1975. These courses are intended for anyone working with 
or interested in vacuum science and technology, including laboratory technicians, production equipment operators, 
maintenance personnel and students. All courses will be taught by well qualified, experienced instructors. 

The basic course, “VACUUM TECHNOLOGY”, will cover vacuum technology from fundamental theory state-of-the- 
art concepts into 25 hours of classroom instruction. 

The one-day specialized courses will start from basics and cover theory, equipment, and applications. The one-day 
courses to be offered are: 

“Sputtering Technology” 
“Partial Pressure Analysis” 
“Leak Detection” 
“Microcircuit Thin Films” 
‘Surface Analysis” 
“Evaporation Methods” 
“Freeze Drying” 
“Optical Coating Technology” 
“Vacuum Microbalance Techniques” 

Course outlines and application forms can be obtained from Nancy Hammond, American Vacuum Society, 335 East 
45th Street, New York, New York 10017. 

WORLD CONFERENCE ON OILSEED AND VEGETABLE 
OIL PROCESSING TECHNOLOGY, 1976 

The American Oil Chemists’ Society is organizing a World Conference on Oilseed and Vegetable Oil Processing 
Technology to be held l-5 March 1976, in Amsterdam. 

The programme committee is currently considering specific topics and speakers for a broad-interest, five-day 
programme which will include exhibits, small group interaction with speakers, and social events. The program is being 
designed primarily for managers and operating personnel and will take on the educational nature of a broad-based short 
course. 

Inquiries about the programme, exhibits, and special travel arrangements may be directed to James Lyon, Executive 
Director, American Oil Chemists’ Society, 508 South Sixth Street, Champaign, Illinois 61820. 

INTERNATIONAL ASSOCIATION ON WATER POLLUTION RESEARCH 

8TH CONFERENCE 
SYDNEY, AUSTRALIA 
17-22 OCTOBER 1976 

Technical sessions ~111 provide for the presentatton and discussion of selected papers on original research and 
development on a wide variety of topics related to marine and freshwater pollution and wastewater treatment. 
Instantaneous translation services-English, French and German-will be available. 

Workshop sessions will review progress and discuss current problems on the following subjects- 
Water resource quality management 
Marine and estuarine waste disposal aspects 
Ultimate disposal of solid and liquid wastes 
Land surface and sub-surface disposal of wastewater 
Technical visits will be conducted on an afternoon free of sessions, to wastewater treatment plants and other places 

of technical interest. 
Further information from the Conference Secretariat: G.P.O. Box 2609, Sydney, 2001, N.S.W., Australia. 

1 I1 
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INTERNATIONAL SOLVENT EXTRACTION CONFERENCE 1977 

TORONTO, ONTARIO, CANADA 
10-17 SEPTEMBER 1977 

The conference will bring together people from industry, government and universities with a common interest in solvent 
extraction. The main theme of the conference will be metallurgical applications of solvent extraction, but applications to 
other areas such as petrochemical and pharmaceutical industry will also be discussed. In addition, new developments in 
extraction equipment and solvents and new insights into the physical and chemical mechanisms of extraction will be 
presented. 

It is proposed that about 80 papers will be presented at the Conference during five working days. There will be six 
plenary sessions at which papers of broad interest will be given; more specialized papers will be presented at twelve 
sessions which will be arranged in parallel, with three sessions simultaneously in progress. 

Submissions of detailed Abstracts (200 to 300 words) are invited before April 1st. 1976 and of complete papers before 
September 1st. 1976. They should consist of original, unpublished research results or critical reviews which fall within the 
scope of ISEC 77 (see above). The papers will all be subject to review by the Session Chairman and outside reviewers. 
Papers will be distributed to pre-registered delegates about four weeks prior to the conference. 

Discussion of papers at the conference is held to be an important contribution, and it will be recorded and included 
in the final printed Proceedings which will appear early in 1978. 

The careful reviewing and selection of papers require considerable time, so intending authors are urged to plan 
accurately for the deadline of September 1st. 1976. The Committee reserve the right not to accept papers submitted after 
that date. 

Further information from Dr. M. H. I. Baird, Secretary, ISEC 77, Dept. of Chemical Engineering, McMaster University, 
I-Iamilton, Ontario, LSS 4L7, Canada. 
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Applied Spectroscopy Reviews, Vol. 8, Part A: EDWARD G. BRAME, JR., ed. Dekker, New York, 1974. Pp. vii + 147 + I-15. 

This consists of a single wide-ranging monograph upon the spectroscopic methods of identification of microquantities 
of organic materials. In addition to the familiar techniques of mass spectrometry, ultraviolet and infrared spectrometry, 
nuclear magnetic resonance and optical rotatory dispersion, there are sections dealing with circular dichroism, the 
several varieties of electron spectroscopy, and techniques associated with ionization in the gas phase. 

Applied Spectroscopy Reviews, Vol. 8, Part B: EDWARD G. BRAME, JR., ed. Dekker, New York, 1974. Pp. xiv + 144. 
$29.50. 

This book contains three separate and diverse surveys of spectroscopic interest. The first is concerned with the 
structure of water as revealed by vibrational spectroscopy, the second with solvent effects on electronic spectroscopy 
and the third with the study of ionic crystals by infrared and Raman spectroscopy. 

The Chemical Analysis of Water: A. L. WILSON, Society for Analytical Chemistry, London, 1974. Pp. viii + 188. f7.50. 

This comprehensive and up-to-date guide to the analysis of water is a typical example of the clarity of thought 
and the systematic approach characteristic of its author. It could also well serve as a student text, for illustration 
of the instrumental approach to analysis, and the essential practicality of analytical chemistry in application of theory. 

The Spectroscopy of Flames (2nd Ed.): A. G. GAYDON. Halsted Pr.ess, New York, 1974. Pp. xii + 412. $24.50. 

Although the second edition has a similar layout to the first edition, the contents have been extensively revised 
and updated throughout. Several new figures and tables have been included, and some less important figures excluded. 
Several new or extended sections have been incorporated to cover developing topics such as the use of fluorescence 
and laser Raman techniques, isotopic shift studies, spectral line profiles, excitation of metal spectra in H,-02-Nz 
flames, organic diffusion flames, formation of nitrogen oxides, ozone decomposition flames and the mechanism of S2 
excitation. The chapters on carbon monoxide flames and analytical flame spectrophotometry have been substantially 
extended. In the latter chapter in particular, the author’s very extensive experience stands him in good stead for making 
useful and relevant comments on the current “state of the art” without resorting to a detailed review. The appendix 
on molecular spectra has also been usefully extended. This volume provides a valuable source of background information 
to those concerned with analytical flame spectrometry. 

Principles of Chemistry: LOREN G. HEPLER and WAYNE L. SMITH. Macmillan, New York, 1975. Pp. xiii + 609. $13.95. 

This is a well-written account of the basic ideas of chemistry, with a wealth of problems intended to give the 
student insight. As is inevitable with a book of this type, the section on organic chemistry is highly selective and 
the main emphasis is on theoretical, physical, and inorganic chemistry; analytical chemistry. Analytical chemistry appears 
to be a non-starter. 

Neutron Activation Analysis Tables: J. C. LECLERC, A. CORNU and A. GINIER-GILLET, Heyden, London, 1974. Pp. 64. 
f5.00, $14.00. 

