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PRESENTATION OF THE SYMPOSIUM 
“ELECTROCHEMISTRY - A FRONTIER FIELD OF THEORETICAL AND 

PRACTICAL INTEREST ’

Under the patronage of “Babes-Bolyai" University of Cluj-Napoca. the Cluj - 

Branch of the Roumanian Academy of Science and the Ministry of Research and 

Technology took place between 31 st October - 3rd November 1996, the 

International Symposium "Electrochemistry - a Frontier Field of Theoretical and 

Practicai Interest" - ELFI, initiated and organized by the Group of Chemical Research 

írom the Faculty of Chemistry and Chemical Engineering.

There were three main goals of this symposium: to bring together the 

Roumanian electrochemists, to give the possibility of revealing the value of the 

Roumanian electrochemical school to foreign scientists and, last but not least, the 

présentation of our University and country.

The ELFI - Symposium is meant to continue the Roumanian Electrochemical 

National Seminary and more, to become a correspondent event for the Journées 

d’Electrochimie in our region. In order to ensure the proper conditions for this 

complementarity it is intended to schedule the ELFI - Symposium every two years, in 

the Central and Eastern European countries under the high patronage of ISE, in the 

years that alternate with those of the Journées d’Electrochimie.

In 1996 at ELFI participated 124 scientists from 14 countries. We were 

honored to hâve among our guests 20 great foreign scientists like Prof. Sigeru Torii 

(Japan), Prof. Claude Moinet and Prof. Guy Mousset (France), Prof. Luigi Campanella 

(Italy), Prof. Jean Lessard (Canada), Prof. Dieter Britz (Denmark), Prof. György Inzelt 

(Hungary) a.s.o. The full papers were refereed by the Scientific Board of the ELFI and 

those accepted are published in the present issue of the journal “Studia Universitatis 

Babes-Bolyai - Chemia”.

The first impact of this international meeting is the agreement of Prof. Torii, 

Lessard and Inzelt for the scientific coopération with the Gioup of Chemical Research. 

We hope also that the publications of the papers of well-known scientists in the field 

of electiochemistry will increase the quality and the récognition of our journal

Executive Editor

Dr Luminița Silaghi-Dumitrescu
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GENERATION AND SYNTHETIC USE OF REACTIVE TRANSITION METAL COMPLEXES 
IN ELECTROLYSIS SYSTEMS

Sigeru Torii

Department of Applied Chemistry, Faculty of Engineering, 
Okayama University, Okayama 700, Japan

The metal complexes generated in electrooxidation and réduction media are expected to exhibit 

unusual behavior due to the unique phenomena in the vicinity of the electrode surface, which may 

enable us to open a promising entry to a new mode of metal-catalyzed reactions. Mean while, 

asymmetric synthesis by the aid of homogeneous metal catalysts with well designed chiral ligands 

is a challenging subject in modem organic chemistry. Only a few electrochemical versions hâve, 

however, been envisioned presumably because of luck of the suitable mediatory Systems. This 

paper deals with Os and Mn complexes recycling in the electrooxidative media together with their 

application for the synthesis of Z-shikonin. The former opened new mode of Pd-catalyzed 

reactions and the later allow us to realize electrochemical asymmetric dehydroxylation and 

epoxidation of olefins.

(1) Electrochemical Os-Catalyzed Asymmetric Dihydroxylation of Olefins:

Notable success of chiral ligands for Os-catalyzed asymmetric dihydration of olefins stimulâtes 

further development as an electrochemical process, which could be encountered:
(1) minimum use of co-oxidant [K3Fe(CN)6] for potassium osmate,

(2) decreasing use of the amount of KjOsO2(OH)4,

(3) finding novei co-oxidant Systems.

(4) performing in an undivided cell.

As a preliminary study, we investigated the above two beginning items.1 Recently, the 

effective chiral ligands for enantioselective dihydroxylation of olefins hâve intensively been 

investigated. Among the reported asymmetric dihydroxylation Systems, the superiority of a 
^O/t-BuOH-K^FeiCNl^/KjCOj System with chiral ligands, i.e., dihydroquinidine (DHQD) 

and/or dihydroquinine (DHQ) derivatives, has been mentioned.2 Herein we disclose a preliminary 

studies on the electrochemical Os-catalyzed asymmetric dihyroxylation of olefins with Sharpless' 

ligands (L*).
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L*

—* HOCHa^^Ph

31 2

As shown in Table I, the reconfirmative attempt for Sharpless' chiral diol synthesis on styrcne 

was fully successful by obtaining 97.2 % ее in 88 % conversion yield (Scheme 1). Our initial 

efforts were focused on the chiral Os-complex assisted electrosynthesis to examine mediator 

activity by employing 0.3 équivalent (10 weight %) of potassium ferricyanide as a co-oxidant. 

The mixture was electrolyzed in an undivided cell equipped with two Pt-electrodes under a constant 

current of 2 mA/cm2 under vigorous stirring (applied voltage: 1.0~3.0 V). Happily enough, after 

passage of 2.33 F/mol of electricity, we could obtain the desired diol 3 in very high values both on 

% ее and conversion yield (Table I, Run A), clearly demonstrating that the chiral induction System 

together with the co-oxidant does work under the employed electrolysis conditions. Further 

reducing the amount of the co-oxidant [KjFeiCN)^] to 0.1 équivalent did not give any change on 

the asymmetric induction as well as the conversion yields (Table I, Run B). Under a similar 

electrolysis conditions, small change in the yields has been found when the amount of the co- 

oxidant was diminished to 0.05 mmol. We obtained the diol 3 in 95.3 % ее and 82 % conversion 

yield. It is worthy to note that both potassium Chloride and potassium bromide are also effective as 

co-oxidants in the absence of КзРе(СЛ)$. The electrolysis système of K2OsO2(OH)4/KCl and/or 

K2OsO2(OH)4/KBr afforded ca. 92 - 93 % ее at room température in spite of their inferior 

conversion yields (ca. 48 ~ 65%).

Next attempt was to clarify the limitation of reducing the amount of potassium osmate in the 

electrolytic recycling System. The resuit obtained by use of one-fourth amount of the Os-catalyst 

(Table I, Run C) demonstrates that asymmetric dihydroxylation of styrene proceeded still in high 

yield of enantiomeric excess (ca. 99 % ее). However, the decrease of the conversion yield down 

to 72 % should be improved. The efficient formation of chiral osmate ester 2 in an electrolytic 

bulk solution may reflect high values of enantiomeric excess in every electrolysis conditions (Runs 

A, B, and C). Enantiomeric excesses obtained in the electrolytic asymmetric dihydroxylation of 

various olefins under the typical experimental conditions are summarized in Table II. The 

relatively better % ее and conversion yield are obtained in respects to the figures reported in the 
literatures.2
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Table I Chiral Os-Complex Assisted Electroiyntheiii Table П Chiral Os-Complex Assisted Electroiyntheiii 
of Chiral Diol nom Styrene of Chiral Dio»

Conditions
Reexam.
Sharpless' 
Conditions

Blectrolysis Run Olefin Conv. Yield, 
%

Ее, % Config. Obi [a]
A B C

Styrene 1 1 1 1 PhH^ 95 97.3 R(-) -63.4
1-BuOH 5 3 3 5

H2O 5 5 5 5 n-C4H,'X^ 71.2 84.1 R(+) 1-14.1
KsCOj 3 3 3 3

(DHQOhPHAL 0.01 0.01 0.0! 0.01 ß-Naphthyl^5^ 75 86.4 R(-) -29.1

KeFsfCNJe 3 0.3 0.1 0.1 87.0 86.3 R(-) -29.1

К|ОЮг(ОН)4 0.002 .0.002 0.002 0.0005 69 91.8 R(+) 1-10.9

Etoctridty (F/mol) ■ 2.33 2.33 2.33
(93, OC)

Time (h) 
Temp.(*C) 0

31.2
0

31.2
0

31.2
0

Ph^5^ 92.8 90.3 R(-) -13.1

Conv. Yield, («) 88 93 93 72 PK^Ph 97.0 100 RR(+) +91.0
%ee 97.2 97.2 97.3 99.0

In continuation of our research in asymmetric dehydroxylation reactions, we found that iodine 

and iodine-iodide combinations are efficient co-oxidant for the osmate recycling.3 Namely, 

iodine-assisted chemical and electrochemical asymmetric dihydroxylation of various olefine in I2- 

K2CO3-K2OsO2(OH)4 and I2-K3PO4/K2HPO4 Systems with Sharpless' ligand provided the 

optically active glycols in excellent yield and high enantiomeric excess. Iodine (I2) was used 

stoichiometrically for the chemical dehydroxylation, and good résulte were obtained with 

nonconjugated olefins in contrast to the case of potassium ferricyanide as a co-oxidant. The 

potentiality of I2 as a co-oxidant under stoichiometric conditions has been proven to be effective as 

an oxidizing mediator in electrolysis système (Table Ш). Iodine-assisted asymmetric electro- 

dihydroxylation of olefins in either a t-BuOH/HîOil/O-^COs/iDHQDhPHAL-CPt) or r-BuOH/ 

H2O(l/l)-K3PO4/K2HPO4/(DHQD)2PHAL-(Pt) System in the presence of potassium osmate in an 

undivided cell. Irrespective of the substitution pattern, ail the olefins afforded the diols in high 

yields and excellent enantiomeric excess (Table IV).
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l abié III Chiral Os-Complcx Assister! Electrosynthesis Table IV Chiral Os-Complex Assisted Electrosynthesi: 
of Chiral Diol from Styrene of Chiral Diols

Conditions
Electrolysis Run Olefin Conv. Yield.

%
Ее. % Config.

D E

Styrene 1 1 Ph^ 96.0 97.1 R
t-BuOH 5 5
H?O
K2CO3

5
3

5 п-СвНп^Ч 87.6 >99 R

(DHQD)2PHAL 0.01 0.01

i<2OsO2(OH)4 0.002 0.0005 ß-NaphthyK^ 87.6 >99 R

’2 0.5 0.5

K3PO4/K2HPO4 - 1.2/1.8
92.9 97.3 RR

Electricity (F/mol)

Time țh)

2.33
31.2

2.33
31.2 86.0 87.0 R

Тетр. (°C) 0 0

Conv. Yield, (%) 93.7 96.0 88.2 >99 RR
% ее 97.9 97.1

(2) Electrochemical Mn-Catalyzed Asymmetric Epoxidatlon of Olefins:

We hâve also examined electrochemical asymmetric epoxidation by using Jacobsen-Katsuki 

type manganèse complexes. Somé typical examples are listed in Table V. Under the lowei 

température, both conversion yields and enantiomeric excess values aie improved.

4

-e~, (Â,«)-6(5 mol%)

H2O/CH2C12-NaCl(lM)-(I>t)

undividcd cell

(R,R)-6

Table V Asymmetric Electro-Epoxidation of Olefins with Mn-Complexes

Entry Substrate Temp., *C Epoxide, 6 
Yield, % ее, % Config.

1 rT\ 0 70 86 IX. 2S

2 PiTX room temp. 57 81 IR.2S

3 p>=
0 65 63 R

4 room temp. 44 47 R

4



(3) Synthesis of l-shikonin Involving Electrochemical Asymmetric 

Dihydroxylation Reaction:

The novei 12-mediated asymmetric dihydroxylation reactions could be used successfully for 
the synthesis of /-shikonin as shown below.4

Electrooxidation 
LiClO«, (PtHPt) 

in MeCN-H2O
Э1 %

REFERENCES

1) S. Torii, P. Liu, and H. Tanaka, Chem. Lett., 1995, 319.

2) K. B. Sharpless, J. Org. Chem., 54, 2263,1989; P.-О. Nonby, H. C. Kolbe, and K. 

B. Sharpless, J. Am. Chem. Soc., 116, 8470,1994, and référencés cited therein.

3) S. Torii, P. Liu, N. Bhuvaneswari, Christian Amatőré, and Anny Jutand, J. Org. Chem., 

61, 3055, 1996.

4) S. Torii and K. Akiyama, to be published.
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CELLULE A CIRCULATION A ELECTRODES POREUSES. 

APPLICATIONS EN ELECTROSYNTHESE ORGANIQUE ET ORGANOMETALLIQUE.

Didier Honer, Jean Pierre Hurvois, Patricia Jégo, Claude Moinet.

Laboratoire "Electrochimie et organométalliques".

Université de Rennes I, campus de Beaulieu, 35042 Rennes Cedex (France)

RESUME

L'utilisation, en électrosynthèse organique et organométallique, de cellules à circulation à 

électrodes poreuses de grande surface spécifique (feutre de graphite) permet de réduire ou d'oxyder, 

avec une bonne sélectivité des substrats variés avec des taux de transformation élevés (>95 %) après 

un seul et bref passage (quelques secondes) à travers l'électrode. Le produit résultant qui, dans 

certains cas, possède une durée de vie limitée peut alors être utilisé dès la sortie de l'électrode poreuse 

dans une réaction chimique ou électrochimique sur une seconde électrode poreuse (cellule "redox"). 

Diverses applications montrant l'intérêt du procédé soit en électrolyse directe, soit en électrolyse 

indirecte utilisant un médiateur (catalyseur) dans un procédé bi-phasique ex-cell sont présentées. Par 

ailleurs, des électrodes poreuses modifiées dans la masse par greffage de complexes 

organométalliques ont été élaborées pour des applications en électrocatalyse réalisées en cellule à 

circulation.

INTRODUCTION

L'avantage d'une cellule d'électrolyse fonctionnant avec un seul passage de la solution à

travers une électrode poreuse de grande surface spécifique est d'isoler rapidement de l'électrode le

produit formé avec un bon rendement. La durée d'une électrolyse dépend en effet de la surface

spécifique A/V (A: surface active de l'électrode, V: volume de la solution en électrolyse), et cette
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durée est d'autant plus faible que la surface spécifique est plus élevée. Des électrodes poreuses 

utilisées sans recyclage de la solution peuvent présenter de très grandes surfaces spécifiques: la 

surface active A est d'autant plus importante que l'électrode est plus divisée et le volume à considérer 

est celui contenu à l'intérieur de cette électrode. Le feutre de graphite est, parmi les matériaux poreux 

conducteurs, celui qui possède l'une des surfaces spécifiques les plus élevées. 11 est ainsi possible, 

sur feutre de graphite, de réduire ou d'oxyder des substrats variés avec des taux de transformation 

élevés (> 95%) après un seul et bref passage (quelques secondes) à travers l’électrode. Le produit 

résultant qui, dans certain cas, possède une durée de vie limitée peut être mis en oeuvre dès la sortie 

de l'électrode poreuse dans une réaction chimique ou électrochimique sur une seconde électrode 

poreuse (cellule "redox"). Par rapport aux techniques d'électrolyse classiques, l'utilisation 

d'électrodes poreuses sans recyclage permet ainsi de diminuer notablement l'échelle de temps. 

L'échelle de temps est, en effet, un paramètre très important en électrochimie organique ou 

organométallique, tout particulièrement lorsque des réactions chimiques interviennent parallèlement 

aux réactions électrochimiques (mécanismes ЕС, ЕСЕ,.... ).

Cependant, une électrode poreuse ne peut-être utilisée dans toutes les électrolyses. Des 

difficultés techniques peuvent apparaître soit en présence d’espèces insolubles qui colmatent 

l'électrode (substrat initial ou produit), soit en présence de dégagement gazeux trop importants qui 

perturbent l'écoulement de la solution et provoquent une mauvaise répartition des potentiels de travail 

à l'intérieur de l'électrode poreuse.

RESULTATS ET DISCUSSION

1-Princlpe  des cellules d'électrolyse à une ou deux électrodes poreuses

l.l-Montage  à une électrode poreuse

Le schéma de principe à une électrode poreuse équipée de deux contre-électrodes est 

représentée sur la figure 1.

Les contre-électrodes disposées en amont et en aval dans des compartiments séparés par

des membranes anioniques ou cationiques, sont de mêmes sections que l'électrode poreuse et

parallèles aux faces d'entrée et de sortie de celle-ci. La mise en place de deux contre-électrodes en

7



amont et en aval assure une répartition des potentiels de travail suffisamment étroite [1-3] po 

permettre une bonne sélectivité de la réaction électrochimique (cf. §2.1.1).