This is a very useful compilation for the analyst who employs neutron-activation analysis. It gives the basic radiochemical 
data about naturally-occurring isotopes and radionuclides, classifying the latter both in or&r of atomic number and 
by increasing energy. Finally the saturation sensitivity, practical sensitivity for longer lived nuclides and the potential 
interferences are tabulated. Various value judgements are necessarily made in this set of data, but they are clearly stated 
and reasonable. Most analysts will find the classifications used are most useful and up to date. The text is in both English 
and French. 

Creation and Detection of the Excited State, Vol. 3: W. R. WARE (Ed.), Dekker, New York, 1974. Pp. VIII + 193. $23.50. 

This volume consists of three articles on chemiluminescence in the condensed phase, single vibronic level fluorescence 
and photocurrents in fluids. The first of these by C. A. Heller and H. P. Richter which discusses the practical 
problems of making quantitative CL measurements is likely to be the one of most interest to analytical chemists. 

Synthetic Reagents, Vol. 1 and 2: J. S. PIZEY, Horwood, Chichester, 1974. Pp. 411 and 353. E13.00 and 02.50. 

The author’s aim in this new series is to “bridge the gap between the compact encyclopaedic coverage in Fieser and 
Fieser’s ‘Reagents for Organic Synthesis’ and review articles, which do not give synthetic details”. Bach volume of the 
series will feature a reductant, an oxidant, halogenating material, a solvent and/or some other important reagent. Thus 
in the first two volumes, dimethylformamide, lithium aluminium hydride, mercuric oxide, thionyl chloride (all in Vol. l), 
N-bromosuccinimide, diazomethane, manganese dioxide and Raney nickel (in Vol. 2) are dealt with in considerable 
detail. All aspects of the uses of these reagents and solvents are well covered with numerous references, e.g., over 1000 

. . . 
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references are cited for LiAlH,. The latest reference is for 1971, but there are only a few references to 1970 and 1971 
papers. Each volume contains its own index, which lists compounds, reactions and techniques; there is no author index. 
There is no doubting the effort which the author has put into these volumes, which appear as very thorough and 
competent works. If the whole series maintains the standards of the first two volumes, it will be a valuable addition to 
libraries, even though, to the mind of the reviewer, it is only of limited value in helping to establish (quickly) the best reagent 
and conditions for a particular synthetic step, such as a reduction. To work through all reductants to be included 
in the whole series would be a laborious and time-consuming exercise. Lastly, but of importance, the cost does not 
appear to be too prohibitive. 
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Handbook of Process Stream Analysis: K. J. CLEVEIT, Ellis Horwood. Chichester, 1975. Pp. xviii + 470. fl5.00. 

This is an impressively thorough and detailed survey of a wide field of analytical chemistry not well 
served by most text-books and monographs. The author groups the types of machines according to the 
analytical principle involved, and commences each chapter with a brief account of the theory and the normal 
laboratory practice of the technique The bulk of the text is, however, concerned with the many and varied 
forms in which the techniques have been automated for continuous use in on-line analysis. There are chapters 
on: Vapour-phase chromatography, Viscosity, Distillation, Flash-point, Pour- and Cloud-point, Vapour pres- 
sure, Oxygen measurement, pH and Redox measurement, Trace gas analysis, UV, visible, and IR absorption, 
Moisture, Density, Water quality, Gaseous fuel quality, Octane number, various other methods, and Sample- 
handling systems. The book is well illustrated with many line drawings of instruments, and with numbers 
of photographs, though these are on the whole less informative than the drawings. The assistance of many 
manufacturers in providing technical information has certainly helped the author to produce what must 
surely prove a very valuable handbook for anyone concerned with analysis and plant-control. 

Handbook of Moisture Determination and Control, Vol. 1: A. PANDE, Dekker. New York, 1974. Pp. xi + 266. 

This is very much a working handbook, with sufficient detail to enable the reader to follow procedures 
without further reference to the literature, and with plenty of comment and criticism stemming from the 
author’s experience in the field. Results of comparative tests on different methods, and the statistical analysis 
of the results, are also helpful. This volume contains chapters on: Water, its properties and interaction with 
hygroscopic materials, Gravimetric methods, Distillation and chromatographic techniques, and the Karl 
Fischer titration. Volume 2 will also deal with techniques, and volumes 3 and 4 with applications. 

Chemical Analysis of Organometallic Compounds, Volumes 2 and 3: T. R. CROMPTON, Academic Press, London, 
1974. Pp. ix + 163 and x + 211. 

These two volumes continue what now looks like becoming an encyclopaedia on the analysis of organometal- 
lit compounds. Volume 2 covers the elements titanium (2 pages), zucomum (f page) and silicon (137 pages), 
and mentions that no methods exist for compounds of hafnium and thorium. Volume 3 covers the elements 
germanium (12 pages), tin (85 pages) and lead (91 pages). As in volume 1, methods are given for determination 
of elements, functional groups, and the compounds themselves, with particular emphasis on gas chroma- 
tographic and other instrumental techniques. Again, the procedures are described in detail, so that the methods 
can be used without recourse to the original literature, and the books will therefore be particularly useful 
as laboratory “recipe books”. The literature is covered only up to 1970. 

Annual Reports on Analytical Atomic Spectroscopy, Vol. 3, 1973: C. WOODWARD, The Society for Analytical 
Chemistry, London, 1974. Pp. x + 324. f6.00. 

In this excellent small volume the literature for 1973 IS reviewed in depth and detail. Part I deals with 
“Fundamentals and Instrumentation” and includes useful Tables of up-to-date information on commercial 
atomic absorption and fluorescence equipment as well as emission spectrometers. Part II, “Methodology” 
reviews the analytical applications. Tables of references arranged by element give concise but extensive details 
of the techniques used. In both parts an authoritative textual commentary provides an overall impression 
of current trends and developments otherwise obtainable only by assiduous attendance at international confer- 
ences. The text is somewhat interrupted by the interpolation of multi-page tables which could with advantage 
be collected at the end of the text. Errors are few and although it falls a little short of comprehensive 
it is still, with its bibliography of 1698 references, the most effective available source-book for analytical 
spectroscopist. We look forward to Vol. 4. 

Advances in Chromatography, Vol. 10: J. GIDDINGS and R. A. KELLER, Dekker, New York, 1974, Pp. xi 
& 246. $19.75. 

Three articles are contained in this volume. The one by L. S. Ettre and J. E. Purcell on Porous layer 
open tubular columns is critical, readable and of general interest to analytical chemists. The theory and 
development of these columns and especially Golay’s views show how theory can lead to improved practical 
apphcation. The other articles on the resolution of optical isomers by GLC (E. Gil-Av and D. Nurok) and 
GLC of terpenes (E. von RudlolI) are more specialized. 

Gradient Liquid Chromatography: C. LITEANU and S. C&CAN, Horwood, Chichester, and Wiley, London, 
1975. Pp. xii and 338. f 10.50. 

This is a badly organized book on an interesting subject. A lot of practical information is buried in 
lots of theory-there are about 430 equations. Unfortunately the theory is not well related to the practical 
side, and there is no attempt to make any classification on the basis of types of compounds or areas of 
application. This is regrettable because the authors have packed in a tremendous amount of information 
and learning, which the diligent reader will find of value. 
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Ion Exchange and Solvent Extraction, Vol. 6: J. A. MARINSKY and Y. MARCUS, Dekker, New York, 1974. 
Pp. xii and 301. $27.50. 

This volume is very similar in format and editorial viewpomt to Its predecessors. It contains good and 
interesting articles on the solvent extraction of drugs (G. Schill) and rare earths and tervalent actinides 
(B. Weaver) the dynamics of liquid-liquid extraction processes (G. G. Pollock and A. E. Johnson) and the 
application of the solubility concept to extraction (H. M. N. H. Irving). The authors still seem to be penalized 
by publishing delays; most of the work reported was published before 1970. 