Fig. 1- Schéma de principe d'une cellule à une anode poreuse disposée entre deux contre-électrode.
(a) anode poreuse; (c) contre-électrodes; (d) membranes
Ei,E2; alimentations stabilisées; ij, 12: intensité des courants 

sens de circulation de l'électrolyte

L'intensité du courant d'électrolyse est la somme des intensités des courants amont et av< 

(i = Í1+Í2); elle est maintenue constante pendant toute la durée de l'électrolyse et elle est déduite de 1 

loi de Faraday en considérant la concentration de l'espèce électroactive, le débit de la solution et 1 

nombre de faradays échangés dans la réaction électrochimique.

1.2- Montage à deux électrodes poreuses consécutives de polarité 

opposées (cellule "redox").

Le montage, schématisé sur la figure 2, à deux électrodes poreuses consécutives di 

polarités opposées séparées par un isolant poreux de faible épaisseur, permet d'éffectuer une second* 

réaction électrochimique immédiatement après la première. La méthode est d'un intérêt certain lorsqu« 

l'espèce produite sur la première électrode poreuse est peu stable.

La présence de deux contre-électrodes en amont et en aval et de trois circuits d'élcctrolys« 

assure d'une part, une bonne répartition des potentiels de travail à l'intérieur des électrodes poreuse; 

et permet d'autre part, d'ajuster les intensités des courants de réduction et d'oxydation aux quantité; 

d'électricité mises en jeu respectivement dans les réactions cathodique et anodique. Dans le cas 

particulier de la figure 2:

Íred=il+Í2 íox = Í2+Í3

8



Fig 2-Schéma de principe d'une cellule "redox" à circulation à deux électrodes poreuses consécutives
(a) cathode poreuse; (b) anode poreuse; (c) contre-électrodes; (d) membranes;
(e) isolant poreux; Е^Ез.Ез : alimentations stabilisées; ib Í2, Í3 : intensités des courants. 
—*- sens de circulation de l'électrolyte.

Cependant, et en particulier lorsque la quantité d'électricité qui intervient au niveau de la 

seconde électrode poreuse est inférieure à celle mise en jeu sur la première électrode poreuse, 

l'expérience montre que le troisième circuit d'électrolyse peut-être supprimé (Í3 = 0)

2-Exemples  d'applications.

A l'échelle du laboratoire nous avons construit et utilisé des cellules équipées d'électrodes 

de 4 - 5,2 ou 8 cm de diamètre et de 0,6 ou 1,2 cm d'épaisseur. Les concentrations en substrat dans 

divers solvants aqueux ou non aqueux varient généralement de 10-3 à 2.10-2 mol ]-l et les débits de 

solution sont d'environ 12 cm3 mn-l pour une électrode de 8 cm de diamètre.

2.1- Electrosynthèses directes sur feutre de graphite.

2.1.1- Montage à une électrode poreuse.

Diverses oxydations ou réductions électrochimiques ont été réalisées sur électrode en 

feutre de graphite sans recyclage de la solution. Elles concernent la réduction de nitrobenzènes en 

phényl hydroxy lamines [4], de nitroporphyrines en hydroxylaminoporphyrines ou en 

aininoporphyrines [5], de thiazines substituées [6] ou l'oxydation de dihydropyridines [7-9], de 

dihydrobenzazépines [10], d'indazolinone [11,12], d'urazoles [12], de phtalhydrazides [12] ou des 

mas complexes Cr(CO)5X- (X = CN, 1) [13].
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Les quelques exemples qui suivent illustrent les possibilités offertes par les cellules à 

électrode poreuse.

Le voltammogramme cyclique de la dihydrobenzo(c)-[2,7]naphtyridine présente en milieu 

tampon acétique (CH3CO2H 0,5 M + CHßCChNa 0,5 M) deux pics d'oxydation successifs (pic A : 

Epai = 0.78 V ecs; pic B : Ераг = 0,98 V ecs) (figure 3, courbe a). La première oxydation à 2F par 

mole intervient au niveau du cycle pyridinique (réaction 1) alors que la seconde concerne la fonction 

amino. En contrôlant rigoureusement l'intensité du courant et la vitesse d'écoulement de la solution, 

l'électrolyse en cellule à circulation [8] sur anode en feutre de graphite permet d'oxyder sélectivement 

au niveau du pic A comme le montre le voltammogramme de la solution obtenue en sortie de cellule ; 

le pic A a totalement disparu sans que le pic B soit affecté (figure 3, courbe b). Après électrolyse 

l'aminonaphtyridine N-oxyde est isolée avec un rendement de 65 %.

Fig.3 - Voltammogrammes cycliques de la dihydrobenzo (c)-[2,7J naphtyridine
Electrode : carbone vitreux; tampon acétique 0,5 M + éthanol 1-1; vitesse de balayage 0,1 Vs1 
a - avant oxydation; b - après oxydation sur feutre de graphite.
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La parfaite efficacité du dispositif à une électrode poreuse localisée entre deux contre- 

électrodes se traduit donc par un taux de transformation élevé après un seul passage de la solution 

dans l'électrode et par une bonne répartition du potentiel de travail dans l'anode poreuse qui conduit à 

une sélectivité élevée.

La réduction électrochimique du mélange d'a et ß -nitrodeutéro-porphyrines la et Ib n'est 

réalisable qu'en milieu méthanol à 3 % d'acide sulfurique.

н R| си,

Г h д la R, - NO, R,-H

« J *’ n> R|-H Rí-NO,

(\\ ГЛ На Ri-NHOH R,-H
ПЪ R,-H Rj-NHOH
Ша R|-NH, R,»H

г г шъ Ri-H R,-NH,
Oh к

cooffl, соосн,

Les produits de réduction (hydroxylamines Ha et 1 Ib, amines Hla et Hlb) étant peu stables 

dans ce milieu ne peuvent être préparés dans une cellule à électrode plane, la durée de l'électrolyse 

étant trop importante.

RNHOH

Fig.4 - Réduction de nitrodeutéroporphyrines en milieu méthanol à 3% d'acide sulfurique sur cathode 
poreuse en feutre de graphite. Neutralisation et extraction en continu en sortie d'électrode.

Par contre, la réduction sur cathode poreuse en feutre de graphite suivie d'une

neutralisation par de la soude et une extraction en continu par du chloroforme soit en sortie de cellule

(préparation de l'amine) soit en sortie d'électrode (préparation de l'hydroxylamine) (figure 4) permet
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d'isoler, après purification, le mélange dliydroxylamincs Па et Ilb avec un rendement de 24 % et le 

mélange d’amines IHaet Illb avec un rendement de 64 % [5]. Tous les essais de préparation de ces 

composés par réduction chimique ont échoué.

Les l,2,4-triazoline-3,5 diones substituées en position 4 sont des espèces à fort pouvoir 

diénophile mais elles sont très sensibles aux attaques nucléophilcs. Ainsi, la 4-m.tolyl-1,2,4- 

triazoline-3,5 dione obtenue par oxydation à 2 F par mole, sur anode en feutre de graphite, de la 4- 

m.tolyl-l,2,4-triazolidine-3,5-dione en milieu méthanol à 2 % d'acide sulfurique évolue rapidement et 

ne peut être isolée du milieu réactionnel [12].

N=N 
-2C-2H+ Cs A 

(anode poreuse) N

m.Tol

(2)

Cependant, l'addition de 1,3-cyclohexadiène à la solution électrolysée en sortie 

d'électrode poreuse permet de piéger la quasi totalité de l'espèce diénophile et d'isoler l'adduit de 

Diels-Aider avec un rendement de 87 % [12].

Méthanol_____

Acide sulfurique 2% (3)

L'oxydation sur anode poreuse en feutre de graphite de 1-benzazépines [14], de 

tétrahydroquinolines ou de N-phényl-pipéridines en présence d'ions cyanures dans le méthanol 

conduit aux a-aminonitriles correspondants. Ainsi, l'oxydation à 2F par mole de la N-phényl-3,5 

diméthylpipéridine en présence d'un excès d'ions cyanures (8 parts pour 1 part d'amine) en solution 

dans le méthanol additionné d'acétate de lithium 0.3 M fournit stéréosélectivement la N-phényl-2 

cyano-3,5-diméthylpipéridine avec un rendement de 70 %.
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CN

(4)

2.1.3 - Montage à deux électrodes poreuses consécutives.

L'exemple type d'utilisation d'une cellule à deux électrodes poreuses consécutives de 

polarités opposées est la synthèse de nitrosobenzènes à partir des composés nitrés correspondants 

selon la suite de réactions de réduction et d'oxydation [3,15-20].

A'N,,= (iaSteX-st) A,NHOH * »2° ,5>

Art,H0H sæXj (и

L'oxydation, sur la seconde électrode, de la phénylhydroxylamine formée sur la première 

électrode est suffisamment rapide et complète pour éviter toute formation d'azoxybenzènes par 

condensation :

/°
AiNO ♦ AiNHOH ---------» ArN = NAr+H2O (7)

En outre, l'oxydation intervenant aussitôt après la réduction, une stabilité limitée de la 

phénylhydroxylamine produite sur la cathode poreuse (durée de vie de quelques dizaines de secondes) 

l'empêche cependant pas la synthèse de dérivés nitrosés avec des rendements élevés [3]. Par 

ixemple, des nitrosobenzènes difficiles à obtenir par les méthodes chimiques classiques (substituants 

imides ou esters en position ortho [18] on été préparés, avec des rendements généralement supérieurs 

90 %, en milieu alcool-tampon acétique, dans une cellule à deux électrodes poreuses et à une contre- 

lectrode localisée en amont (cf. figure 2 avec Í3 = 0). Pour une intensité des courants identique dans 
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les deux circuits d'électrolyse (i[ = Í2), le courant d'oxydation qui est la moitié du courant de 

réduction est en accord avec le bilan faradique au niveau de chaque électrode poreuse.

Une répartition différente des intensités dans les deux circuits O2 = ii/3) ne permet 

d'oxyder, sur l'anode poreuse, que 50 % de la phénylhydroxylamine produite sur la cathode et la 

réaction (7) qui se produit en dehors de la cellule, fournit le dérivé azoxybenzène avec des rendements 

élevés. Cette méthode appliquée au (cyclopentadiène fer nitrobenzène)+ en milieu tampon acétique- 

alcool a conduit au complexe (di-cyclopentadiènyl fer azoxybenzène)2* avec un rendement de 66% 

[20].

Un second exemple rend compte de la souplesse du procédé "redox”. Le polarogramme 

de la 5-(4-nitrophényl)-10,15,20-tns(4-pyndyl)porphyrine (nitroporphyrine), en milieu H2SO4 

0,5 M présente plusieurs vagues de réduction successives attribuées à la fonction nitro et au cycle 

porphyrinique de sorte que la réduction de la fonction nitro ne peut être réalisée sans affecter le 

macrocycle porphyrinique. Par ailleurs la forme réduite du macrocycle subit un réarrangement 

irréversible rapide. Les synthèses de l'aminoporphyrine et de la nitrosoporphyrine ont cependant pu 

être effectuées dans une cellule ”redox"[19].

R'.R1.RÎ._@î

**■-©-N0,

Dans le premier cas, l'intensité du courant sur la cathode poreuse calculée pour 

correspondre à 11F par mole de substrat permet de réduire à la fois le groupement nitro en fonction 

amino et partiellement le macrocycle. La réoxydation à 5,5 F par mole du macrocycle réduit intervient 

immédiatement sur l'anode poreuse et il est possible d'isoler l'aminoporphyrine avec un rendement de 

80 %.

Dans le second cas, pour des intensités des courants imposées respectivement en 

réduction et en oxydation à 5,5 F et 3,5 F par mole de nitroporphyrine, le rendement en 

nitrosoporphyrine isolée après purification est de 68 %.
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2.2- Electrosynthèses indirectes.

L'électrolyse indirecte réalisée selon le procédé schématisé sur la figure 5 permet de 

surmonter les difficultés liées à la faible solubilité des substances organiques en milieux aqueux ou 

hydroorganiques et à la mauvaise conductibilité électrique des milieux organiques.

Fig.5 - Schéma de principe d'une électroréduction indirecte.
A- cellule d'électrolyse à cathode poreuse; B- réservoir - décanteur; C- réacteur; D- pompes.
Mæd. Mo*: médiateur rédox en phase aqueuse; S: substrat en milieu organique; P: produit.

Le médiateur appartenant à un couple redox soluble dans l'eau sous ses deux formes 

traverse l'électrode poreuse et réagit, en dehors de la cellule , avec le substrat organique en solution 

dans un solvant organique non miscible à l'eau. La phase aqueuse étant continuellement recyclée dans 

la cellule, le médiateur peut être utilisé en quantité catalytique par rapport au substrat.

La méthode a été développée pour réduire des nitrobenzènes en solution dans le 

dichlorométhane ou le toluène par le complexe (CsHs^ Ti+ mis en oeuvre comme médiateur en milieu 

aqueux acide (H2SO4 IN). Les composés nitrés sont transformés sélectivement en amines 

correspondantes et la forme réoxydée du complexe (CsH5)2 Ti OH+ est réduite sur une cathode 

poreuse en feutre de graphite par recyclage de la phase aqueuse jusqu'à complète réduction du 

composé nitré [21-23]. Le complexe (CsHsh Ti OH+ est initialement formé par hydrolyse acide de 

(CsH5)2Ti Cl2 [24].
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6(C5H5)2TiOH+ + бе + 6H+
А
I
•
I
I

Cathode ------- ► 
poreuse

6íC5H5)2Tt+ 4- 6H2O (8)

1 I»
6CC5H5)2Ti+ + ArNO, + ДЕЗО > 6(С5Н5)2Т1ОН+ + ArNH2 (9)

Le procédé a été étendu à la synthèse de différents hétérocycles azoté par réduction de

nitrobenzènes substitués en ortho par des groupements carbonyle, ester ou nitrile. Par exemple :

(10)

(H)

CN

Il a été montré [23] qu'une réaction de transposition intervient lors de la réduction

idirecte d'esters ou de carbonate dérivés de l'o.nitrophénol
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OC—R 

II
O

о
II 

HC—R

(14)

2.3-EIectrodes  en feutre de graphite modifié.

Les électrodes modifiées ont, la plupart du temps, été élaborées pour leurs propriétés 

électrocatalytiques. Le greffage de catalyseurs dans la masse d'une électrode en feutre de graphite a 

été envisagé pour des applications dans les cellules à circulation à électrodes poreuses.

La méthode générale qui permet le greffage, par liaison covalente, d'un catalyseur à la 

surface du graphite met en oeuvre la suite de réactions :

cf

4NHR

\ \
\

c 4
oxydation

------------- ► C 0 SOCl2 C\
г >

O RNH,
c" _____ > C\

\ \
V ...........>

4OH \ 4ci \

N N \

(15)

Divers auteurs ont effectué la première étape d'oxydation par chauffage du graphite sous 

oxygène ; dans les mêmes conditions opératoires, le feutre de graphite étant inerte, l'oxydation a été 

réalisée, en présence d'une solution aqueuse de KNO3, par électrolyse [25] dans une cellule à 

circulation.

L'homogénéité du greffage dans la masse de l'électrode a été contrôlée par voltammétrie 

cyclique (figure 6) après réaction de la l-ferrocény!éthylamine sur le chlorure d'acide produit dans la 

seconde étape de fonctionnalisation.

Le taux de greffage (de l'ordre de 4х1(У6 mole par cm3 de feutre) est déduit de mesures 

coulométriques réalisées à potentiel contrôlé : il existe une bonne corrélation entre le résultat 

coulométnque et l'intensité des courants déduits des voltammogrammes cycliques.
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Fig.6 - Voltammogramme cyclique d'un feutre de graphite après greffage de la 1-ferrocényléthyl- 
amine; H2SO4IN; vitesse de balayage 0,01 Vs-1

La stabilité de l'électrode modifiée a été vérifiée après oxydation catalytique, dans une 

cellule à circulation, d'iôns cyanures ou d'acide ascorbique ; le taux de greffage reste pratiquement 

inchangé après plusieurs milliers de cycles.

La méthode mise au point pour le greffage d'aminoferrocènes dans la masse du feutre de 

graphite a pu être généralisée à d'autres composés organométalliques (complexes aminés du 

ruthénium; aminoporphyrines métallées, complexes cationiques du fer).

CONCLUSION

Les cellules à électrodes poreuses de grandes surfaces spécifiques, fonctionnant avec un 

seul passage de la solution dans les électrodes, sont d'un grand intérêt en synthèse organique et leur 

utilisation doit permettre la préparation de produits difficiles, voire impossibles à obtenir par les 

méthodes chimiques ou électrochimiques classiques. En effet, la transformation électroclùmique 

rapide (quelques secondes) et pratiquement totale (>95 %) d'un substrat organique ou organo- 

métallique conduit à la synthèse d'intermédiaires très réactifs, à durée de vie limitée, directement 

utilisables dès la sortie de l'électrode poreuse. Par ailleurs, la modification par greffage dans la masse 

d'électrodes poreuses adaptées aux cellules d'électrolyse à circulation ouvre des perspectives dans le 

domaine de l'électrocatalyse.
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1л procédé à électrodes poreuses apparaît d'autant plus prometteur à grande échelle après 

adaptation d'une cellule filtre-presse à ce type d'électrodes dont la section est de 400 cm2 [26]. Les 

taux de transformation observés sont tout à fait comparables à ceux obtenus avec les cellules de 

laboratoire de petites tailles ( 15 à S0cm3) avec des productivités de plusieurs dizaines de grammes par 

heure. Des applications en chimie fine apparaissent donc tout à fait envisageables.

PARTIE EXPERIMENTALE

Préparation de la dlhydro(c)-[2,7]naphtyrldlne et de l'amino-naphtyrldine 
N-oxyde [8].
Une solution constituée de 1 litre du mélange tampon acétique (CH3CO2H 0,5M + 

СНзСОгЫа 0,5M) + éthanol (1-1 en volume) contenant lg (3,2 mmoles) de 3-cyano-5- 
méthoxycarbonyl-2,6-diméthyl-4 (o-nitrophényl)-l,4-dihydropyridine percole une cathode poreuse 
en feutre de graphite (diamètre 5,2 cm, épaisseur 1,2 cm) avec un débit de 5 cm3 mn-1. L'intensité de 
102 mA (ii = 68 mA dans le circuit amont, Í2 = 34 mA dans le circuit aval) est imposée pour 
correspondre ä une réduction ä 4F de la fonction nitro. Après cyclisation complète de la 
phénylhydroxylamine à 5*C, la dihydro(c)-[2,7] naphtyridine est oxydée sur une anode en feutre de 
graphite. Pour un débit de 5 cm3 mn*1, l'intensité du courant (51 mA : ц = 34 mA, Í2 = 17 mA) est 
calculée pour une oxydation à 2F par mole. Après évaporation de l'éthanol; addition de ЫаНСОз à la 
phase aqueuse et extraction par CH2CI2, la phase organique est séchée sur MgSO4 avant d'être 
évaporée sous pression réduite. Le résidu est purifié par chromatographie sur silice (éluant СН2С1г 
/méthanol 5 %). Le rendement est de 65 %. F = 230 ’C.

Préparation des meso hydroxylamlno et meso-aminodeuteroporphyrines 
[SJ-
Une solution de 0,1 g du mélange des nitroporphyrines la et 1b dans 200 cm3 de méthanol 

contenant 3 % d'acide sulfurique concentré percole une cathode poreuse en feutre de graphite avec un 
débit de 6,2 cm3 mn-1. L'intensité du courant est de 34 mA (ij = 23 mA, Í2 = 11 mA). Un mélange 
d'une solution aqueuse de soude 0,5 M et de chloroforme est introduit dans le compartiment en sortie 
d'électrode pour neutraliser d'une part, et extraire d'autre part, les produits formés. Après lavage de la 
phase organique par de l'eau et évaporation sous pression réduite, le résidu est purifié sur plaque de 
silice (éluant CHCh/méthanol 2 %). Rendement 24 %.

Pour l'électrosynthèse des dérivés amino, une solution de lg du mélange de 
nitroporphyrines la et Ib dans 350 cm3 de méthanol contenant 3 % d'acide sulfurique percole une 
cathode poreuse en feutre de graphite avec un débit de 5,8 cm3 nur1. L'intensité du courant est 266 
mA (h = 176 mA, Í2 = 90 mA). La solution est neutralisée en sortie de cellule par NaOH IM et 
extraite par du chloroforme. Après lavage de la phase organique par de l'eau et évaporation sous 
pression réduite, le résidu est purifié sur plaque de silice (éluant CHCl3/méthanol 2 %). Rendement 
64 %.

Préparation de la 5,8-dihydro-5,8-éthano-2-m.tolyl-5-triazolo [1,2a]
pyridazine-l,3-(2H)-dione [12].
Une solution de 955 mg (5 mmoles) de m.tolylurazole dans 200 cm3 de méthanol

contenant 2 % d'acide sulfurique concentré percole une anode poreuse en feutre de graphite. Pour un
débit de 10 cm3 mn1, l'intensité du courant (804 mA : ii = 536 mA, Í2 = 268 mA) est imposée pour
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une oxydation à 2F par mole. Une solution de 600 ц! (6 mmoles) de 13-cyclohexadicnc da 
100 cm3 de méthanol est injectée dans le compartiment en sortie d'électrode poreuse. Après additi 
d'eau à la phase organique obtenue, évaporation du méthanol et d'une partie de l'eau puis addition 
NaiCCh, la phase aqueuse résiduelle est extraite par de l'éther. Après séchage de l'éther sur MgS< 
puis évaporation sous pression réduite, le résidu est purifié par chromatographie sur colonne de sili 
(éluant : dichlorométhane). Rendement 87 %. F = 176-178 °C.

Préparation de la N-phényl-2-cyano-3,5-diméthylpipéridine.
Une solution de 0,78 g (4,1 mmoles) de N-phényl-3,5-diméthyipipéridine dans 700 cr 

de méthanol contenant 03 mol l1 en CH3CO2LÍ et 1,6 g (33 mmoles) de NaCN percole une ano 
poreuse avec un débit de 5 ml mir1. L'intensité du courant 120 mA (i> = 80 mA, Í2 = 40 mA) < 
imposée pour correspondre à une oxydation à 2F par mole.*

Après évaporation sous pression réduite du méthanol puis addition de 100 cm3 d'eau, 
solution est extraite par le dichlorométhane. Le solvant séché sur MgSOa est évaporé sous pressi 
réduite. Le résidu est purifié sur colonne de silice (éluant éther-éther de pétrole 80-20). Rendement 
%.

Préparation du complexe (di-cyclopentadiényl fer azoxybenzène)2 + [20]
Une solution de 0,5 g ( 13 mmole) du cation (cyclopentadiényl fer nitrobenzène)4- da 

250 cm3 du mélange tampon acétique (CH3CO2H 2,5 M + СНзСОгЫа 2,5 M) + éthanol (1/4 
volume) percole une cathode poreuse puis une anode poreuse avec un débit de 5,6 cm3 mn1. L 
intensités des courants à la cathode (231 mA) et à l'anode (58 mA) sont imposées pour correspondn 
une réduction à 4F par mole du composé nitré et une oxydation à 2F de 50 % de 
phénylhydroxylamine formée intermédiairement. La solution en sortie de cellule est maintenue so 
courant d'azote pendant 6 h avant d'être additionnée de quelques gouttes d'une solution aqueuse 
HPF6 à 60 %.

Après évaporation de l'alcool sous pression réduite, le précipité rouge est isolé p 
filtration et rincé plusieurs fois à l'éther. Rendement 66 %.

Préparation de la 5-(4-aminophényl)-10,15,20-tris(4>pyridyl)porphyrii 
et de la 5-(4-nitrosophényl)-10,15,20-tris(4-pyridyl)porphyrine [19].

Une solution de 0,5 g de 5-(4-nitrophényl)-10,15,20-tris(4-pyridyl)porphyrine dans 500 cm3 d'aci 
sulfurique IN percole une cathode poreuse puis une anode poreuse avec un débit de 5 cm3 mn 
Pour l'électrosynthèse de l'amine, les intensités des courants pour la réduction et l'oxydation sc 
respectivement 134 mA et 67 mA. Pour l'électrosynthèse du dérivé nitrosé, les intensités des courai 
pour la réduction et l'oxydation sont respectivement 67 mA et 43 mA. Après chaque électrolyse, 
solution est neutralisée par NaOH IN puis extraite par le chloroforme. Après lavage par de l'eau 
séchage sur MgSC>4 le solvant organique est évaporé sous pression réduite ; le résidu est punfié s 
plaque de silice (éluant chloroforme/méthanol 3 %). Rendements : 80 % en amine, 68 % en déri 
nitrosé.

Réduction indirecte d'un nitrobenzène [22]
Avant l'électrolyse (c/. figure 5), 200 cm3 d'une solution aqueuse de H2SO4 1 

additionnée de 0,5 g de (CsHs^ Ti CL et 200 cm3 de dichlorométhane contenant lg d'i 
nitrobenzène sont introduits dans le réservoir décanteur B maintenu sous azote. Pendant l'élcctrolyi 
la phase aqueuse percole la cathode poreuse en feutre de graphite avec un débit de 8 cm3 mn 
L'intensité du courant (130 mA : ij = 90 mA, Í2 = 40 mA) est calculée pour correspondre à 
réduction complète de (CsHs)2 Ti OH+ après chaque passage dans l'électrode poreuse. La solutu 
réduite en sortie de cellule et la phase organique du dérivé nitré sont envoyées et mises en contact so 
une forte agitation dans le réacteur C. Le mélange réactionnel est continuellement recyclé jusqt 
complète réduction du composé nitré

L'aniline obtenue est généralement contenue dans la phase aqueuse acide Apr
neutralisation par de la soude IN, la phase aqueuse est extraite par de l'éther; après séchage s
MgSO4, la phase éthérée est évaporée sous pression réduite. Le résidu est punfié p
chromatographie sur colonne de silice.

20



Greffage de la 1-ferrocényléthylainine sur feutre de graphite.
Une solution aqueuse de KNQ, (2 mol H) percole, avec un débit de 15 cm3 mn1, une 

anode poreuse en feutre de graphite (diamètre 5,2 cm, épaisseur 0,9 cm) localisée entre deux contre 
électrodes placées en amont et en axai. Une intensité du courant d'oxydation de 2,4 A est imposée 
pendant 30 mn (le sens de arculation de l’électrolyte est inversé après 15 mn). Après clectrolysc, le 
dispositif est rincé par de l'eau, de l'acétone et du toluène avant de faire circuler dans le feutre une 
solution de chlorure de thionyle ( 15 g) dans le toluène (300 cm3) maintenu à 30-40’C pendant 3 h. 
Après un nouveau rinçage par de l’éther puis du toluène, une solution de 0,69 g (3 mmoles) de 1 
ferrocényléthylamine dans 300 cm3 de toluène à 30-40’C percole le feutre de graphite pendant 3h. 
L'électrode est ensuite rincée par du toluène, de l'éther puis de l'eau.

L'efficacité et l'uniformité du greffage sont contrôlés par voltammétrie cyclique réalisée 
sur des disques de 8 mm de diamètre prélevés à différents endroits du feutre. L'électrolyte est une 
solution aqueuse de H2SO4 IN.
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Abstract

A general purpose software is presented for predicting the secondary current 
distributions coupled with thermal transfers in an electrolyser looked as an équivalent 
network of discrete resistors. This easy-to-use package was made for designing of cells 
characterised by a complex geometry. Such a software appears to be an efficient tool for 
helping the initial conception of an electrochemical cell devoted to a given industrial 
working target.

L INTRODUCTION

The prédiction of thermal and current density distributions in an electrochemical cell is an 
important step for designing pertinent industrial devices. Solving such a problem could 
often be performed through experiments but this way is both expensive and time 
consuming. Then numerical modelling appears generally to provide a better approach. 
Some analytical évaluations of the current distribution are available for quite simple 
geometrical cell configurations (1-6). However numerical computations are obviously 
required for determining thermal and current density in electrolyzers characterised by 
both a complex geometry and non-linear boundary conditions at electrolyte-electrode 
interfaces.

As pointed out by PRENTICE and TOBIAS (7) in a general survey of the numerical 
methods devoted to current distribution problems in electrolyzers, most methods were 
known since the 1960's : Green's functions, perturbation, straight fines, co-ordinate 
inversion, variational methods, orthogonal collocation, finite éléments and finite- 
differences methods. However only the last two methods are able to treat realistic 
current distribution problems in electrolyzers having a complex geometry as most 
industrial cells. These methods are used by the few commercial codes including CAD 
tools which were developed in the recent years for treating such modelling. However 
such sophisticated codes are expensive and require both a powerful computer and a 
specific training for the user. On the opposite, the purpose clearly defined in the pre; ent 
work was to propose a simple software conceived to be used on a standard perst nal 
computer by a designer without any peculiar knowledge or training.



II. THE METHOD OF RESISTANCES

The numerical method chosen here for computing the current and potential distributions 
is the method of résistances which was previously employed by several authors to solve 
different classes of discrete problems.

This method is derived from the finite différence method and uses a two-dimension 
résistive network. The main idea consiste in dividing the ccll into a mesh of parallepipedic 
dX.dY éléments centred on a node linked by four crosswise résistances to the 
neighbouring nodes as shown on figures 1-2 :

Figure 1: The résistive network

l-U

I+M

Figure 2: A mesh (I,J) and the 
équivalent résistons

The définition of each résistive element implies to specify both horizontal résistances R|j 
and vertical ones Rv as:

Ph[k\.dX

e.dY e.dX
(1)

from the horizontal and vertical resistivities pjj[k], pv[k] of a given medium k and the 
width e of the differential element dX.dY. It could be easy to demonstrate that the choice 
of the width has no influence on the calculations of current densifies and potentials (8).

For determining the primary distribution of currents and potentials in an electrochemical 
cell, such a description allows to take into account in an easy way the non isotropie 
résistive properties of materials in the cell. Particularly it permits to consider transitions 
between different media : for example, electrolyte-electrode interfaces or electrolyte-cell 
walls transitions. Hencc the whole electrolyzer can be replaced by a one network of 
résistances only dififering by their values.

Then, after defining the boundary conditions of Dirichlet, the calculations leading to the 
local primary current and potential values in a cell are reduced to the détermination of
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electrical characteristics in an electrical network for which the classical OHM law can be 
applied for any node (I,J) to compute the four currents Ik : 

as well as the KIRCHHOFF law:

It + It = Ц + Ц (3)

Practicai calculations are performed according to the following iterative steps:

- Step 1 : Potential Initialisation for ail the nodes of the network,
- Step 2: Currents Calculation for ail the nodes from the Ohm law [équation (2)],
- Step 3: Determination of the déviation to the Kirchhoff law at each node from the

residual defined as RES = (11+12) - (13+14),
- Step 4: Correction of potentials by a relaxation method at each node but the points

where the Dirichlet conditions apply, from:

Фл]=K'o’J+ReiM1+*;1 + *;1 + *;1 ] (4)

- Step 5: Iteration from step 2 until:

|Afox[Res/[Â|* 1 + Ri1 + R-i1 + Rt 1Ц á e Vi,j (5)

e being the desired numerical potential accuracy.

For determining the secondary current distribution, polarisation overpotentials q hâve to 
be taken intő account. The résistance method is quite able to solve this problem by 
defining, between the electrolyte and an electrode, an interfacial variable resistor 
depending on local current density:

(6)

corresponding to the résistive scheme of figure 3.

Rh(electrode)/2 r|(i)/i Rh(electrolyte)/2

MCTRO..,TE:

Figure 3: Equivalent circuit for electrode overpoteutial
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Thon calculations imply an extra iterative loop in the previous computing scheme 
because of the unknown values of the interfacial résistances except in the special case 
when rj(i)/i is constant.