Chemical Phase Analysis: ROLAND S. YOUNG, Halsted Press, New York, 1974. Pp. vii + 138. $11.50. 

The title of this interesting and useful little book does not really give much indication of the contents. 
What the book is about is the use of chemical methods for determination of the different species (metals, 
oxides, chemical compounds, mmerals etc.) present in raw materials and manufactured chemical products. 
A variety of chemical treatments is therefore involved based on selective dissolution or selective volatilization, 
the selectivity being conferred by choice of reagents and conditions. In some respects the work is complemen- 
tary to the books on decomposition procedures, but in others goes beyond them m that a selection and/or 
combination of procedures must be made. To those who wish to put the chemistry back into analysis, 
this book is strongly recommended. 

The Chemistry of Diacetylenes: M. F. SHOSTAKOVSKII and A. V. J~GDANOVA, Halsted Press, New York, 
1974. Pp. xvii + 493. $45.00. 

This compilation of material on the chemistry of the diacetylenes is a translation from the Russian and 
reads like one. The orIgina text covered the literature up to 1971, and It is a pity that it was not updated 
during the translation period. However, for workers in this field it will serve well as a comprehensive guide. 
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Smmaa~--A criticat survey of plasma emission sources used in analyticaf spectro~~bpy, exclbdirig 
conventional arc and spark sources, bzts been made. In Part I the concept af temperature applied 
to &h-temperature excitation sources is considered, as are arc plasma, je& Part II will be, con- 
cemed’witb microwave and capadititily coupled sources and in Part III inductively coupled sources 
will be &tit with In the last pa’rt a comparison will also be made of all the sources reviebed, from 
the point of view of sensitivity, precision and freedom from matrix effects. 

The analyst using emission spectroscopy f&r eleinental analysis looks for the follotiing 
desirable properties in an excitatidn source. 

1. Capability of exciting lines of a large number of elements. 
2. High sensitivity. 
3. Good stability, 
4. Freedom from interferences. These include spectroscopic interference, where the line 

of interest cannot be easily resolved from a line from another element or From a band of 
a molecular spectrum; chemical interference, where the presence of another element 
depresses the intensity of a line by reduction in the population of free atoms, owitlg to 
the formation of molecules or radicals, or where the presence of another element (usually 
of low ionization potential) makes a dramatic change in the electron density in the source, 
thereby shifting the ionization equilibrium; and contamination from the construction 
materials of the source. 

5. Reproducibility in the introduction of samples. 
6. Convenience of operation. 
These desiderata are not necessarily compatible. For example, a source which can excite 

lines from an element for which the lowest excited energy level is high, is likely to excite 
many levels in elements where this energy is low and this may result in probiems of spec- 
troscopic interference. Similarly, freedom from contamination may demand so-e ‘incon- 
venience in operation. 

The temperature of the gas in flame sources is limited by the heat of combustion of the 
fuel. Electric discharges have no such fundamental limitation and the ‘belief that excitation 
capability, sensitivity, and freedom from chemical interference increase with temperature 
has led to the development of plasma sources. A plasma is a gas ionized to a degree s$i- 
cient to have a significant effect on its properties. The important property of a plaSma for 

* For reprints of this Review, see Publisher’s announ~ment near the end of this issue. 
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present purposes is that large quantities of electrical energy can be transferred to it if it 
is sufficiently ionized: this supply of energy can heat it to very high temperatures. 

The effects of high temperatures ongases are dissociation if the gas is not monatomic, 
followed by a series of ionizations. For nitrogen’ for example, at low temperatures N, 
dominates; at about 67OOK the, abundances of N, and N are equal; the abundances of 
N and N+ are equal at about 14,500K and those of Nt and N2+ are equal at about 
29,000K. At iO,OOO K the relative abundances are Nz, 0.4%; N, 94.2%; Nt , 2.7% and 
electrons 2.7%. If we wish to break up molecules, with the double benefit of sup- 
pressing band spectra and reducing matrix effects, a temperature of over 10,000 K is desir- 
able. However, the highelectron density associated with such high temperatures results 
in a very high emission of continuum radiation; this is discussed in the next section. 

A suitable scheme for a spectroscopic source would thus be to pass the sample through 
a very hot region to ensure complete dissociation into atoms and then to use the emission 
from a cooler position downstream where the continuum is less. Such a reduction in tem- 
perature may alsoallow the sample atoms to form molecules, but since dissociation ener- 
gies are usually less than ionization energies and since the sample is greatly diluted by the 
plasma gaa’a position in the tail flame may be found where there is no significant molecu- 
lar association and where the continnum is weak. 

Temperatures of 10,000 K and upwards are not obtainable with conventional arc and 
spark sources. It has long been known that radial constriction of an arc can increase its 
temperature and improve its stability. This has led to the development of wall-stabilized 
arcs. These have been excluded from this survey, which is concerned with the type of sys- 
tem mentioned above, in which a flame-like discharge, emerging from the hottest zone 
where the electrical energy is absorbed, is used as the spectroscopic source We think it 
may be helpful, however, before discussing the various sources, to give a simple account 
of what, if anything, is meant by temperature. A summary is given at the end for the benefit 
of those disinclined to read this section. 

SPECTRA, TEMPERATURE AND EQUILIBRIUM 

The electrons in an atom are distributed in discrete energy levels, which can be specified 
by four quantum numbers, which can themselves be defined in various ways. Here we shall 
use the principal quantum number IZ, the orbital quantum number 1, the inner quantum 
number j and the magnetic quantum number m. In terms of Bohr’s original quantum 
theory of the hydrogen atom, still useful for pictorial purposes, n defines the radius of the 
orbit occupied by the electron, and I its eccentricity. The excess of potential energy of an 
electron in the nth circular orbit over that of an electron in the ground state, for which 
n = 1, is given by E = K(l - l/n”) where K is a constant. If n = co, the radius of the orbit 
becomes infinite. This corresponds to ionization of the atom, and the ionization energy 
is given by K, Any ‘positive integral value can be assumed by n and so there is an infinite 
number of energy levels, each with finite energy; the levels are very close together for large 
values of n. 

In a proper quantum mechanical treatment, the energy of a level depends on n, 1, j and 
m. discrete values of 1 express the quantization of orbital angular momentum much as 
before; discrete values of j (= 1 + 3) express in addition the quantization of the resultant 
of the orbital angular momentum and that due to the spin of the electron; and discrete 
values of m express the quantization of the orientations which the orbit can assume with 
respect to an external field. If the atom is in a magnetic or electric field, each permissible 
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quartet of quantum numbers corresponds to a dif%rent energy; levels which differ only 
in m are very close together. If there is no external field, the energy is independent of m. 
There are Zj + I possible values which m can take, so that in the absent of an external 
field, 2j + 1 levels have the same energy. It is often convenient to describe this as a single 
degenerate level; the number of levels 2j + 1 into which it can split is known as the statisti- 
cal weight g of the level. Since m is different for each of the members of the degenerate 
level, each can be occupied by an electron without violating the Exclusion Principle, which 
states that no two electrons in an atom may have identical sets of quantum numbers. 

An atom emits radiation of frequency v when an electron falls from an energy level Ei 
to an energy level Ej. The frequency is given by v = fEi - Ej)/h where h is Plan&% con- 
stant. The transition probability A, for the transition i+ j is defined as the fraction of 
the population of the level i which undergoes the ~ansition to the level j in unit time; it 
depends both on how long an electron remains in the upper level i and on how well the 
jth level competes with other possible lower levels. 