III. THE THERMAL DISTRIBUTION

The thermal distribution is based on a simple analogy between the thermal and electrical 
flows. Then the cell is simulated using an équivalent mesh of thermal resistors as shown 
on figure 4.

Figure 4: Thermal mesh Figure 5: A mesh used in thermal computation

* * * * * *
* « © © 0

* O © © 0 «

* • O 0 © ©

* © • • ©

* O • 9 ©

* © © © ©

We suppose that the inner points are only submitted to thermal transfers by conduction 
and that the boundary nodes (the star points) are submitted to both convection and 
radiation phenomena. The resistors related to these points are computed in a different 
manner (9)

For thermal transfer by conduction with thermal sources, the Kirschoff law reads as:

T. . -T. .
qu+ Z --- ----------^- = 0 (7)

1 e{j-l,j + l)

with : 

*4i,j = thermal flow

= thermal resistor

The mathematical treatment is similar to the potential computation, but the Fourier 
boundary conditions requires somé more itérations to obtain a good convergence.
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IV. THE SOFTWARE

The software presented here extensively uses the mouse capabilities and runs on simple 
PC micro computers only equipped with 2 Mo RAM and VGA graphical output. Ihe 
code was written in Borland TurboPascal ®.

The mesh resistor is made automatically from the matrix of pixels appearing on the 
computer screen.

The acquisition of the cell geometry is made from a simple two-dimensional plan by 
using an A4 scanner or by use of the design capabilities of Microsoft PaintBrush*. Then 
the different parts of the cell (electrolyte, anodes, cathodes, cell, insulating gas, bus bar 
etc...) appearing on the screen are identified by clicking the mouse and painting them 
with specific colours. At last the resistivity to be attributed to each colour is extracted 
from an internai data file which may be extended if necessary. At least the user has to 
define with two mouse clicks the lines (or the curves) where a potential is imposed (the 
so-called mathematical conditions of Dirichlet).

From this step, ail operations are performed in an automatic mode. Calculations 
conceming either the primary or the secondary current distribution in a cell are short 
enough to allow a fest checking of numerous geometric configurations and electric 
working conditions. Typically - when using an IBM PS/2 equipped with 80386 SX and 
80387 processors - computation times, for a cell such as the one presented here and 
described by a mesh of 100x50 nodes, are about 3 minutes for having a final 0.1 % 
relative précision on the potential. It grows up to 47 minutes for a 0.001 % numerical 
précision.

At the end of these computations, the corresponding equipotential curves and current 
lines can be drawn on the screen and printed or plotted on externai Outputs. Moreover 
the user can explore with the mouse any peculiar region of interest in the cell to obtain 
the local potential and current. Moreover our code gives an estimation of anodic and 
cathodic cell currents obtained by summing the individual currents on every node where 
a potential was primarily imposed as a boundary condition.

The thermal flows and isotherms are then computed in a next iterative process using the 
current density file obtained in the preceding step.

V. SOMÉ SIGNIFICANT RESULTS OBTAINED FOR A HULL CELL

Figure 6 présents a primary distribution map as obtained from a screen сору for a simple 
Hull cell containing a highly résistive electrolyte. Figure 7 shows a secondary potential 
curved calculated along an horizontal section of the same cell containing a hypothetical 
electrolyte with anodic and cathodic overpotentials.
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Figure 8: Thermal flows vectors Figure 9: Thermal map

Figures 8-9 present somé thermal results obtained for a Hull cell when laking intő 
account the thermal losses generated inside the electrolyte by Joule effect and the 
convection effect at the électrodes, the horizontal edges being insulated. Thermal flows 
are expressed in Watts/m2 and températures in K.

The thermal flows vectors are directed outward the cell since the thermal sources (Joule 
eflèct) are calculated from the currents computed in the electrolyte whereas the thermal 
wells (convection and radiation) are placed at the externai border of électrodes.
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Figure 10: Thermal map (conduction+convection +radiation)

Figure 10 shows the isotherms computed in the case where convection and radiation are 
present on each side of the cell. These figures are easily interpreted by any user.

IV. CONCLUSIONS

The software presented here for determining two-diniensional primary and secondary 
current and potential distributions coupled with thermal phenomena in electrolysers is 
able to give helpfiil informations for designing industrial cells in which electrolyte flowing 
has no primordial effect. Moreover the modelling capabilities of such a software allow to 
easily analyse the impact of geometrica! modifications of a cell design in order to 
decrease the overall cell voltage, to obtain a suitable current distribution and to insure a 
satisfying fiinctioning for électrodes.

On the other hand, the study of the influence of hydrodynamics on the cell behaviour 
requires to interface this software to another one devoted to turbulent or not turbulent 
flow simulation.
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ABSTRACT

Until recently, several problems in the digital simulation of electrochemical Systems 
have appeared intractable. These problems are described. They concern numerical 
stability and response to initial discontinuities, fast homogeneous chemical reactions 
leading to very thin reaction layers, coupled terms in the governing équations for 
complex multi-species mechanisms, general efficiency concerne and difficulties of 
programming, especially with sophisticated schemes. Most of these problems have 
been to a great extent eliminated by recent advances, which are described. These 
include stability studies (resulting in some surprises as well as insights), adaptive 
point grid distribution, the block-tridiagonal solution of coupled Systems of linear 
équations, implicit methods and how to prevent error oscillation, the handling of two- 
dimensional Systems such as ultramicrodisc électrodes and recently appearing 
commercial simulation packages.

INTRODUCTION

What we call digital simulation, that is, the numerical solution of the partial differential 

équations (pcfes) for diffusion, became widely known among electrochemists after 

the paper by Feldberg and Auerbach (1964) and in particular, the Feldberg chapter 

(1967) in Vol. 3 of Electroanalytical Chemistry, edited by Bard. The first 

electrochemist, however, to use the technique (without a computer) was Randles 

(1949). Randles refers to the classicai paper of Emmons (1944). In fact, the method 

was described by Courant, Friedrichs and Lewy (1928) and can be traced back 

further to Richardson (1911). Ail these older workers (but not Feldberg) used what 

Britz (1988b) calls the “point method”, in which the underlying pde is approximated in 

terms of finite différences between points in time and space. Feldberg, however 

(1964, 1967) chose to use volume éléments (boxes) instead, where the second Fick 

■ liffusion équation (Fick 1855) is never used; instead, Fick’s first équation is used to 

-ss fluxes of material between boxes. The différence between the two

mailto:britz@kemi.aau.dk


approaches has been discussed (Britz 1980, 1988b) and in the present work, only 

the mathematically more convențional point method will be used.

Betöre the description of recent advances in this tieid, a briet description must be 

given of the simplest method of implementing simulation. Assume a single 

electroactive species A, reduced at the electrode in a cell where diffusion can be 

modelled as a one-dimensional, semi->nfinite diffusion System. This leads to the pde, 

Fick’s second équation of diffusion,

de _

àt dx2
(D

where c is the concentration of substance A (varying in time and space), t is the 

time, X the distance from the electrode and D the diffusion coefficient of A. In the 

explicit method, time is (usually) represented at points t = 0, 8t, 28t, 38t, ... nt8t (nt 

being the number of time steps taken); and space x by points at x = 0, h, 2h, ... 

(nx+i)h. It is convenient to use index i for the points along x, that is, i = 0, 1, 2,...nx+1 

and at a given time t to designate a given concentration c(t,x) as Ci, and the next 

concentration at that point but at the next time level t+8t, as c’j. Obvious discrétisation 

of equ(1) for ali c’i then leads to the explicit équations, for ail c’,:

, D8t, n -,
C'= C' _2C/+C'+^ ’ (2)

Note that there are two spatial points where this équation cannot be applied: at i = 0 

and i = nx+1, being respectively the inner and outer boundaries. The outer boundary 

is most often given as a fixed concentration equal to the initial bulk concentration of 

A. The inner boundary is determined by the kind of experiment to be simulated. 

There are, mathematically, two main classes of boundary conditions: Dirichlet and 

Neumann. With the former, concentration values at x = 0 are given in some way; with 

Neumann, also called derivative boundary conditions, one is given some expression 

in Æ(7,0)/ and this must itseif be discretised as was equ(1). It turns out that in 

most realistic applications of digital simulation, derivative boundary conditions are 
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given (Butler-Volmer or quasireversible Systems) and it is also these that are the 

more troublesome (see below).

What has just been described was standard practice until the 1970 s, despite some 

obvious known limitations. Thus, the method is numerically stable only for A. < У2, 

where X = Dôt lh2. This restricts the choice of both ôt and h. Generally, one wants h 

rather small, so this implies a small St or a large number of time steps, leading to 

long computation times. Worse, the explicit scheme is not very accurate, being first 

order in time (it is in fact the Euler method known from ordinary differential équations, 

ode's). The reason is that the discrétisation is a two-point forward différence. Despite 

these shortcomings, the explicit method was widely used until fairly recently, 

although improvements hâve long been known. Thus, Crank & Nicolson (1947) 

presented an implicit scheme that was thought to be stable for all A and is of second 

order accuracy in both time and space. A possibility for instability of this scheme has 

recently been found (Bieniasz et al 1995a) but this is difficult to attain in practice. In 

1974, Joslin & Pletcher suggested the use of unequal inten/als in the x-direction, 

packing points more closely near the electrode. Feldberg (1981) improved that 

scheme by using a better expansion function. This almost demande an implicit 

scheme such as Crank-Nicolson, since the point nearest to the electrode is likely to 

be at a distance that will render the factor X > %. Nevertheless, not very much 

happened in the field until the 1990's, when a succession of new techniques has 

made many advances and made possible simulations that were regarded as too 

challenging before then. These will be described in what follows.

It should be mentioned that there are alternative schemes to the finite différence 

method. One of them is orthogonal collocation (Whiting & Carr 1977, Pons 1984, 

Speiser 1996), described by Villadsen & Stewart (1967). This can be classed as a 

finite element technique and has generally not been extensively adopted by 

electrochemists.
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PROBLEMS REQUIRING SOLUTIONS

In recent years, electroanalytical Chemistry has made strong moves into the field of 

complex reaction mechanisms involving several - sometimes many - reacting 

species. Digital simulation Is required here both to confirm euggested mechanisms 

and to find the rates of Individual reactions. This area has been helped by the advent 

and spread of the ultramicroelectrode, which has superseded hydrodynamic 

voltammetry Systems such as the rotating electrode for these studies. These 

simulations are very challenging in several ways and have presented the following 

probleme:

• Numerica! stability and response to transients

• fast homogeneous chemical réactions and the resulting thln reaction layers

• coupled reaction mechanisms

• multidimensional systems

• efficiency, choice of method

• programming complexity.

These problems are interrelated and most remédiés handle several of them. We 

shall discues the problems first, before outllnlng solutions.

Numerlcal stability and response:

As noted above, the explicit method is stable only for X á Î4; as will be seen below, 

it is essential to use unequal intervale and the limit on X makes this method 

practically useless. The Crank-Nicolson method (CN) is stable for all 1 in the sense 

that errors will (almost) always be damped out. However, as pointed out by Feldberg 

& Goldstein (1995), CN suffers from the defect that it shows strong error oscillations, 

sometimes (for very large X) persisting throughout a simulation, in response to a 

sharp initial transient such as obtains with a pulse technique. This weakness is well 

known to mathematicians (Smith 1985, Pearson 1965, Richtmyer & Morton 1967); on 

the other hand, Gresho & Lee (1981) point out that such response oscillations may 

be préférable to a smooth but possibly erroneous response. Furthermore, one can 

argue (Britz & 0sterby 1994) that the oscillations can be eliminated by subdividing 
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the first Steps intő a sequence of suitably spaced smaller steps, as was donc by 

Pearson (1965). Somé workers nevertheless prefer a method that does not hâve this 

problem and one of these is the adaptation of the BDF scheme (backward 

différentiation formula) known in the area of odes since 1952 (Curtiss & Hirschfelder 

1952), suggested by Richtmyer (1957) for use in pdes, and recently adopted by 

electrochemists for the first time (Mocak & Feldberg 1994, Feldberg & Goldstein 

1995, Rudolph 1995); these workers call it FIRM (fully implicit Richtmyer method). 

This method will be described below. It can be regarded as an extension of the 

backward différence scheme of Laasonen (1949), see below also.

In recent years, two-dimensional Systems are seeing increasing use 

(ultramicroelectrodee as points, bande and arrays of these) and simulations are 

appearing. Beyond rather old work on the stability of these, not including 

homogeneous chemical reactions, there have been no stability studies and these 

need doing. For example, Britz (1996a) found, in simulating the microdisc electrode, 

not only the expected Instabilities when using the explicit method, but unexpectedly 

possible instability also for the CN method. This needs to be studied.

Fast homogeneous reactions

Fast chemical reactions taking place in bulk solution present two kinds of severe 

challenges to simulation. The first is that for substances generated at the electrode 

but used up chemlcally away from it, form a reaction layer (usually) near the 

electrode. The faster the reaction, the thinner this layer becomes. Wiesner (1947) 

showed that for a first order reaction, the characteristic thickness ц of the layer is 

given by

2
= (3)

with D the diffusion coefficient and к the reaction rate constant. An accurate 

simulation must place at least a few points within the layer; about 10 might be 

regarded as sufficient (Britz 1988b). This means in practice that unequal intervals 

must be used. The question then remains of how to implement them. The second 

problem is that homogeneous chemical réactions often lead to coupled governing 

équations, that is, in a System of such équations, some involve concentration terms 

for more than one species. If one is using an implicit scheme, this créâtes the 

35



problem of how to solve the System of linear équations upon discrétisation. For a 

single species, this is a tridiagonal System; for a coupled multispecies system, 

banded équation système arise.

Multidimensional Systems

Until recently, commonly used electrodes have tended to be simplified in their 

modelling to a one-dimensional geometry. With the edge effects appearing at the 

ultramicrodisc electrodes, this is no longer possible. Since these are now very 

popular, it becomes increasingly necessary to do simulations in at least two 

dimensions, and a number of papers have appeared on the subject. Here, even 

without coupled homogeneous chemical reaction Systems, and even for a single 

species, the use of implicit methods leads to banded Systems of équations to be 

solved. Implicit methods are important, because even with reasonable point spacing 

in two dimensions, a large number of points must be involved, so that much 

computer time can be required and something more efficient than the explicit method 

is needed. И homogeneous reactions are involved as well, the situation becomes 

worse. Some progress has been made here, as will be described below.

Efficiency, choice of method

As Systems to be simulated become more demanding, especially as they extend to 

two or more dimensions, computer time increases. More efficient algorithme then 

become désirable.

Programming

As with efficiency, as simulation becomes more complex, it also becomes more 

difficult to do the computer programming. If one is attempting to fit kinetic 

Parameters to experimental data and is unsure of the precise mechanism, one may 

wish to try out several. It is then tedious to write several different programs, 

especially as a new complex program inevitably requires debugging. Not every 

electrochemist enjoys this sort of work or the time it takes from actual laboratory 

work.
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SOLUTIONS ТО THE PROBLEMS

Stability, step response

Until recently, stability studies have been largely lacking. We know the stability 

ondition fór the explicit method for the simple pde, equ(1) (that is, X <, 'A) and have 

ended to take fór granted the unconditional stability of CN and the Laasonen 

nethods. These assumptions. were examined only recently by Bieniasz (1993a). 