The intensity of the line of frequency v, defined as the energy emitted per unit time at 
this frequency, is therefore I = 
Thus, for a given 

Ai, hvNi where Ni is the number of atomsin the ith level. 
spectroscopic line, I is proportional to Ni. The analyst engaged in ele- 

mental analysis will usually construct a calibration curve of measured intensities for 
known concentrations and then deduce the concentration in an unknown sample from its 
measured intensity. The slope of the calibration curve will depend on how Ni depends on 
N, the total number of atoms of the species present, as well as on the frequency and transi- 
tion probability. Ratios of, the intensities to those of an internal standard are often used 
to cornFe~~~ for ~a~b~ties in the source. 

The fraetion NAN depends, in general, on source conditions in a very complicated and 
not easily predictable way. If the source is in thermod~a~c equilibrium, hoGever, the 
position is much simpler. 

Thermodynamic equilibrium is a state where the principle of detailed balancing applies 
strictly, so that every process of energy transfer is perfectly balanced by the reverse process. 
This applies to all forms of energy (kinetic and potential) and all forms of energy transfer. 
Thermodynamic equilibrium is an idealized state which cannot be observed, for the pro- 
cess of observing it implies an uncompensated loss of radiation from the system. However, 
it is found that in certain circumstances, some laws which have been deduced for systems 
in thermodynamic equilibrium can be successfully applied to systems which are not. Sys- 
tems where the energy distribution of particles is subject to these laws, but where the radia- 
tion is not, are said to be in local ~errn~~~c equilibrium (LTE). This con~tion is 
most readily achieved when the dominating mode.of energy transfer is by collision between 
particles rather than by absorption or emission of radiation. it can be deduced from Max- 
well’s, equations of electromagnetism that radiation exerts a pressure p on a surface and 
that p = ~43 where ~1 is the energy of the radiation per unit volume (this is not quite analo- 
gous to particle pressure, which is predicted by the kinetic theory of gases to be 2~/3 where 
p is now the kinetic energy per unit volume). If the system is in complete thermodynamic 
equilibrium, the radiation energy density is given by Stefan’s law p = 7~67’~ x lo-l5 erg/ 
cm3. Some idea of the relative importance of the collisional and radiative modes can be 
obtained by comparing the radiation pressure with the pressure due to the particles. Con- 
sider a ptasma where the particle pressure is 1 atmosphere: its radiation pressure if it is 
in equ~~rium at 10,QOO K is 25 x iO_ 5 atmosphere and it can be taken as collision- 
dominated, whereas at l,~,~ K the radiation pressure is 2500 atmospheres and it is 
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radiation-dominated. Small laboratory-plasmas at or near atmospheric pressure are likely 
to be collision-dominated. 

In,a system in LTE, as in complete thermodynamic equilibrium, the ratio of the particle 
populations in energy levels i and j is given by Boltzmann’s law: 

where gi and gj are the statistical weights of the ith and jth levels, of energies Ei and Ej, 
and Tis the absolute temperature; this serves as a definition of temperature. Specifically, 
in LTE, one value of ?; when substituted in Boltzmann’s equation, will determine the ratios 
NJNj for all values of i and j, and the distribution of kinetic energies of atoms, ions and 
electrons Will be given by using the same value of Tin Maxwell’s equation for the distribu- 
tion of kinetic energies. This value of Tis called the temperature. 

Usually we are interested less in the ratio of the populations of two levels than in the 
fraction of the total population in the ith level, NJN. This is given by 

Nix l 
N 

-gieXp - 2 
Z(T) I J 

where Z( 7’) = &gj exp [ - Ej/k~, the electronic partition function; this sum is over all 
possible states and increases with temperature. Since there is an infinite number of levels 
with finite energies before the ionization limit is reached 2 might be expected to be in- 
finite. However, the effect of the electric field due to neighbouring particles is to reduce 
the ionization limit so that the number of energy levels is reduced to a finite number. For 
cool sources (2000-3000 IQ the ground-state often dominates the partition function, which 
can then be taken as the statistical weight of the ground-state, but for higher temperatures 
its calculation becomes more complicated, involving a choice of assumptions and approxi- 
mations and in addition a fairly complete knowledge of the atomic energy levels.’ The 
reliability of the calculations deteriorates at high temperatures. 

If a plasma is in LTE, the relative populations of the various excited states are given 
in Boltzmann’s equation with a constant value of T which is the temperature of the plasma. 
Theory predicts and experiment confirms3 that the most likely deviation horn LTE is a 
relative overpopulation of the ground-state. This is known as partial LTE; the higher the 
levels involved, the more likely is Boltzmann’s law to give the ratio of their populations. 
It can also happen that different particle species may follow Boltzmann’s law, each with 
its own value of ?: Thus we may have electron temperature, governing the distribution 
of the kinetic energy of the electrons; gas (or kinetic) temperature, governing the distribu- 
tion of the kinetic energies of the atoms; excitation temperature, governing the populations 
of the atoms in different states of excitation, and so on. Unless the system is in LTE, these 
temperatures will be different. If deviations from LTE are large, relative populations 
depend on the individual cross-sections for excitation to the levels involved and the con- 
cept of temperature may lose its meaning. 

These concepts are of fundamental importance in the investigation of plasmas by spec- 
troscopy, but what mainly concerns us here is the use of a plasma source to excite atoms 
in a sample introduced usually with the object of estimating their relative abundances. The 
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first requirement is to produce sufficient excitation to the chosen level to give a spectro- 
scopic line with adequate intensity. This can be done with a source in LTE with a suitably 
high temperature, or with a source not in LTE in which an excitation temperature exists 
and is suitably high, or with a source so far from LTE that the concept of temperature 
is inapplicable, if the cross-section for collisional excitation oFthe chobn levei is suffi- 
ciently large. The chance of success with the first choice is predictablel with the second 
less predictable and with the third still less so. A second desirable feature $s the elimination 
of interferences between atoms. At temperatures of typical flame sources, atoms of one 
kind often associate with those of another to form a molecule or radical and when this 
happens they cannot emit their characteristic radiations. They are thus lost to the spectro- 
scopist. This loss does not arise if the kinetic energy acquired by the molecule is sufficiently 
high to dissociate it. A high kinetic temperature is most likely to be achieved with a system 
in LTE. Third, we want a system with minimum fluctuation in intensity arising from insta- 
bility in the source. In LTE, N,lN depends essentially only on temperature (although the 
electron density influen~s the partition function via the ~lculation of the drop in ioniza- 
tion potential, the dependence is not Strong).4 With deviations from LTE an extra factor,’ 
strongly dependent on both temperature and electron density, must be introduced in 
Boltzmann’s equation.‘This increases the effect of fluctuations of the source and the com- 
pensation obtained by using an internal standard, which even in LTE needs careful consi- 
deration,6 becomes less reliable.’ 

It is possible for two reasons (but rarely likely with small plasmas) that a tem~era~re 
higher than the optimum might be realized. The first reason is that with higher tempera- 
tures the radiation plays a greater part in the processes of energy transfer and this lessens 
(but at practicable temperatures only slightly) the likelihood of achieving LTE. The second 
is that as the temperature is increased, the exponential term in the expression for Ni ulti- 
mately tends to unity while 2 (7’~ continues to increase. The intensity thus goes through 
a maximum. The physical reason for this is that at high temperatures the atoms are distri- 
buted over more energy levels, so that the lowest levels become depopulated: in addition 
since IV< is properly a particle density, it decreases with temperature if the pressure is con- 
stant. 