Jsing the von Neumann method of analysis and fór the first time including a 

lomogeneous chemical reaction term, he studied the stability of a number of 

nethods in detail, among them the explicit scheme, the Runge-Kutta method (Britz 

988a), DuFort-Frankel (1953), Crank-Nicolson (1947) and the method due to 

íaul’yev (1964). This was followed by a matrix stability analysis of these methods 

Bieniasz et al 1995a, 1995b, 1995c), where an unexpected possibility of an 

istability of CN was found (Bieniasz et al 1995a), as well as for the Saul'yev method 

Bieniasz et al 1995c). These instabilités, however, occur only under circumstances 

ifficult to attain in practice. The stability of the recently popular BDF method (Mocak 

c Feldberg 1994, Feldberg & Goldstein 1995) has been examined by Britz (1996b), 

Iso taking homogeneous chemical reaction terms into account, using the von 

leumann method. The work on stability continues, and must now be extended into 

vo- and three-dimensional système, where some surprises may await. Thus, as 

îentioned above, Britz (1996a) found what may be an instability in a dise simulation, 

sing CN.

ast homogeneous reactions

The problem of the reaction layer requires the use of unequal intervale (Britz 

988b). These were suggested first by Pao & Daugherty (1969) (not in 

lectrochemistry), then by Joslin & Pletcher (1974) and what may be the best (fixed) 

tretching fonction, by Feldberg (1981), the exponentially expanding sequence of box 

ridths (in fact the same fonction as used by Pao & Daugherty 1969). If one uses 

oints, this translates into a transformation fonction with some very convenient 

roperties (Britz 1987, 1988b). In orthogonal collocation, the points are more or less 

losely packed near the electrode (Whiting & Carr 1977) and if even doser packing 

I required (very fast chemical rates, thin reaction layer), Hertl & Speiser (1987) 

37



suggested spline collocation. Both these approaches have an important drawback: 

the spacing of the points is determined before the simulation and is then fixed in 

time. This means that if the reaction layer undergoes marked changes in 

characteristic thickness during the simulation, then for some of the time at least, the 

point distribution is unsuitable (and needs to be predicted before the simulation). 

Furthermore, there are Systems where a more or less thin layer appears away from 

the electrode (Bieniasz 1994c). Ail of these problems are solved elegantly by 

Bieniasz (1993b, 1994a, 1994b, 1994c), using the adaptive grid strategy, in which 

points are moved at every itération, so as to ensure an optimal spacing, taking the 

momentary concentration profile(s) intő account. The scheme сап easily handle 

time-varying reaction layers (Bieniasz 1994b, 1994c), layers away from the electrode 

(Bieniasz 1994c) and even - when applied to time intervals - discontinuities in time 

(Bieniasz 1994b). No other scheme is able to do ail this. As with many other 

algorithms, a stability study has yet to be made, however.

With unequal intervals and especially when using adaptive grids, reaction rates up 

to the theoretical (diffusion) limit сап now be accommodated (Bieniasz 1993b, 

1994a, 1994b, 1994c, Rudolph 1995). The problem сап therefore be regarded as 

essentially solved.

Similarly, the problem of coupled Systems has been solved, at least for one- 

dimensional Systems. Up until 1991, electrochemical Simulators tended to reject the 

efficient implicit algorithms such as CN for such Systems, because the resulting 

Systems of équations correspond to pentadiagonal or, worse, banded Systems, not 

amenable to the simple Thomas algorithm for solving a tridiagonal équation System 

for a single species (Thomas 1949, Britz 1988b). For example, the relatively simple 

ca’alytic mechanism,

A + e~ <=> В (reversible)
o (4)
В —> A (irreversible, rate const. K)

whose governing équations are, for unequal intervals and using the 

transformation due to Feldberg (1981) and Pao & Daugherty (1969), 

K=ln(l + a¥):
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gives rise to the discrete Systems

+ al(i)C"/)>/ + + о2^Л,<+1 - bAj

B,i-\ + [al(0~ ak(JÏ\C'Bj + a2^"s,i+l =

for all i in the Y-space, with the coefficients a and b depending on the particular 

implicit method used. The dashes, as in C'a, indicate as yet unknown values at 

the next time point (Britz 1988b). Clearly, no matter how one arranges the 

unknowns vectors CA and C'B, it is not possible to obtain a tridiagonal

System. Rudolph (1991) showed how to cast System (6) into a tridiagonal 

System of équations in vectors and coefficient matrices, which can then be 

solved by a straightforward method analogous to the Thomas algorithm. Equ 

(6) becomes

C'i_l + Ai(i)C'i + A2(i)C'M = Bi (7) 

where now Ai is the coefficient matrix
«1(0

0
a к U)

ak(f)
and A2 and B are

coefficient vectors. It turns out that this, now called the Rudolph method, was 

developed by mathematicians and engineers as early as 1974 (Greenfield 

1974) and is referred to as the block-tridiagonal method (Hindmarsh 1977). 

Once one has programmed a particular mechanism, the program is relatively 

easy to adapt to another mechanism (if one programs with some care); 

however, while this method solves the problem of coupled reaction Systems for 

one-dimensional geometries, it does not help with multidimensional ones, even 

in the absence of coupled reactions.

Another method of solving the problem (Britz 1996a) recognises that we now 

hâve more powerful and fast computers with large memories; that it may 

therefore no longer be pressing to use efficient algorithms. Britz therefore
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proposed (1996a) simply to solve the large System of équations (6) as a matrix 

problem, using available software such as LU-decomposition. It turns out that in 

some cases, where the matrix can be LU-decomposed beforehand (being 

invariant in time, as in fact seen in equ(7)), this “brute force" method can be 

quite efficient. Furthermore, as will be seen below, it may be the preferred 

method where the Rudolph method cannot be used.

Multidimensional Systems

The ultramicrodisc electrode is that which is seeing the most vigorous 

developments now. Heinze (1981) was the first to attempt to simulate the 

simple potential step experiment at this electrode. This was subsequently 

solved semi-analytically (arriving at sériés solutions or asymptotic solutions for 

very short and very long times) (Oldham 1981, Aoki & Osteryoung 1981, Aoki 

1993). However, there are no solutions for those cases of greatest interest 

which involve chemical reactions, nor is there much hope for this in the future, 

so that simulation must be resorted to. Due to the two-dimensional diffusion 

field, this présents several difficulties. The flat circular disc embedded flush in 

an insulating plane has the following governing équation for simple one-speçies 

diffusion:

д^с 1 de

àt \dz2 âr2 гдг^ (8)

where z is the distance normal to the dise and r is radial distance from the axis 

normal to the dise centre. To sample this space sufficiently densely, a large 

number of points is required, leading to considérable computation times. The 

problem is compounded by the fact that there is a singularity around the dise 

edge and points need to be spaced more closely there for accuracy. Both these 

problems were solved by using a conformai map, by Michael & Wightman 

(1989), later improved by Verbrugge & Baker (1992). In this latter form, the 

semi-infinite (z,r) space is mapped into the closed (Г,0) space, by the relations
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(9)

-- = cos(í?)cosh|
ro

-- = sin(#)sinh -------
'b VI-Г

with r0 the disc radius. Concentration c is normalised to C = c/cbuik and time t to 

T = tD/r02; the new diffusion équation is then

Although this appears more complicated that the original equ(8), the new 

équation has the advantage of strongly unequally spaced points with equal 

spacing in Г and 0, and they are spaced in a convenient way, that is, closely 

where they need to be, near the dise and around the dise edge. Verbrugge & 

Baker (1992) found, and Britz (1996a) confirmed, that a 30*30 grid of internai 

points in (Г.0) space gives sufficient accuracy in simulation In the Britz (1996a) 

work, roughly 4-decimal accuracy was obtained for the current integrated over 

the disc at steady state for a 30*30 point grid.

Another difficulty appears, however. In order to ensure stability, it is clearly 

necessary to use an implicit scheme to simulate this System. Heinze (1981) 

used the alternating direction implicit scheme (ADI) (Douglas 1955, Peaceman 

& Rachford 1955) but this has its limitations. A true implicit scheme is désirable. 

However, even in the absence of a multi-species mechanism with 

homogeneous chemical reactions, equ(10) leads to a banded discrete équation 

System, no matter in what order one arranges, for example, the 30*30 grid 

points (Г-row order or 0-column order). Equation (11) discrétisés to a 5-point 

second derivative at every (Г.0) point and inevitably, points from neighbouring 

rows and columns must be involved. This leads to a matrix with a tridiagonal 

structure plus diagonats at some distance from the centre, on either side. If 

îow, more than one species is involved, the problem becomes worse. The 

Rudolph method (1991), discussed above, cannot be applied here. A simple 

solution to this was proposed by Britz (1996a): accept the problem and simply



solve the System of linear équations by the usual matrix solvers, by “brute 

force". Rather large matrices are obtained. For example, in the case of the 

30*30 grid, this leads to an approximately 900*900 matrix. However, this can be 

easily handled by small work stations of today and it was found that reasonably 

short computation times resuit (12 min for a simple potential step simulation). 

Given that in that case, the matrix bandwidth was only about 60 (out of a row 

length of 900), considérable savings in computer time are possible by using 

special solvers that take the structure into account. An approach to this has 

already been made by Compton et al (1995), using the strongly implicit 

procedure (SIP) of Stone (1968) provided by the commercial NAG subroutine 

package. We can now expect real mechanistic simulations of ultramicrodisc 

experimente.

Efficiency, choice of method

So far, the simulation schemes ail have some drawbacks. As we have seen, 

explicit schemes are inefficient due to their stability requirement. The Crank- 

Nicolson method seems to be a method of choice; like other implicit schemes it 

is (almost) unconditionally stable (Bieniasz et al 1995a did find a case of CN 

instability but also found that it is difficuit to enter the condition in practice; in 

fact, they had to resort to some tricks to show the instability). However, CN is 

well known for its sensitivity to initial discontinuities (Gresho & Lee, 1981 

explain why). Thus, a CN simulation tends to produce initial oscillations around 

the true solution for a potential step simulation. This has led Mocak & Feldberg 

(1994) and Feldberg & Goldstein (1995) to propose what they call FIRM (fully 

implicit Richtmyer method). It was invented in 1952 by Curtiss & Hirschfelder for 

odes and suggested for use in solving pdes by Richtmyer (1957). Among 

mathematicians, it has the name BDF (backward différentiation formula) and is 

one of a number of methods using more than two time levels (Mocak & 

Feldberg (1994) and Feldberg & Goldstein (1995) suggest 5 or 6). The method 

does possess remarkable stability (Britz 1996b) and insensitivity to initial 

transients. The différence between BDF and CN in this respect is due to 

différences in their error propagators, as discussed by Gresho & Lee (1981), 

who argue that perhaps an oscillating error is not a bad thing, that “it may be 
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teliing us something”. BDF, furthermore, has a problem: how to start the 

simulation. If more than one known, pást, row of values must be known, one 

must devise some scheme for the first few itérations, where these are not 

available. Feldberg & Goldstein (1995) employ a crude strategy, of taking the 

initial (T = 0) values also as those of further “past" values, and simply begin the 

simulation. They find that this leads to certain errors that can be compensated 

away by an arbitrary shift in the T value later assigned to time, by %8T. Such 

arbitrary shifts have been argued against (Britz 1988b) in another context and 

are difficult to justify, being quite empirical An alternative and rational scheme 

was used by Britz (1996a). For the first itération, only two T-levels are used. 

This corresponds to the fully implicit Laasonen scheme (1949). Then one 

expands to three levels, then to four, and so on until reaching the wanted 

number of levels. This has not been fully explored yet.

It seems that CN would be préférable, avoiding the BDF start-up problem; and 

there is a way of avoiding the excessive oscillation with initial discontinuities. 

The optimal strategy may be to subdivide the first step, or first few steps, into a 

number of smaller steps in time. This was used in a simple form by Pearson 

(1965) and, as an exponentially expanding sériés of ST steps by Britz & Osterby 

1994 and Britz (1996a). It éliminâtes the persistent oscillations with CN.

Other efficient algorithms recently suggested include orthogonal collocation 

(Villadsen & Stewart 1967, Whiting & Carr 1977, Hertl & Speiser 1987); the 

Saul'yev method (Saul’yev 1964, Britz et al 1990, Bieniasz & Britz 1993) and 

recently the adaptation of the “finite analytic method” of Chen (1980, 1981) by a 

Chinese team (Jing et al 1996a, 1996b, further papers are in progress), which 

appears to be extraordinarily efficient.

Finally, we mention a thorough study of accuracy, using contour plots in 

(ST1,À.) space, by Britz & Nielsen (1991). Such a study can assist in finding the 

optimal parameters for a given simulation.

Programming vs commercial packages

The average electrochemist might prefer to spend his/her time in the 

laboratory and not coding simulation programs. In recent years, a number of 
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more or less general purpose simulation packages hâve become available 

These were reviewed thoroughly by Speiser (1996). There are, at the time of 

writing, only two that deserve attention: the DigiSim2 package of Rudolph & 

Feldberg (Rudolph et al 1994, Rudolph 1995) and Elsim by Bieniasz (1992, 

1996). DigiSim2 (now released as V2.1) is specific to cyclic voltammetry and 

easy to operate, while Elsim has a more abstract, mathematical, approach and 

can handle a very wide range of experimente (it is also much cheaper). It is, 

however, correspondingly more difficult to master. Clearly, this is the future of 

simulation. The recent advances discussed above will become internal to such 

commercial packages and the electrochemist will be able to simulate without 

first having to learn computer programming.

Acknowledgements

The author thanks Professor Oniciu and Dr. Jitaru, both of Cluj, Romania, for 

the opportunity to present this paper at their ELFI symposium at Cluj in 

October/November 1996, and Drs. Bieniasz (Cracow) and Feldberg (Long 

Island) for stimulating interchange during manuscript préparation.

Référencés

Aoki K. & Osteryoung J. (1981) J. Electroanal. Chem. 122, 19.

Aoki K. (1993) Electroanalysis 5, 627.

Bieniasz L.K. (1992) J. Electroanal. Chem. 340, 19.

Bieniasz L.K. & Britz D. (1993) Acta Chim. Anal. 278, 59.

Bieniasz L.K. (1993a) J. Electroanal. Chem. 345, 13. 

Bieniasz L.K. (1993b) J. Electroanal. Chem. 350,119.

Bieniasz L.K. (1994a) J. Electroanal. Chem. 374,1

Bieniasz L.K. (1994b) J. Electroanal. Chem. 374, 23 

Bieniasz L.K. (1994c) J. Electroanal. Chem. 379, 71 

Bieniasz L.K., 0sterby O. & Britz D. (1995a) Comput. Chem. 19,121. 

Bieniasz L.K., 0sterby O. & Britz D. (1995b) Comput. Chem. 19, 351. 

Bieniasz L.K., 0sterby O. & Britz D. (1995b) Comput. Chem. 19, 357.

44



Bieniasz L.K. (1996) J. Electroanal. Chem. 404, 195.

Britz D. (1980) Anal. Chim. Acta 122, 331.

Britz D. (1987) Anal. Chim. Acta 193, 277.

Britz D. (1988a) J. Electroanal. Chem. 240, 17.

Britz D. (1988b) Digital Simulation in Electrochemistry, Springer, Berlin.

Britz D., Marques da Silva B., Avaca L.A. & Gonzalez E.R. (1990) Acta Chim. 

Anal. 239, 87.

Britz D. & Nielsen M.F. (1991) Coll. Czech. Chem. Commun. 56, 20.

Britz D. (1993) J. Electroanal. Chem. 352, 17.

Britz D. & 0sterby O. (1994) J. Electroanal. Chem. 368,143.

Britz D. (1996a) J. Electroanal. Chem. 406, 15.

Britz D. (1996b) Comput. Chem., in press.

Chen C.-J. & Li P. (1980) ASME Paper 80-HT-86,1

Chen C.-J., Naseri-Neshat H. & Ho K.-S. (1981) Num. Heat Transi. 4,179.

Compton R.G., Dryfe R.A.W., Wellington R.G. & Hirst J. (1995) J. Electroanal. 

Chem. 383, 13.

Courant R, Friedrichs K & Lewy H. (1928) Math. Ann. 100, 32

Crank J. & Nicolson P. (1947) Proc. Cambridge Phil. Soc. 43, 50.

Curtiss C.F. & Hirschfelder J.O. (1952) Proc. Nat. Acad. Sei. US 38, 235.

Douglas Jr. J. (1955) J. Soc. Ind. Appl. Math. 3, 42.

DuFort E.C. & Frankel S.P. (1953) Math. Tables Aids Comput. 7,135.

Emmons H.W. (1944) Quart. Appl. Math. 2, 173

Feldberg S.W. & Auerbach C. (1964) Anal. Chem. 36, 505.