The temperature at which this maximum occurs is calculable and this can be used as 
a temperature ~libration (subject to the plasma being in LTE). The maximum is not very 
sharply defined, however. The most frequently used method for the determination of the 
temperature of a plasma (again assumed to be in LTE) is by the measurement of the inten- 
sity ratios of two or more spectroscopic lines emitted by atoms of the same element. The 
ratio of the intensities yields the ratios of the populations in the excited states, if the transi- 
tion probabilities are known, and from the ratio of the populations the temperature can 
~,~~culated from Bo~~~nn’s equation. unfortunately the transition probabilit~s are 
not usually accurately known. The greatest precision is obtained when the upper energy 
levels are widely separated and this has suggested the use of lines from different ionization 
states of the atom; but this involves the ratio of the partition functions of the two ioniza- 
tion states (this term cancels when only one state is involved) which are difficult to evaluate 
at high temperatures. Most temperature measurements are therefore not very reliable. 

A t~perature calculation based on ob~rvations of only one part of a cylindrical plasma 
results in an average temperature, for the emission will have originated in regions at differ- 
ent temperatures. A proper temperature profile can be reconstructed from a series of 
measurements across the plasma, by an Abel inversion.7 
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The temperature-dependence of the continuum radiation is a matter of practical interest. 
This radiation is due to transitions which involve free electrons. It consists of recombina- 
tion radiation! where a free electron combines with a positive ion, and bremsstrahhmg, 
where a free electron remains free but loses energy, typically by the decelerating effect of 
other particles, as the name suggests. The two types are frequently known as free-bound 
and free-free radiation. Because the energies of free electrons are not quantized the radia- 
tion is distributed in a continuous spectrum. The calculation of the spectrum results in 
a complicated formula,’ which for frequencies near those of the visible region reduces to 

I(v) = $ 
e 

where K is a constant, n, the electron density and T, the electron temperature. If this is 
applied to the data for nitrogen,’ we find that reducing the temperature from 12,OOOK to 
8000K reduces the continuum by a factor of 1000, and from 12,000 K to 6000 K by a factor 
of over 106. This strong dependence on temperature uiu electron density is the main reason 
for not using the hottest part of the plasma as the spectroscopic source. 

We may summarize this section as follows. 
1. For a system in thermodynamic equilibrium, one parameter T (the temperature) 

determines the radiation field by Stefan’s law and the distribution of the particles in differ- 
ent energy states, by Boltzmann’s law. 

2. For a system in local thermodynamic equilibrium, one parameter T(the temperature) 
determines the distribution of the particles in different energy states, but not the radiation 
field. 

3. If deviations from local thermodynamib equilibrium are small, different parameters 
z will govern the distributions of the kinetic energies of different types of particle (electron 
temperature, gas temperature) and the populations of atoms in excited states (excitation 
temperatures). 

4. If deviations from local thermodynamic equilibrium are large, there may exist no par- 
ameters ‘I; governing the populations by Boltzmann’s law and the idea of excitation tem- 
perature has no meaning. 

5. A source in local thermodynamic equilibrium, though not essential for spectrochemi- 
cal analysis, is desirable on three counts. (a) The behaviour of a given element is more pre- 
dictable. (b) A high kinetic temperature, on which freedom from chemical interference 
depends, is more likely. (c) The effect of instabilities in the source is likely to be minimized. 

PLASMA JETS 

The origin of the plasma jet principle is generally credited to Gerdien and Lot.z.* In 
1922, while carrying out experiments on high-intensity arcs, they inserted an anode into 
a copper ring cooled by a vortex water stream impinging on the inner wall. Within the 
ring the arc channel was constricted because its periphery was cooled by-&he water: this 
effect is the so-called thermal pinch. The current density rose to about 100 A/mm2 and 
the arc temperature was the highest that had been obtained at that time. The arc burned 
in the water vapour and the gases emerged from the ring in a high-velocity steam plasma 
jet. This form of the plasma jet was refined and received considerable attention in the late 
40’s and early 50’s, culminating in a paper by Giannini’ in 1957 where he claimed tempera- 
tures of 30,OOO”F. Other good reviews on the history and development of the plasma jet 
have appeared. ’ Osl I 
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A plasma jet is formed when the current density to be dissipated on the surface of an 
arc &&rode is greater than can be removed by radiation and co&&ion alone. 
Mae4~ker~~ 2 by for&g an arc to burn in a narrow water pipe, showed /that my ~~~~tion 
of an arc gives rise to B jet. :If the periphery of the arc column is ~li~~t~~ coo&d or 
its diameter restricted by any means, the ionization, and hence the conductivity of the 
gases, in the outer regions of the plasma, will be lowered. The current in the dis&arge 
will then tend to concentrate in the hotter central region of the plasma. This increase in 
ourrent density by means of a thermal pinch causes a further increase in, temperature or 
~n~~~vity. When the current density in the discharge becomes high enough a second 
pinch e&et occurs, the so-called magnetic pinch. Two parallel conductors carrying current 
in the same direction attract each other, and similarly, charged particles flowing through 
a plasma jet device crowd closer together. This constricts the discharge and increases the 
density of the plasma even further. The benefits of constriction of the arc are greater stabi- 
lity, a greater concentration of energy and higher temperature. 

There is a volu~n~s literature on plasma physics and on applications as diverse as 
high-temperature gas-reactions, rocket motors, cutting equipment and spheroidizing, 
Such papers have little bearing on analysis and have been omitted from this’review. The 
use of the plasma jet for analytical purposes came relatively late in its development and 
was due to Margoshes and Scribneri3 in the United States and Korolev and Vainsh- 
teini4*’ 5 in Russia. The stability of the systems described was not ‘good, ~e~cients of var- 
iation of several per cent being obtained. oWen”6~‘7 attributed the ins~bility to the arc 
streamer (from the jet to the annular cathode) moving randomly over the surface of the 
cathode and perturbing the jet. Mis solution to this problem was to use an external yet 
integral cathode, usually made of thariated tungsten. This electrode was electrically con- 
nected to the exit orifice of the annular cathode. After an arc had been struck between 
the anode and the annular cathode the plasma jet issuing from the orifice came into cd-nta.ct 
with theauxiliary thoriated tungsgen electrode and the ele&cal path was transferred. This 
mode of operation is often referred to as the *‘transferred arc plasma jet:‘. 

The plasma jets so far described are of the type which has seen most development for 
quantitative analytical purposes. In some papers, particularly Russian, they are often 
referred to as Plasmatrons. An interesting variation is that of Valente and Schrenk,i8 who 
used two similar plasma jets inclined to each other at 30° and producing a common tail 
flame. The analytical: solution was delivered to the left-hand jet by means of an atgrrn gas 
stream of 1.2 i./min while pure argon was delivered to the other jet at I.0 l,/min. From 
their published results this would seem to produce good stability and lsensitivity, and 
would seem to us to have possibilities of supplying!different analytical solutions to the two 
jets at the same time for internal standard control or possibly stand~d~ation~ A commer- 
cial design of the single plasma jet has been produced by SPEX Industries, and is described 
in detail by Mitt~ldorf and Landon.’ 9 Sirois20$2 l used this commercial plasma jet, and de- 
scribed the optimization of operating parameters and evaluated the equipment for the 
analysis of aqueous solutions. 