Feldberg S.W. (1967) in Electmanal. Chem. (Ed.: A.J. Bard), Marcel Dekker, 

New York 3,199.

Feldberg S.W. (1981) J. Electroanal. Chem. 127,1.

Feldberg S.W. & Goldstein C.l. (1995) J. Electroanal. Chem. 397, 1.

Fick A. (1855) Pogg. Ann. 94, 59.

Greenfield P.F. (1974) Simulation 22,152.

Gresho P.M. & Lee R.L. (1981) Computers Fluids 9, 223.

Hertl P. & Speiser B. (1987) J. Electroanal. Chem. 217, 225.

Heinze J. (1981) J. Electroanal. Chem. 124, 73.

45



Hindmarsh АС. (1977) Rept. UCID-30150, LLL.

Jin B., Qian W., Zhang Z & Shi H. (1996a) J. Electroanal. Chem. 411, 19.

Jin B., Qian W., Zhang Z & Shi H (1996b) J. Electroanal Chem. 411, 29.

Joslin T & Pletcher D. (1974) J. Electroanal. Chem. 49, 171.

Laasonen P. (1949) Acta Math. 81, 309.

Michael A.C. & Wightman R.M. (1989) J. Electroanal. Chem. 267, 33.

Mocak J. & Feldberg S.W. (1994) J. Electroanal. Chem. 378, 31.

Oldham K. J. Electroanal. Chem. 122,1.

Pao Y.-H. & Dougherty R.J. (1969), Boeing Sei. Res. Lab. Rept. DI-82-0822 

Peaceman D.W. & Rachford H.H. (1955) J. Soc. Indust. Appl. Math. 3, 28. 

Pearson C.E. (1965) Math. Comput. 19, 570.

Pons S. (1984) Electroanal. Chem. (Ed.: A. J. Bard) 13, 115.

Randles J.E.B. (1948), Trans. Faraday Soc. 44, 327

Richardson L.F. (1911) Phil. Trans. A210, 307

Richtmyer R.D. (1957) Différence Methods for Initial-Value Problems, 

Interscience, New York.

Richtmyer R.D. & Morton K.W. (1967) Différence Methods for Initial-Value 

Problems, Interscience, New York.

Rudolph M. (1991) J. Electroanal. Chem. 314, 13.

Rudolph M., Reddy D P. & Feldberg S.W. (1994) Anal. Chem. 66, 589A.

Rudolph M. (1995) in Physical Electrochemistry (Ed.: I. Rubinstein), Marcel 

Dekker, New York, 81.

Saul’yev V.K. (1964) Integration of Equations of Parabolic Type by the Method 

ofNets, Pergamon Press, New York.

Smith G.D. (1985) Numericei Solution of Partial Differential Equations, 3rt Ed., 

Oxford University Press, Oxford. Г' & 2nd Eds. 1965 & 1974, resp.

Speiser B. (1996) Electroanal. Chem. (Eds.: A.J. Bard & I. Rubinstein) 19, 1.

Stone H.L. (1968) SIAM J. Num. Anal. 5, 530.

Thomas L.H..(1949) Elliptic Problems in Linear Différence Equations overa

Network, Watson Scientific Computing Lab, Columbia University, New York.

Verbrugge M.W. & Baker D.R. (1992) J. Phys. Chem. 96, 4572.

Villadsen J.V. & Stewart W.E. (1967) Chem. Eng. Sei. 22, 1483.

Whiting L.F. & Carr P.W. (1977) J. Electroanal. Chem. 81, 1.

Wiesner K. (1947) Chem. Listy 41,6.

46



STUDIA UNIV.BABES-BOLYAI, CHEMIA, 41, 2, 1996

THE ORIGIN AND MECHANISM OF ELECTROCHEMICAL OSCILLATIONS

György Inzelt

Department of Physical Chemistry, Eötvös Loránd University

Budapest 112, PO Box 32, H-1518, Hungary

ABSTRACT

Sincs the first report (Fechner, 1828) on the electrochemical oscillation much effort has been made 
to gain a deeper understanding of this spectacular phenomenon The key question concerning the 
origin and mechanism of this type of chaotic behaviour is the élucidation of the events occurring at 
the electrode surface Researchers working in this field generally agree that the galvanostatic 
potential oscillation or the potentiostatic current oscillation are closely related to the formation and 
décomposition of an inhibiting surface layer, which may consist of chemisorbed species (eg. -COOH, 
=CO, - CH2OH) in the case of the Oxidation of organic compounds or insoluble salt during the 
dissolution of metals (e g. CuCI). Less frequently, periodic changes of the solution composition in the 
double layer or rearrangement of the atoms on the metal surface hâve also been considered.
The application of new and powerful in-situ techniques, such as quartz crystal microbalance 

(EQCM), radiotracer and probe beam deflection, has opened up new vistas concerning these issues.
In this paper beside a general overview the results obtained by using these methods will be 

presented and discussed.

INTRODUCTION

Since the first report on electrochemical oscillations [1] more than 150 years ago, 

much effort has been expended to gain a deeper understanding of this exotic 

phenomenon [2-4]. Periodicei behaviour can also be observed in other branches of 

science. For instance, in biology the classical example is the periodica!, 

interconnected variation of the populations of antelopes and lions and the amount of 

grass in the savannah of Africa. The biological clock in our life is also well known and 

probably related to some periodical chemical/biological changes. In a wider outlook 

the oscillatory behaviour belongs to the group of chaotic phenomena or - in other 

name to dynamical collective Systems It has been recognized that in science as in 

life a chain of events can hâve a point of crisis that could magnify small changes. For 

example. in meteorology it is called Butterfly Effect, because a small effect - that with



some exaggeration may cause even a butterfly - can cause thunderstorms and 

blizzards in other places. Although this type of thinking is a little bit stränge for us 

since we have been educated on Newton's second law, however, we may find it even 

in the folklore. The well known English children verse says:

" For want of a nail, the shoe was lost;

For want of a shoe, the horse was lost;

For want of a battle, the kingdom was lost!”

After this short wandering in "foreign waters" we will return to chemistry.

In Figure 1 a classification is given showing the two main classes, i. e. the 

homogeneous and the heterogeneous oscillations. In fact, the homogeneous, 

Belousov-Zhabotinskii reaction [5,6] led a renaissance of the study of the oscillation 

reactions at about three décades ago. Now it has become a mature science including 

the studies on pattern formation and fractals. Figure 2 shows the main features of 

electrochemical oscillations.

Because of the great diversity of the Systems it is better if we focus on a given 

System, i.e. the galvanostatic potential oscillations that arise during the 

electrooxidation of small organic molécules such as förmic acid [2-4, 7, 9, 11-14] or 

alcohols [2-4, 7-10] at a platinum electrode in acid media. In our studies beside the 

détection of the periodica! changes of the potential three powerful in-situ techniques 

such as radiotracer [8], quartz crystal microbalance [10, 11, 13-15] and probe beam 

deflection [12] methods have been applied that may supply direct évidences on the 

events occurring at the surface and its vicinity.

RESULTS AND DISCUSSION

..Does the oscillations oriqinate from the externai circuit or is it an inherent property of 

the processes occurring at the electrode surface ?

Twenty years ago it was a subject of debate, although in many cases rest potential 

oscillations at open-circuit have been observed.[2] . Our idea was to imitate 

galvanostatic potential oscillations observed in the course of anodic oxidation of 

organic molécules. It was assumed that the origin of galvanostatic potential 

oscillations is rooted in the very nature of the electrode process and not in the 

behaviour of electrical circuit. In this case the only role of the externai circuit is to 

ensure the constant flux of électrons to or from the electrode. This may, however, be 

reaiised by an appropriate redox System too, i.e., by coupling the anodic oxidation 
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process by the cathodic process of the redox System at open circuit conditions. In 

order to imitate galvanostatic conditions the rate of the cathodic process should be 

constant in a wide potential range. This may be realised in the case of a limiting 
current. For example, in the case of Ce4+ -ions present in not too high concentrations 

a cathodic diffusion limiting current may be attained at potentials where the oxidation 

of the different organic compounds takes place In Figure 3 potential oscillations 
observed in the presence of different organic compounds and Ce4+ -ions at a 

platinum electrode are shown. These experiments provided the first direct 

experimental evidence that the role of the externat circuit may be excluded [7,9] 

Later it was also demonstrated that surface mass oscillation may occur even if the 

potential oscillation is negligible at open-circuit condition [15].

After exclusion of the possible role of the externat circuit, the question arises what 

processes at the electrode surface are responsible for the periodic potential 

oscillations. During the oxidation the organic substance may participate in the 

processes as foliows.

i) Chemisorption involving dehydrogenation, the rupture of bonds, possibly Splitting 

of the molecule and considérable charge transfer. Essentially, this is also an oxidation 

process.

ii) Oxidation of the products of chemisorption and removal of the oxidation products 

from the electrode surface.

iii) Oxidation of the organic molecule yielding some definite end-product, which 

proceeds on the free sites not involved in the chemisorption.

The oxidation of the chemisorbed species (e.g. -COOH, =CO, - CH2OH) leading to 

CO2 takes place only above certain potential values, so that at potentials more 

negative than these, the surface is virtually completely covered with chemisorbed 

molécules. This chemisorbed layer forms a barrier to reactions of type iii) and 

behaves as a passive layer. Accordingly, the oxidation of the chemisorbed layer 

increases the reaction rates,,because it increases the number of free sites. A change 

in the coverage with chemisorbed molécules affects therefore the rate of processes 

proceeding by the route iii). In steady state under galvanostatic conditions the total 

current (I) is distributed between three processes described above:

I=la+|i+t2 (1)

where la, Ц and 12 are the currents corresponding to chemisorption, to the oxidation 

of chemisorbed molécules and to the oxidation process taking place at the free sites, 

respectively. In steady-state ail three partial currents are constant. In the case of 

49



potential oscillations all these partial currents are time and, of course, potentia 

dependent and the charging/dischargmg current C(dE/dt) should also be taken inte 

considération:

l=la(E,t)+li(E,t)+l2(E,t)+C(dE/dt) (2)

To this équation the variation of the coverage by the chemisorbed molécules (dO/dt) 

with time must be added Now, we may understand the origin of the periodical 

changes of potential at constant current.

Because we apply (force) a constant reaction rate (current) on the System the 

electrode reaction should maintain it. Consequently, the potential will increase when 

the number of free sites - where the main reaction occurs - diminish. Eventually, the 

potential range will be reached where the chemisorbed species will be oxidised. 

Then, the potential will decrease because the reaction can proceed unhindered, i. e. 

with high enough reaction rate also at low Potentials. As the chemisorption will poison 

the surface the whole process starts again. All these are nicely manifested in the 

cyclic voltammograms of small organic compounds (formic acid, alcohols) as shown 

in Figure 4. Düring the positive-going scan much smaller current can be observed 

than during the reverse scan, i. e. since we cleaned the surface (at positive 

Potentials) the reaction rate will be higher at lower potentiels. (Because the reaction 

results in CO2 and HCOOH cannot be reduced in this potential range no cathodic 

wave can be observed.) This mechanism that involves the formation and 

décomposition of an inhibiting surface layer is valid not only in the case of the 

oxidation of small organic molécules but also in many cases of other electrochemical 

oscillations. For instance, during the dissolution of metals an insoluble sait (e.g. CuCI) 

can be formed that depending on the rate of transport processes in the solution will 

leave the surface in a soluble form (CuCI2) . It should be mentioned, however, that 

other mechanisms and explanations also exist. In the course of réduction of anions 
(e.g. S2O82- ) the mass transport limitations and the repulsive interactions may lead 

to oscillations. Based on the observations obtained for heterogeneous gas reactions 

the surface reconstruction may play a pivotai role

Nevertheless, monitoring the surface mass changes, i. e. the variation of the 

coverage seems to be of utmost importance Electrochemical quartz crystal 
microbalance (10,11] is just the right tool for obtaining such information without 

disturbing the primary experimental conditions.
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What happens on the surface of electrode7
We hâve assumed that the formation and décomposition of chemisorbed surface 

layer govern the whole oscillation phenomenon. If we assume monolayer coverage, 
i.e. about 10'9-10'10 mol cm'2 and if an average molar mass 40 is taken, it means a 

mass change 4*10'8 - 4*10'9 g during the formation or removal of this layer. By the 

help of an electrochemical quartz crystal microbalance (EQCM) 1 Hz change can be 

measured with high accuracy. It corresponds to 5.1 ng and 1.3 ng mass changes 
when AT-cut crystals (geometrical surface area : 0.3 cm2) with 5 MHz and 10 MHz 

characteristic frequencies are used, respectively. Because we want to measure even 

lesser mass changes than that corresponds to a monolayer it is advisable to increase 

the sensitivity. Therefore we used platinized platinum in order to increase the real 

surface area without increasing the geometrical one. This crystal works reasonable 

well as can be seen in Figure 5. Figure 5 shows a cyclic voltammetric and a 

simultaneously obtained EQCM curve for a platinized platinum electrode in contact 
with 1 mol dm*8 H2SO4. The EQCM response also involves three distinct régions. At 

low potentials the ionisation of adsorbed hydrogen occurs, accompanied by a slight 

increase in frequency (small mass decrease). In the double layer region frequency 

decrease can be observed which is due to the potential-dependent sorption of anions 

and water molécules. At higher potentials the frequency decreases (the mass 

increases) more substantially due to the formation of platinum oxides. Ail these 

processes reversible as expected.

If we add formic acid to the solution and apply a constant current a slow increase of 

potential and a frequency decrease (mass increase) can be observed, that indicates 

the accumulation of chemisorbed species on the surface (Figure 6). Then the 

periodical formation and removal of the blocking layer at the surface causes an 

oscillation m the potential. Eventually, as the potential further increases, ail the 

chemisorbed species will be oxidised and platinum oxide will be formed. We selected 

a typical pattem for the illustration of the oscillation phenomena, including its birth and 

ceasing. Depending on the conditions (current density, electrolyte and substrate 

concentration, stirring, température etc ), the oscillation can be maintained for a long 

time, even with disturbing the System as will be illustrated below.
If we add Cu2+ -ions to the solution oscillations can be observed further on, 

however, the pattern of the oscillation and the period time will change as shown in 
Figure 7. Cu2+ -ion has been selected because the underpotential déposition of 

copper and the dissolution of adatoms occur in the potential range of the oscillation. 

In tins way the sensitivity of our frequency measurement may also be amplified due to 

the déposition and removal of coppers atoms that having relatively high molar mass. 
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The déposition of copper indicates the amount of free sites on the surface, however, 

this process also influences the oscillation as seen in Figure 7.

The amplitude of the potential oscillation remains practically the same, but the 

period time - after some delay - gradually decreases. The mass changes become 

also higher and follow the potential oscillation pattern. A continuous frequency 

decrease is superimposed on the oscillation pattern indicating a progressing increase 

of the surface coverage. As the potential decreases the mass on the surface 

increases (the frequency decreases) and vice versa. The period time become shorter 
and shorter upon adding more and more Cu2+ -ions to the solution (Figs. 7a and b). 

Even more interesting oscillation patterns develop as the Cu2+-ion concentration is 

further increased (Figs. 7c and d). As can be seen in Fig. 7d between two oscillations 
having high potential amplitude (similar to those observed without Cu2+-ions or at low 

Cu2+ concentrations) an other periodical pattern of low-amplitude appears. Because 

the lower potential limit of small oscillation does not reach the potential region of UPD 
of Cu2+-ions, the frequency response is also small, however, the frequency changes 

nicely follow the changes of the potential. Later this bifurcation pattern (mixed-mode 

oscillation) turns into a simple relaxation oscillation again (Fig. 7e). Interestingly 
enough further increasing the concentration of Cu2+-ions at constant formic acid 

concentration only the small-amplitude oscillation at higher potential can be 

observed(Fig. 7f), and eventually the oscillation cornes to an end when, at high 

potential the chemisorbed species are removed from the surface by oxidation and the 

formation of platinum oxides on the surface begins.

Owing to the high complexity of the System the explanation of the behaviour 
observed is difficult. However, it seems to be evident that Cu2+ discharge takes 

place at the free sites of the surface and the whole phenomenon is governed by the 

accumulation and oxidation of chemisorbed species originated from reaction between 

formic acid and the active sites of platinum metal. A concurrent adsorption 
(chemisorption) of Cu2+-ions and formic acid, and the oxidation of coppers adatoms, 

which takes place at lower potential than that of the chemisorbed organic species, 

should certainly considered. For the description of the phenomena observed it may 

be assumed that, beside the principal feedback mechanism which involves the non- 

linear and autocatalytic reaction between strongly bound species originating from the 

chemisorption of formic acid at the platinum surface and the adsorbed hydroxyl 

radicals or water molécules, another non-linear feedback mechanism prevails. In our 
case - because the mixed-mode oscillation pattern arose upon addition of Cu2+-ions - 

a reaction sequence should be considered in which Cu-adatoms and Cu2+-ions 

partake. It may be a reaction between Cu-adatoms and hydroxyl radicals on the 
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surface, which also produced at least two vacant sites, thus increasing the reaction 

rate. Of course, other effects should also be taken into account. For instance, the 

slow recovery of the diffusion layer or the time dependent shape of the concentration 

profile can also be considered as the reason for the mixed-mode or chaotic 

oscillations. It should be mentioned that the density fluctuation near to the electrode 

surface may slightly affect the frequency response.
In respect of the effect of Cu2+-ions on the period time, it should be taken into 

account that the formation of.Cu-adatoms is in fact a réduction process, while the 

chemisorption of formic acid is an oxidation. These processes take place practically 
simultaneously at low potentiels. Therefore, the spontaneous réduction of Cu2+ -ions 

causes a virtual increase in the current because it consumes électrons. The increase 

in the galvanostatic current density causes a decrease of the period time of 

oscillation, thus the effect observed may be explained in terms of these two 

simultaneous reactions described above.

Although EQCM is a powerful tool to follow the surface mass changes it is difficult to 

distinguish between the contributions of chemisorption and ionic adsorption to the 

total mass change. Using labelled anions the anion adsorption on the free sites 

becomes visible as presented in Figure 8.

Figure 8 shows that the potential oscillation and the adsorption of Chloride ions 

occurring simultaneously [8]. The rapid decrease of the potential is followed by a fast 

decrease of the adsorption. As the potential increases again the adsorption does the 

same but much slower. It may be due to the slow adsorption (and/or diffusion) rate or 

the slowness of the oxidation of chemisorbed particles which occupy the adsorption 

sites. (The addition of alcohol or aldéhyde to the solution decreases the amount of 

Chloride ions adsorbed on the electrode surface in equilibrium at a given potential as 

it was proved separately in potentiostatic experiments.) The results of radiotracer 

experimente artest our model based on the crucial rôle of chemisorption but also draw 

our attention to the fact that the ionic adsorption may also contribute to the total mass 

change observed during the EQCM experiments.

What happens in the solution ?

It has been shown before that the EQCM method, especially, proved to be 

very useful in monitoring the surface mass changes, however, the periodical changes 

of the frequency response may be converted to mass changes by using the 

Sauerbrey équation, only if the density and viscosity fluctuations close to the 

electrode surface are unimportant or play a minor role. The frequency response of the 

quartz crystal is proportional to the product of square roots of the density and 
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viscosity of the solution in contact with the electrode. While substanțial viscosity 

changes are not expected, the density changes may contribuie to the frequency 

response. The latter effect may be of importance even if the formation and removal of 

chemisorbed molécules involves less than a monolayer-equivalent amount of 

molécules on the surface during a given potential oscillation. The effects of mass 

changes and density fluctuations cannot be separated in the case of EQCM 

measurements.
The probe beam deflection (PBD) technique [12] has been applied in order to obtain 

information about the concentration gradient changes during cyclic voltammetry. This 

is an optical in-situ technique for monitoring the refractive index gradient which is 

directly linked torthe concentration profiles established at the electrode/electrolyte 

interface during electrochemical reactions.

Figure 9 shows a typical pattern of the simultaneous oscillations of the potential and 
PBD signal obtained at a current density of 2 mA cm'2 in a 5 M HCOOH solution 

using 1 M HCIO4 as the supporting electrolyte. Although the PBD signal nicely 

follows the potential oscillations, a continuous increase in its mean value can be 

observed The fast increase in the beginning of the experimente and the smafler 

changes afterwards are due to the continuous build up of the concentration gradient 

near the electrode surface under conditions of constant current and unstirred 

conditions. The oscillation period and the potential amplitude increase with time. The 

oscillations corne to an end when the potential reaches a high positive value (about 
1 V vs. Pd(H+/H2)). At this point a decrease of the PBD signal can be observed 

together with a fast potential increase. When the potential-time curve levels off at 

1.25 V, the PBD signal starts to increase again. During the oscillations - an enlarged 

part of Fig. 9 is shown in Fig. 10 - the maxima of the potential coincide with the 

minima of the PBD signal, while a maximum of the PBD signal appears a few 

seconds after the potential minimum independent of the period or amplitude of the 

oscillations. Similar oscillation patterns were recorded at other HCOOH 

concentrations and current densities.

A quantitative évaluation of the data is difficult, although we may conclude that the 

periodical PBD changes occur simultaneously with the potential oscillations, not only 

at the electrode surface, but also in the solution layer close to the electrode, i.e. some 

micrometers away from the solid surface. The PBD technique only detects the overall 

refractive index gradient, which is generated by the sum of ail components.

The exact value of the concentration dependence of the refractive index dn/dc for 

CO2 is not known, however, it was demonstrated that it is a negative and by analogy 
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with common gases like Ar. H2. N2 and O2 it is probably relatively large (rn/êt for H+ 
in HCIO4 = 6 4X10 3 vs Pn/cC for O2 = -14 4x10'3)

Using a reasonable mechanism and parallel experiments with the same electrolyte 

without HCOOH it is possible to find a rational interprétation of the obtained probe 

beam deflection during the potential oscillation experiments

Two main oxidation products can be considered to be generated in the solution, i e 

CO2 and H+, according to the overall reaction of formic acid oxidation

HCOOH CO2 + 2H+ + 2e- (3)

Even taking into account the adsorption/chemisorption processes, CO2 and H+ are 

the major final products

HCOOH #HCOOH (ads) (4)

HCOOH (ads) -> COOH (ads) + H+ + e~ (5)

COOH (ads) -> CO2 + H+ + e- (6)

H2O OH (ads) + H+ + e- (7)

COOH (ads) + OH (ads) CO2 + H2O (8)

2COOH (ads) CO (ads) + COo + H2O (9)

COOH (ads)-> CO (ads) + OH (ads) (10)
CO (ads) + OH (ads)-> CO2 + H++ e- (11)

Since the water is formed in stoichiometric amounts together with CO2 (Eqs (8), 

(9)) we expect that it will only have a very small influence on the magnitude of the 

CO2 gradient at the electrode but not change the PBD signal significantiy In fact, we 

should focus our attention on the reactions described by Eqs. (3), (5)-(7), and (11).

In order to gain some insight into the changes of the PBD signal occurring during the 

galvanostatic potential oscillations, we examine the PBD response obtained while 

recording cyclic voltammograms when the platinum electrode was in contact with 

1 M HCIO4 solution (Fig. 11.) and 1 M HCIO4 + 5M HCOOH solution (Fig. 12), 

respectively. The features in the PBD scans shown in Fig. 11. are readily understood 
in terms of H+ génération and consumption. During the oxidation of H2O, OH(ads) 

formation and oxide formation (Eq (7)), the génération of protons leads to an 

mcreased acid concentration in the electrolyte next to the electrode surface, ^ausing 

a negative beam deflection (deflection towards the electrode). Conversely, the beam 
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deflection is positive during oxide réduction (OH(ads) and H2O formation), where 

protons are consumed.
In the presence of formic acid the PBD response is somewhat more complicated 

(Fig. 12.). During the positive-going scan practically no change in the PBD signal is 

observed at Potentials up to 0.8 V. At somewhat higher potentiels (0.9 V) there is a 

small decrease of the signal followed by a step-like increase (at 1.02 V) occurring in 

parallel with a small anodic current peak in the cyclic voltammogram. At higher 

positive potentials (-1.3 V) a substanțial increase in the PBD signal occurs. The small 

decrease in the signal at the foot of the voltammetric wave (0.8 V) coincides with the 
oxide formation on the Pt electrode giving rise to the génération of H+ (reaction (7)). 

The negative deflection however is suppressed, by direct oxidation of formic acid 

from the solution at the platinum oxide layer and the formation of CO2. This leads 

then to a positive deflection since (dn/ôc)cO2 is negative. We assume that the 

solubility of CO2 is high enough to avoid bubble formation at the electrode surface.

During the negative-going scan, first a decrease in PBD signal is observed, because 

of reduced CO2 évolution subsequently the PBD signal increases again as a 
conséquence of both the consumption of H+-ions for the Pt oxide réduction and the 

direct oxidation of formic acid at the clean surface, which takes place with a very high 
rate and leads to H+ and CO2 génération.

Bearing the above interprétation in mind, we now retum to the évaluation of the PBD 

during the electrochemical oscillations depicted in Figs. 9 and 10. At the lower 

potentials (part with slow potential change) the PBD signal shows a maximum. In this 

part the oxidation of the formic acid takes place at the clean electrode surface, similar 

to the back scan in Figure 11, where we have a pronounced maximum in the same 

potential region. Here the potential change is slow, since the reaction is fast in this 

range. However, the surface is slowly poisoned due to the adsorption of СО and 

other reaction products. In order to keep the current constant, the overpotential to 

drive this reaction is increasing as the surface is poisoned. If the reaction product(s) 

would remain the same we would expect a constant concentration gradient and 

costant beam deflection. With increasing potentials however, the probe beam 

deflection decreases after a relative flat maximum, which is most probably due to an 

increasing formation of protons and poisoning species instead of СОг- In addition to 

formic acid oxidation at the free sites, a charging of the double layer also takes place. 

In fact, it has been shown that the CO2 production decreases as the potential 

increases further, since the main reaction (CO2 formation) becomes more and more 

inhibited at the poisoned surface.
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At the upper potential limit of the oscillations, the oxidation of the chemisorbed 

species occurs according to Eqs. (6), (8) and (14) and the electrode is cleaned. At 

this cleaned surface the oxidation of the formic acid and CO2 génération is fast 

again. This résulte in a decreased overpotential and lower electrode potential and the 

PBD signal is expected to increase until the electrode surface is poisoned again.

The oscillation ends with a large increase of the potential, which first leads to a 

decreasing PBD signal. At this point the electrode is blocked for formic acid oxidation 
and the current is maintainerj. by oxide formation (H+ génération) giving rise to the 

steep potential increase. Once the potential is high enough (>1.3 V) the PBD signal is 

increasing again, which can be explained by the génération of CO2 by fast formic 

acid oxidation, now taking place on the oxide layer.

The results imply that the electrochemical (heterogeneous) oscillations lead to 

periodical homogeneous changes even relatively far from the solid surface, i.e. the 

effect spreads beyond the double layer region. The time-dependent changes in 

solution composition may in tum affect the parent heterogeneous oscillations.

Effect of current density, capacitance and temperatura

The increase of current density leads to a decrease of period time (Figure 13) [16]. It 

shoutd be, however, mentioned that there is only a relatively narrow range of current 

that can be investigated because both at low and high current values a steady state 

develops. Although the explanation of the effect of current density is not 

straightforward in the first approach it can be interpreted at least qualitative^ as 

foilows. As more charges is forced through the System - under identical conditions 

(concentration, stirring rate etc. ) - ail charge consuming processes (see eqs (1) and

(2) ) may be faster. It is especially true for the oxidation of chemisorbed molécules 

and the charging/discharging of the double layer (see later). Because these two 

processes are above ail responsible to the steepness of both the increasing and 

decreasing parts of the potential vs. times curves it is understandable that the period 

time will change in the direction observed.

The whole effect is even more striking if we increase the capacitance of the 

electrode.

The capacitance of the electrode should also affect the whole oscillation 

phenomenon because a part of the charge forced galvanostatically through the 

System will be consumed by the periodical charging/discharging of the double layer. 

Therefore, it is of interest to study the effect of electrode capacitance on the 

oscillation. The electrode capacitance can be varied by using électrodes of different 
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surface area, ie either increasing the geometric area or the roughness factor of the 

electrode. However, in this case the charge consumed by the oxidation reactions wil 

also be increased. Therefore, we used a different approach to investigate this 

problem [14].

First, we investigated the electrosorption and the oscillation phenomena using e 

slightly platinized platinum electrode. (The increase of the roughness factor is 

désirable to measure reliable values for the frequency changes.) Then a poly(aniline) 

(PANI) layer was deposited by electropolymerization of aniline on half of the 

geometric area of the electrode. Because, the reversible oxidation/reduction reactions 

of poly(aniline) at proper conditions (current density, solution composition) take place 

in the same potential region where the oscillation occurs, the electrochemically active 

polymer layer behaves as a pseudocapacitance. It consumes a well-defined amounl 

of charge, ie it acts as a well-defined capacitance and its value can be determined in 

a separate experiment. Another advantage is the easy change of the value of the 

capacitance by varying the thickness of the polymer layer. Furthermore, at suitably 

selected conditions the charging/discharging processes of poly(aniline) are 

accompanied by the sorption/desorption of substanțial amounts of counterions. In this 

way an enhanced frequency (mass) oscillation may be detected. It should also be 

mentioned that a new spectacular oscillation phenomenon can also be observed 

because a periodica! colour change (yellow <-> green) can also be seen beside the 

potential and frequency (mass) oscillation.

Fig. 14 shows a typicai pattern for the effect of electrode capacitance. It is nicely 

seen that the poly(aniline) pseudocapacitance alters the period time, but not the 

amplitude of the potential oscillation.

This effect can be explained in terms of équation (2) and on the basis of the model 

described therein. In the first approximation the increase of the period time may be 

explained as follows. In the case of the platinum electrode the total capacitance (C) is 

equal to the double-layer capacitance (C^i) of the electrode, while in the presence ol 

PANI the pseudocapacitance (Cpani) should be added: C= C^i + Срдм|

Because Срдыр Cqi and the potential amplitude is practically the same in both 

cases a decrease of the period time should be observed. (There is no reason to 

assume that the other terms in équation (2) change because - as mentioned - the 

oxidation of formic acid takes place at the platinum surface.) This assumption is 

supported by the fact that the character of the E-t curve does not change. If our 

conception is correct, there should be a direct proportionality between C and the 

period time (t) and the product C(dE/df) should be approximately constant.
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A detailed study [14] has proved that the assumption on the inverse 

proportionality of C and (dE/df) is valid, i.e. l-la-l-\-l2=C(dEldt) = constant and the 

value of C détermines the period time. Of course, one should not forget that 

M2»/a+/-j +C(dE/df) except for a short period of time when /2-^1 (^e rapid oxidation 

of chemisorbed species at high potential raises /f to a comparable value) and during 

the fast potential decrease when the effect of C(dEldt) term and possibly /a may be 

substanțial.
With the help of an appropriate electrochemical pseudocapacitance (eg thick PANI 

film) very high period time can be achieved and according to our experience, the 

stability of the oscillation is also better.

Temperatura also influences the oscillations as seen in Figure 15. As temperatura 

increases the period time also increases and the potential amplitude of oscillation will 

be higher [16]. Although the satisfactory explanation of this effect requires further 

studies a doser look at the temperatura dependence of the cyclic voltammograms 

may reveal some points (Figure 16). With increasing temperatura the rates of ail 

oxidation processes increase. We may assume that the temperatura coefficient of the 

main oxidation reaction at the free sites through loosely adsorbed species is higher 

than that of other processes. At constant current this reaction will consume most of 

the charge forced through the System. It is also well seen in Figure 16 that the cyclic 

voltammetric waves become wider with increasing temperatura, i.e. it is not surprising 

that the potential spans a wider range in the course of oscillation. Because we do not 

know the potential dependence of the rate of the processes taking place during the 

adsorption and oxidation of formic acid a well-established interprétation of the 

phenomena observed is not possible at present, however, this preliminary results - 

which are the first ones of this kind - may open new vistas in the research of this field.