Comparatively less attention has been paid to the Kranz Jet22-24 or “DC. Plasmabren- 
ner” as it is often called. This type of plasma jet is essentially a gas-s~bil~d d.c. arc struck 
between thortited electrodes. The coolant gas is introduced tangentially in opposite direc- 
tions in both the cathode and anode parts. The horizontal path of the arc is entirely 
enclosed in a metal envelope except for a vertical orifice perpendicular to the am. The 
“flame-like’” plasma jet issuiog from this orifice may reach more than 20 cm in length when 
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operating with nitragen. It is claimed that this jet may be operated for many hours without 
contamination from the tungsten electrodes in the absence of an aerosol. Contamination 
is encountered, when aerosols are introduced into either gas stream. Malinek and Mass- 
marin*’ claim to have overcome this difficulty and it is possible that this source will now 
receive more attention. The plasma jet described earlier is also relatively free from elec- 
trode consumption when running on argon or helium without an aerosol. (For a 50-kW 
plasma jet it is about 3 x lo- ’ ppm w/w of electrode and nozzle metal in the gas stream.) 
For analytical purposes this is, however, academic since the injection of aerosols raised 
the concentration of the electrode material in the gas stream to 1% w/w or more. It thus 
becomes necessary to change electrodes every 3-3 hr, to provide a constant electrode geo- 
metry. 

It is not within the scope of this review to consider other types of gas-stabilized arcs 
or noble-gas environment arcs. These d.c. arcs are variations of the conventional arc and 
involve no plasma jet. The spectra examined for analytical purposes are emitted from the 
arc, in contrast to the plasma jet where they are emitted from the flame-like jet, 

GENERATING EQUIPMENT-SUPPLIES AND OPERATING PARAMETERS 

There is a very wide variation in line intensity with arc current which makes it impractic- 
able to specify any operating parameters, since their best values depend very much on the 
physical size of the jet, the arc voltage and gas flows. 

Vecsernyes,26 for example, has shown that variation of arc current, for constant gas flow 
and arc voltage, changes the excitation conditions for the analytical lines. A plot of line 
intensity against arc current shows at least one maximum. For instance he records a maxi- 
mum for the Mg 277Snm line at 28 A whereas for the Zn 307.6~nm line lt occurs at 45 A. 
Every spectroscopic line, as might be expected, has its own maximum. This latter obser- 
vation was confirmed by Valente” who found the calcium Ca(1) 422.7~nm line had a 
maximum at 9 A whereas the Ca(I1) 393*4-nm line had a maximum at 14 A. A further inter- 
esting observation was made by Goto et al.,” who found that even at 400 A the Ca(I1) 
line was still increasing in intensity although the Ca(1) line had reached a maximum. These 
variations have been generally attributed to the increase in temperature of the jet with arc 
current. 

For analytical purposes the plasma jet is powered by dc. power supplies capable of sus- 
taining powers up to 100 kW. For l-5 kW it is convenient to use a d.c. arc power supply 
of the type supplied for conventional arc spectroscopy. Above such powers a welding set 
or similar is used. It is relatively easy to provide a filtered d.c. supply at low powers but 
this becomes more difficult at high powers. With low-current designs the plasma jet will 
run for 2-3 hr without electrode erosion problems after the introduction of aerosols, 
whereas the high-current models last, at the best, only 30 min. Details of the power sup- 
plies which have been used for analytical purposes, together with certain operating para- 
meters, are summarized in Table 1. 

Introduction of liquids and solids into the plasma jet 

Owen” has attributed the limited exploitation of plasma jet excitation for spectro- 
chemical analysis to the inefficient and u-reproducible nebulization of liquid samples into 
the jet. This view was confirmed by Valente and Schrenk’* who reported a coefficient of 
variation of 0.7% for 15 readings of one solution continuously nebulized into the jet 
but 4% when the readings were made with a water wash between each. 
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The primary disruptive force for aerosol production in pneumatic nebulizers comes 
from the difference in velocity between the driving gas stream and liquid stream. The 
greater the differential velocity, the greater the efficiency and,the smaller the droplets. The 
differential velocity is primarily a function of the pressure drop across the gas exit or&e. 
To obtain a high pressure drop across the gas exit, without excessive gas flow, requires 
very small orifices. These are suitable only for very dilute solutions, up to approximately 
1000 ppm, because of the risk of blockage. Owen” concluded that ultrasonic nebulization 
is superior to other types; nobody appears to have applied this concept successfully to the 
plasma jet. 

Notwithstanding the previous comments, much work has been satisfactorily carried out 
by use of pneumatic nebulizers with a plasma jet, as will be seen later. 

There are several ways in which an aerosol can be injected into a plasma jet and all 
have received some attention. 

The sample solution can be introduced into the plasma by nebulizing the solution 
through a capillary and blowing it on to the arc with a gas stream. This system has been 
advanced by Goto et al., 27 who report satisfactory results. The injection system makes an 
angle of 10” with the axis of the plasma jet. A similar system has been used by Yamamoto2’ 
who pointed out that when the sample solution is blown into the plasma arc at this angle 
the plasma jet moves away from the injector. He suggested that the effect could be eli- 
minated by the use of a magnetic field. Atsuya and Goto 29 have applied this idea and have 
obtained improved stability. 

Several workers’6*’ 8,30,31 h ave introduced the sample by using a direct injector situated 
on the plasma axis and injecting in the same vertical direction as the plasma. A direct 
nebulizing injector is one where the whole aerosol of the nebulized sample passes into the 
plasma. 

Chapman et al. 32 have improved the stability of the plasma jet by replacing the direct- 
injection nebulizer with a premixed chamber-nebulizer. In this type the larger droplets are 
separated from the fine aerosol. 

Kranz24 has considered the various alternatives for the introduction of liquids and solu- 
tions into the plasma jet and concludes that of the alternatives, tangential injection with 
the stabilizing gas and radial injection with a breaking flow boundary layer (following 
Goto and Yamamoto) are the best methods. 

Less information is available on the more complicated problem of the introduction of 
solids into the plasma jet. Kranz,24 using heat and conductivity equations,33 has calcu- 
lated that for temperatures of 6000 K the greatest radii of particles that will still be vapor- 
ized by the time they arrive in the measuring position are 2.4 x 10V4 cm for water and 
7.5 x lo-’ cm for tungsten. The concentration of elements in the plasma is determined 
by the volatilization rate, by the rate at which they are removed by diffusion (convection) 
from the plasma and by the gas flow. 

The volatilization processes have been considered by Rusanov and Batova. They 
found that, for a given element, the size of particles containing this element has a pro- 
nounced effect on spectroscopic intensity, but the size of the particles free from this ele- 
ment, with which they are mixed, has little effect. These authors34 used an injection system 
in which the solid samples (l-90 pm in diameter) were blown through the centre of the 
plasma by compressed air. Observation showed that use of methods of injecting powders 
which do not guarantee that the powders remain in the form of isolated particles, results 
in the weakening of line intensity, particularly when material of low melting point is in- 
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jected.35 When particles isolated from each other are injected into the. plasma, no signiti- 
cant mutual influence on the line intensity is shown by the particles. Under these condi- 
tions, in ore analysis, g&ngue rock composition should not have a significant effect on line 
intensity of the test elements. 

Yudelivich et al. have recently studied the effect of chemical composition on line in- 
ten$itieP and the effedt of particle size on calibration curves:“7 They have also recom- 
mended the use of bufIers to stabilize the ionization process, so that a single standard could 
be used for samples having diRerent compositions.38 

VecCrnyesz6 has also studied the injection of powders into a plasma jet and concluded 
that the construction of a feeder system producing material transport that is homogeneous 
in time is a very difficult problem. Several other authors39-44 have tied to inject powders 
into the plasma but with limited success for analytical work. 

Although it is possible to analyse solids by impregnation of one of the electrodes of the 
plasma jet it is obviously a rather tedious and impractical technique as the jet would have 
to be demounted for each determination. The injection of the material by means of gas 
pressure, despite the problems, seems the only practical method. 

Temperature of the plasma jet 

Considerabfe effort has been made to ascertain temperatures of plasma jets, assuming 
local thermodynamic equilibrium. One of the earliest attempts was by Jahn4’ Cann and 
Ducati46 had previously estimated the temperature from thrust measurements and Brown- 
ing4’ from considerations of heat content. Neither of these two methods was capable of 
great accuracy and only gave an average temperature over the cross-section of the jet, as 
indeed do spectroscopic methods unless the source is scanned and an Abel inversion per- 
formed.48 Using techniques based on the intensities of the H(a) and H@) lines, Jahn 
obtained a figure of 12,600K for a plasma jet run on argon/5% hydrogen and arc condi- 
tions of 2flO A at 50 V. Much additional material on the techniques for measurement of 
plasma jet temperatures is given by Nagler49 and Hottel et aLso Generally, temperatures 
of 5000’K upwards are quoted and at these temperatures it would appear that most refrac- 
tory materials are vaporized and dissociated, subject to the reservations due to particle 
size mentioned earlier. 

INTERFERENCE EFFECTS AND PLASMA BACKGROUND SPECTRA 

When the arc is run on argon alone it will burn continuously with little destructive 
action on the electrode. The introduction of water or aqueous solutions produces reaction 
at the cathode tip and some deterioration occurs. Metallic constituents in solution often 
deposit on the tip but it is usually possible to run the plasma for 30 min before cleaning 
and readjustment are necessary. 

The spectrum of the jet near the auxiliary cathode has very strong lines due to tungsten 
and thorium. Their intensity falls off sharply within a few mm from the cathode. The back- 
ground from the argon recombination spectrum is high and presents some limitations to 
sensitivity. Goto et al.” used helium, which has a higher ionization energy, in place of 
argon, to reduce the continuum. The intensity of the lines, in general, increases to a maxi- 
mum near the centre of the jet and shows minima at both ends. Increase in current in- 
creases the intensity of all lines, the ion lines showing the greatest increase. This indicates 
a continually increasing temperature with increasing current, which contrasts with the d.c. 
arc where the arc temperature/current relationship is much less sensitive. 
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Raisen et e1.51 have produced a detailed list of the presence, or absence, of 28 different 
molecular and atomic spedies for different electrodes in an argon plasma, an air plasma 
and a nitrogen plasma. For an argon plasma they found the following species present: for 
W-Cu electrodes, Ar, Ar+, N1, Nl, N, 0 and Cu, and for C-C electrodes, Ar, Ar+, N,, 
N, 0, CZ, C and CN. For an air plasma and C-C electrodes they found N, 0, CZ, C and 
CN, and for C-Cu electrodes, Ar, N2, Nl, N, 0, CZ, C, CN, Cu and Cu+ . For a nitrogen 
plasma and C-C electrodes they found Na, Nl, N, 0, CZ, C and CN. The 28 species 
sought were Ar, Ar +, Ar 2+ N2,N;, N, N+, 02, O:, O,O+, Cs, C,,C, C+, C2+, CN, CN+, , 
C02, #CO, CO+, NO, NH, NH+, OH, OH+, Cu and Cuf . Thygesen,52,53 however, has 
claimed that the temperature of his plasma jet is high enough to excite the spectra of Ar+ 
and Ar2+. 

Several authors 18s4s5 have commented on the presence, or absence, of matrix effects. 
They agree that the presence of sodium, potassium and alkaline earth elements gives rise 
to varying degrees of enhancement and recommend the addition of radiation buffers. It 
would appear that for high accuracy similar matrices are required for samples and stan- 
dards. It would also appear that, in general, refractory materials are dissociated to their 
constituent atoms; for instance, the well known aluminium or phosphate interference in 
calcium emission is eliminated. 

At this stage insufficient conclusive work has been reported for it to be stated that no 
other matrix effects exist. 

ANALYTICAL APPLICATIONS 

In keeping with all plasma devices the plasma jet has a very large linear range and high 
inherent sensitivity. Valente and Schrenk,‘* for instance, report a linear range of O-01-20 
pg/ml for zinc and report a coefficient of variation of 0.7% for 15 measurements of a lO- 
pg/ml calcium solution, compared with 0.3% when a hollow-cathode lamp was used as 
source with the same detection system. They also found that with washing ,out the system 
between readings the coefficient of variation rose to 4%. In practice this is the sort of figure 
to be expected from these devices when standards and samples have to be interspersed 
with water washes. Lerners6 has obtained a coefficient of variation of O-7-1*Oo/0 for acetone 
solutions but comments that aqueous solutions gave worse results. 

Table 2. Analytical applications of the plasma jet 

Materials examined Typical elements determined References 

Metals and alloys 

Minerals and slag 

Blood 
Oilfield water 
Aqueous solutions 
Gasoline 
Refractory oxides 
Wear metals 
Coal ash 
Air samples 
Biological materials 

Ti, Ca, Mg, MO, Nb, Cr, 
Ni, Mn, Al, B 
La, Y, Gd, Ca, P, Zn, B, 
Be, S 
Mg 
Ba, B, Fe, Mn, Sn 
Trace elements 
B 
Al, La 
Trace elements 
Trace elements 
Be 
Ca 

13, 44, 60, 63, 
61, 73, 75, 78 
29, 36, 59, 61, 
1479 
54 
55 
65, 70, 71 
66 
72 
77 
76 
62 
64 
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Table 3. Detection limits obtained with plasma jets 

Plasma-jet Plasma-jet 
detection Wavelength, detection 

limit, &ml nm Element limit, &?/mi 

13 

WaveIength, 
nm 

Ahtminium* 
Antimony* 
Arwnic* 
Barium* 
Beryllium* 
Bismuth* 
30lWl* 

~drn~urn~ 
Catciumt 
Catl30n* 

Ckkll* 
Chromium? 
Cobalt* 
copper* 
Dysprosium* 
Erbium* 
Europium* 
Gadolinium* 
Gallium* 
Germanium* 
Gold* 
Hafnium* 
Hohnium* 
IfXihl* 

fridium* 
kO& 

Lanthanum~ 
Lead? 
Lithiumt 
Lutetium* 
Magnesium* 
Manganese* 
Mercury* 
Molybdenum* 

03 
0.2 
0.3 
0.6 
0.1 
0.7 
0.1 
0.2 
0.2 
O-6 
O-3 
o-3 
f-5 
0005 
0‘07 
003 
oc#l 670.8 
0% 261-5 
0.02 
004 
0.3 
0.1 

3962 
2598 
235a 
5535 
3132) 
30&s 
249.8 
2284 
393.4 
247-9 
415.0 
425.4 
228.6 
324.8 
353.2 
40@8 
382”O 
342.2 
417.2 
2651 
242.8 
264-l 
3456 
451-l 
2544 
372-O 
3996 
283.3 

2797 
257.6 
254.6 
281”6 

* Reference 32. 
1; Reference 18. 

A selection of the apphcations of the plasma jet to analysis has been cohated 3n Table 2. 
The literature also gives typical detection Emits for many elements; the best of these 

are those of Valeme and Schrenk,“s and of Chapman et aLS3’ and these are shown in 
Table 3. 

Plasma jets have a number of disadvantages when used as spectroscopic ,sources. They 
have electrodes which operate at high temperatures and produce their own spectroscopic 
contamination of the sample under investigation. The high temperature precludes the use 
of certain gases, e.g., oxygen with copper or graphite electrodes. The electrodes, Eilthough 
at high temperature, are at a lower temperature than the plasma and will cool it. The wan- 
dering of the contact spot and the Bare may cause spectrographic problems. It is &fficult 
to inject aerosols into the plasma jet other than by me&na of direct injectors, and these 
are by no means the ideal type of nebuiixers, However, plasma jets are comparative$ inex- 
pensive and do o&r a means of obtaining greater ~~~~~es and precisions than those 
obtainable by conventional sources. 

Neodymium* 
Niobium* 
Nickel? 
Osmium* 
Palladium* 
Phosphorus* 
Platinum* 
Prasmdymim* 

Ruthen@* 
Samarium* 
Scandium* 
Selenium+ 
Silicon* 
Silver* 
Sodium* 
Strontium* 
Tantalum* 
Tellurium* 
Terbium* 
Thallium* 
Thorium* 
Thufium* 
Tin* 
Titanium* 
Tungsten* 
Uranium? 
Vanad&* 
Ytterbium* 
Y ttriumt 
Zinc7 
Zirconium* 

;a 
401.i 
405.9 

wO3 341.5 
07 2256 
0.5 361-O 
0.6 253.6 
0.5 265-P 
4 414;3 
0.5 221-4 

343~5 
372% 
3&P 
361.4 

204.0 251.6 
338.3 
589.0 
407.8 
296.5 
214.3 
363.4 
5350 
401.9 

346.2 2846 
334t9 

4@@P 424.2 
3OP-3 
328.9 
371.0 
213.9 
339.2 
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PUBLICATIONS RECEIVED 

Biopharmaceutics aod Phamcokinetics An Introduction Edtted by ROBERT NOTARI, Dekker, New York, 1975 Pp 
x + 285. $13 75 

Notart’s book has generally achteved the arm of Its author, which 1s to mtroduce the reader to the subject of 
btopharmaceutms and pharmacokmettcs The various underlymg prmcrples of rate processes and kmetms are mtroduced 
and discussed m chapters 2 and 3, and then are applied m chapters 5 and 6 to real-life problems, some of wbmh 
are drawn from the recent literature, of dosage regtmens, desirable drug blood-level values, and formulatton of drugs 
Casual reading wrll not suffice to obtam the full benefit from thus book, whtch requires the acttve parttctpatron of 
the reader by workmg through the various sample and practtce problems set by the author For thts reason the 
book IS of hmtted value to most analytmal chemists except those who would be m close contact with workers m 
this field For them this book could be recommended To quote the author’s mtroductton “Thrs book 1s meant to 
provtde knowledge for teachers, students, btomedtcal practtttoners and research sctenttsts m medmmal chemtstry, pharma- 
cology, pharmacy and other bromedmal dtsctphnes ” The text IS generally well wrrtten, although the sectton on “Controll- 
mg solublhty through stomach buffermg”, wtth tts assonated practtce problem, 1s rather dtfficult to understand, and 
there 1s the occastonal printer’s error m the text (parttcularly m the last sentence of page 119) The btbhography 
contams an tmpresstve number of references to works only 2-3 years old The table of natural logartthms mcluded 
at the end of the book would appear to be of limited value 

IV 
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NOTICES 

~TERNATIONAL SYM~SIUM ON ANAL~ICAL 
CHEMISTRY IN THE EXPLORATION, MINING AND 

PROCESSING OF MATERIALS 

Johannesburg, South Africa, 23-21 August 1976 

This sym~sium, held under the auspices of IUPAC, should be of particular interest to chemists, engineers, 
geologists and industrialists concerned with exploration for raw materials, befeficiation, refining, and produc- 
tion of materials. 

Details are obtainable from: 
The Conference Division (IUPAC Symposium), 
CSIR, P.O. Box 395, Pretoria 0001, 
Republic of South Africa. 

1976 INTERNATIONAL CONFERENCE : 
MODERN TRENDS IN ACTIVATION ANALYSIS 

Munich, 13-17 September 1976 

The Gesellschaft Deutscher Chemiker (GDCh) and the Institut fiir Radiochemie der Technischen Universitit 
Mtinchen, in association with the International Committee will hold the “1976 International Conference: 
Modern Trends in Activation Analysis”, under the sponsorship of the Federal Ministry of Research and 
Technology, the Bavarian State Ministry of Education and Culture, the City of Munich and the Bureau 
EURI~TOP. 

Scope of the Conference 

A. Fundamental contributions 
Recent progress in technical development 

13. Applied contributions 
1. Biological and biomedical appli~tions 
2. Enviromnental and ecological applications 
3. Material sciences and industrial applications 
4. Applications in geo- and cosmo-sciences 
5. Applications in archaeology, art and forensic sciences 

C. Inter-disciplinary contributions 
1. Accuracy and precision 
2. Sampting and homogeneity control 
3. Standard materials 
4. Comparisons with other analytical methods 

Submission of Papers 

Abstracts of up to 500 words clearly indicating the scope of the work are required by I5 January 1976 
and the complete ~nu~ript by 15 July i976. 

Further information is obtainable from: 

Prof. Dr. F. Lux, 
Institut fur Radiochemie der Technischen Universimt Mtinchen, 
D-8046 Garching, 
F.R. Germany. 
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ERRATA 

In the June issue of Tulanta (1974), on p. 533, the two lines under the heading MODE DE CALCUL 
PROPOSE should read 

Dans l’expressionempirique de la courbe analytique:’ I = KC”, I est PintensitP; relative, K une constante, C la 
concentration dans l’kchantillon et n le faeteur d%mission. 

On p. 534 of the same issue, the leading 4 lines up from the foot of the page should read 
D&ern&atim de R, Set C pour les deux entmirreurs 

iv 



ERRATUM 

In the paper by W. P. Koch, D. P. Poe and H. Diehl, T’lanta, 1975, 22, 609, on p 610 half of Program A 
was accidentally omitted. The full program appears overleaf and should be inserted opposite p 610. 

See overleaf 
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Reprints of the following reviews published in Talanta are 
available from Learned Journals Division, Pergamon Press Ltd., 
Headington Hill Hall, Oxford, England, or Pergamon Press Inc., 
Maxwell House, 380 Saw Mill River Road, Elmsford, New York 
10523, U.S.A. 

1 Precipation of Metal Chefates from Ho~gen~us 
Solution by F. H. Firsching 

2 Recent Developments in the Ring Oven Technique 
by H. Weisz 

3 Adsorption Indicators in Precipitation Titrations 
by R. C. Mehrotra and K. N. Tandon 

4 Radiometric Titrations by T. Braun and J. Tiilgyessy 

5 Recent Uses of Liquid Ion Exchangers in Inorganic Analysis 
by H. Green 

6 Applications of Nuclear and Electron Magnetic Resonance 
in Analytical Chemistry by B. D. Flockhart and R. C. Pink 

7 A Critical Evaiuation of Calorimetric Methods for 
Determination of Noble MetalsHI: Palladium and Platinum 

by F. E. Beamish 

8 A Critical Evaluation of Calorimetric Methods for 
Determi~t~n of Noble MetalsHI: Rhodium, Iridium, 
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