In this paper I tried to recapitulate the main features of our knowledge on 

electrochemical oscillations. I trust that this summary will be helpful for my fellow- 

colleagues and initiate further studies in this very attractive and spectacular field of 

electrochemistry.
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Figure 1 : Classification of the oscillation in chemical Systems.

Figure 2: Periodica! phenomena observed so far in electrochemistry and studied by

the methods indicated in the figure
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Е/mV a

Fig. 3. Oscillations of the rest potential of platinized platinum electrodes.
a) HO-CH2-COH (0.5 mol dm-3) + Ce4+ (2.5x10-2 m0| dm*3);

b) HO-CH2-OH (0.8 mol dur3) + Ce4+ (2.5x10-2 mol dm'3).

E /mV b

E/mV

Figure 4. Cyclic voltammogram obtained for 1 mol dm-3 HCIO4 solutions containin
0.5 mol dm'3 2-propanol at a platinized platinum electrode. The geometrical area i 

0.3 cm2, the roughness factor is 400, and the scan rate is 10 mV s-1.
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Figure 5. Cyclic voltammetric (a) and EQCM (b) responses obtained for a platinized 
platinum electrode in contact with 1 mol dm'3 H2SO4 solution. 

Scan rate is 10 mV s-1.

Figure 6. Potential (a) and frequency (b) changes during the galvanostatic oxidation 

of formic acid at a platinized platinum electrode.
Current: 0.5 mA. Solution: 0.6 mol dm*3 HCOOH.
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Figure 7. Effect of Cu2+ ions on the potential (continuous line) and frequency (points) 

changes in the course of the galvanostatic oxidation of formic acid at Pt/Pt. Current: 
0.5 mA. Solution: 0.6 mol dm'3 HCOOH. CUSO4 stock solution was added to the 

solution phase at the moments indicated by the arrows. Final concentrations of Cu2+- 
ions were (a) 3x10'3; (b) 5x10'3; (c)-(e) 7x10'3; and (f) 10*2 mol dm'3.
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Fig.8. Potential oscillations and periodical changes in the count rate 

(i.e. Cl-adsorption) in the course of electrooxidation of glyoxal under galvanostatic 

experimental conditions.
i = 0.3 mA; glyoxal conc. =0.4 mol dm’3.

Figure 9. Typical oscillation patterns for galvanostatic oxidation of formic acid in
1 mol dm’3 HCIO4 at a platinized platinum electrode: (1) potential (solid line), 

(2) PBD signal (dotted line). The current density was 2 mA cm’2, the concentration of 

HCOOH was 5 mol dm’3
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Figure 10 An enlarged part of the oscillation pattern shown in Fig. 9: (1) potential 

(solid line), (2) PBD signal (dotted line).

ЕЛ/

Figure 11. Cyclic voltammogram (solid line) and the simultaneously detected beam 
deflection (dotted line) for 1 mol dm*3 HCIO4 solution at a platinum electrode. The 

roughness factor was ca. 17, and the scan rate was 100 mV s'1.
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Figure 12. Cyclic voltammogram (solid line) and the simultaneously detected beam 
deflection (dotted line) for a solution containing 1 mol dm’3 HCIO4 and 5 mol dm’3 

formic acid. Other conditions as in Fig. 11.

Figure 13. Dependence of the period time on the current. Current values are (a) 
5x10“4 and (b) 1x10’3 mA . System: 0.8 mol dm’3 formic acid + 1 mol dm’3 HCIO4, 

Pt-electrode.
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E/V vs sce

Figure 14: The effect of poly(aniline) pseudocapacitance on the period timeof 
oscillations. Solution. 1 mol dm'3 HCOOH + 1 mol dm'3 HCIO4. Temperatura: 70 PC.

Current: 0.7 mA. Upper curve: Pt-electrode, lower curve: Pt-electrode partially 

covered with PANI.

Figure 15: Effect of temperatura on the oscillation. Solution; 0.7 mol dm*3 HCOOH + 
1 mol dm-3 HCIO4. Current :0.5 mA. Electrode: platinized platinum. Températures 

are (1) 50 °C and (2) 70 °C.
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E/V vs sce

Figure 16: Effect of temperatura on the cyclic voltammetric curve of formic acid.
Solution: 0.7 mol dm'3 HCOOH + 1 mol dm'3 HCIO4. Electrode: platinized platinum. 

Scan rate : 50 mV s-1. Températures are (1) 30 °C, (2) 40 °C and (3) 60 °C.
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ABSTRACT. - An account on the electroreduction of acrylonitrile to allyl amine (AA), and of the catalytá 
electrohydrogenation of adiponitrile to hexamethylenediamine (HMDA) is made. In both synthèses porou 
nickel Raney etectrodes were used as the cathode. The préparation procedure of the électrodes involvec 
the co-deposition [1] and electrochemical co-deposition of Ni/Zn and Ni/AI mixtures, foUowed by th< 
chemical activation of the electrode surface, in alkaline media. An improved adhérence and compactées: 
of the metallic deposits were achieved by treating the electrode surface with an aqueous surfactan 
solution. The effects of current density, supporting electrolyte composition, pH and température on produc 
selectivity were investigated. When the synthesis of AA was performed in neutral supporting electrolyte, ir 
the température range from 288 to 293 К and at current densifies not exceeding 70 mA cm , current yield: 
up to 95% were reached. Also, HMDA was obtained with good selectivities (£ 85%) in a »erpress typ« 
cell, in neutral supporting electrolytes, at températures from 275 to 283 K.

Key words: electroreduction, catalytic electrohydrogenation, Raney nickel etectrodes, 
hexamethylene diamine, allylamine, adiponitrile, acrylonitrile.

INTRODUCTION. The use of Raney-nickel as the cathode material was mentionét 

several years ago [2], but the last ten years have seen an increasing number of papért 

on this subject [3] which demonstrate its use-fullness for the hydrogénation о 
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organic compounds. The catalytic Raney-nickel cathodes could be prepared by co- 

deposition of Ni/Zn or Ni/AI mixtures on nickel plate or on nickel wire-net [1] and by 

electro co-deposition of Ni/Zn alloy in a bath containing metal ions [4,5].

The primary use of the reparative nitrile réduction is the synthesis of amines. 

Saturated aliphatic nitriles may be electrochemically reduced to imines and amines [6], 

while saturated aliphatic dinitriles can yield diamines or aminonitriles [7]. The latter are 

important for synthesising lactam precursors of nylon, i.e. polyamide 6. Unsaturated 

nitriles are prone to undergo more various electroreduction processes, that may affect 

the heterogeneous triple bond or the homogeneous double bond only, or both the C=C 

and the C=N bonds [8]. Two main mechanisms are known for nitrile réduction: (i) 

electrocatalytic hydrogénation, on cathodes with low hydrogen overpotential [9], e.g., Ni 

or Pd black, that promote the réduction by electrocatalytically generated hydrogen [10], 

and (ii) electroreduction on metals with high hydrogen overpotential [11]. Nitrile 

electroreduction is customarily performed in strongly acidic medium, in water or in mixed 

aqueous-alcohol solution [12], according to the general scheme shown in Eq.1. It was 

suggested that the protonation takes place at the nitrogen atom, and is the rate 

determining step [13,14].

+4 e

R-C=N + H* -> R-C=NH+--------------- > R-CH2-NH2 (1)

+3 H+

Intensely studied is the selective electroreduction of acrylonitrile (AN) to 

allylamine (AA). Allylamine is important as an intermediate for pharmaceutical and 

organic synthèses [15], in the préparation process of colour toners [16], and in the 

manufacturing of silver halide photographie material [17]. Although AA is a compound in 

great demand for the chemical industry, literature data reveal that serious problems are 

experienced in both its chemical and electrochemical synthesis. The faradaic yield 

attained in the electrolytic process is modest and the selectivity is unsatisfactory [18]. 

Also, the activity of the otherwise efficient spongy Ni, Pd and Cu cathodes is lost rapidly 

under continuous use [19]. Porous Pt electrodes were found active, but they drive the 

réduction of nitriles to alkanes [20]. The use of rotating electrodes for indirect 

electrochemical amine synthesis [21] is still in the incipient stage. Several side reactions 

may also occur.
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The thermodynamlc data for AcN electroreductlon wäre calculated [22], tabla 1, 

from bond energles and wäre adjusted with the dissociation energles of the wator 

molécules involved In reaction,

Table 1: Thermodynamlc data for AcN electroreductlon to AA, PA and PN [22],

Product Number 
of o’

AG°(S) 
[Kj/mol]

AO°r(P) 
[Ki/moll

âG° 
[Ki/rnoll

"F
[V/SHE]

CH, = CHCHjNH, 4 195,3 132.8 *63.0 + 0.177

CH3 CH2 - C = N 2 195.3 89.2 -187.3 + 0.971

CHj CH2 CHjNHj 6 195.3 97.8 -98.3 + 0.170

In this paper the selectivity control of the electroreductlon and/or electrocatalytlc 

hydrogénation of the nitrile group to amines Is addressed. Our interest Is focused malnly 

on both the electroreduction/electrocatalytic hydrogénation of AD to HMDA, and the 

electroreductlon of AN and PN to PA.

EXPERIMENTAL. Acrylonltrile (90.5%, Combinatul Chimic Pitești, Pitești, Romania) was dlstllled from 
Na^COj, and then stored over ЗА molecular sleves. Adlponitrile was obtalned In our laboratory by the 
electrohydrodlmerizatlon of AN, accordlng to a patentod procedure [23], The 95% AD was purtfled by 
vacuum distillation at 1 torr to provlde 99.5% pure product. PropionHrile was syntheslzed by the non- 
dlmerlzing electroreductlon of AN [23 - 28]. After séparation from the aqueous supportlng electrolyte, PN 
was purifled by distillation from №2СОз, and stored ovor ЗА molecular sleves. Orthophosphortc add 
(Merek, Darmstadt, Germany), borte acid (Reactivul, Bucharest, Romania), glacial acetic add (Fisher 
Scientific), sodium hydroxlde (Mallnckrodt), and potassium Chlorides (Aidiich) were used as recelved. 
Porous cathodes of Nl/Zn and Ni/AI were obtalned by co-deposition and by electrochemical co-depositlon of 
NI and Zn and of Ni and Al, respectively, followed by an activation process performed In alkallne media 
(30% NaOH solution In water), at 343 К [5]. Two procedures were ipplled: (1) co-deposltlon performed In 
homogeneous solution (sodium sulphate or Chloride electrolyte), Table 2 and (II) co-deposltlon 
accomplished in a suspension of hydroxides, Table 3. Typical current densttles used weie from 15 to 80 
mA cm , at températures of 288 ± 2 K.

Table 2: Composition of the electrolytlc bath (g/L) and conditions for NI / Zn alloy electrodepositlon 
performed in homogeneous solution.

NiSO47H 2O 80 Soathod. (cm2) 15
ZnSO4- 7H 2O 40 Smod» (cm2) 10-12
NaOH 12-28 I (mA/cm2) 20-60
Gelatine 0.3 Temp fC) 70
Zaharine 5-10 Time (h) 6-8

Table 3: Composition of the electrolytic bath’ (g/L) and conditions for Ni /Zn alloy 
eledrodeposition performed in a suspension of hydroxides.

NiCI2 60 $ Scathode (cm2) 15
ZnSO4 30 ! Sanode (cm2) 10-12
NH4CI 280 I ’ (mA/cm2) 15-80
H3BO3 20 8 Temp CC) 25-50
ZnAC3 25 В Time (h) 5-8

20-60 ml/L PEG and 15-40 ml/L Dextrin were added.
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Microphotographs of the Ni Raney cathodes were taken before and after their chemical activation 
by using a Tesla type BS 340 scanning electronic microscope with a resolution of 4 nm. The magnetite 
anode (metallic iron coated with an Fe3O4 layer) was obtained by heating the metallic iron electrode, for 2 
hours at 633 K, in the presence of steam (29]. A 100 mm thick magnetite layer was formed at the iron 
surface.

The voltammetric curves were recorded with a PAR 362 Polarograph equipped with three 
electrodes cell ( Ni Raney cathode, glassy carbon or magnetite counter-electrode and a saturated 
calomel référencé electrode ).

The undivided fllterpress type cell (30] for preparative scale synthesis was equipped with a porous 
Ni Raney cathode and a magnetite anode. The frames of the reactor were manufactured from stainless 
steel, while the spacers and the insulation éléments were made of silicon rubbers, résistant towards AN 
(31]. A peristaltic pump ensured linear circulation speeds of the supporting electrolyte in the range from 0.1 
to 1.0 m s'. A thermostatic séparation vessel completed the installation. Electroreduction experiments 
were performed under potentiostatic and quasi-isothermal conditions, at 288 ± 2 K. Typical current 
densifies were in the range of 15-80 mA cm’2.

RESULTS AND DISCUSSION. The composition of the obtained cathodes had a Ni/Zn 

ratio in the range from 9:1 to 7:1, Table 4.

Table 4: Characteristics of the porous cathodes Ni/ Zn, before and after activation.

N
O

i 
mA 
cm2

rF 
(%)

Ni (%) 
before after 

activation

Zn (%) 
before after 

activation

5 
(pm)

Sspec I 
m!

9
1. 20 80.2 43.2 54.2 56.8 45.8 24 22
2. 40 76.0 45.5 55.5 54.5 44 5 52 25
3. 80 61.6 46.4 53.6 53.6 46.4 60 29
4. 20 73.4 22.5 26.2 77.5 43.2 32 16
5. 40 65.8 34.6 35.4 65.4 44.6 45 19
6. 80 46.3 44.8 47.4 55.2 42.6 49 20

S5pee. was determinated by BET method and composition by AA.

The activation process increases the Ni content of the deposit formed on the 

electrode surface. Coarse pores and cracks are developed during leaching, Figure 1.

Figure 1.

SE photomicrograpf of one Ni 
Raney cathode after 
activation
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This rough surface of the electrode is essential for the high catalytic activity in tt 

hydrogen discharge reaction [5,32]. The spongy Ni deposit formed in situ is able to afl 

atomic hydrogen, and the interface becomes the saturated with hydrogen. A schemat 

of the possible mechanism of electrohydrogenation of AD is shown in Eqs.2-5, where 

represents the cathode with electrocatalytic properties. First, adsorbed atomic hydroge 

is generated by the electroreduction of water molécules (Eq.2); in a simultaneoi 

process (Eq.3) AD is adsorbed to the cathode surface. Next, the adsorbed substra' 

molécules, noted as M(AD), are hydrogenated with the atomic hydrogen, and adsorbe 

HMDA is formed (Eq.4), which eventually desorbs from the electrode surface (Eq.5).

H2O + e —> M(H ■) + OH’ (2)

AD + M —> M(AD) (3)

M(AD) + 8 M(H •) —> M(HMDA) (4)

M(HMDA) —> HMDA + M (5)

Several secondary reactions may occur: the atomic hydrogen adsorbed to th 

electrode surface can be released under the form of molecular hydrogen or can reduc 

AD to 6-aminocapronitrile. A similar réduction mechanism can be conceived for th 

formation of AA.

All experiments were carried out in the galvanostatic conditions and the Ni Rane 

électrodes were saturated with hydrogen, before the electrochemical hydrogénation c 

AN or AD.

The dependence of the faradaic yield (rF) on the pH of the supporting electrolyt 

and on the temperatura was investigated for both the electrohydrogenation of AN to AA 

(Figure 2 and 3.) and of AD to HMDA (Figure 4 and 5.) respectively. As seen in Fig.2 

AA is obtained with current yields up to 95% at pH 7 ± 0.5 , while propylamine formatioi 

is favoured by acidic pH values. The optimal temperatura for AA synthesis is below 29. 

K, at higher temperatura values the undesired hydrolysis of AN is intensified (Fig.3.) 

Also, to avoid hydrogen évolution, the current density should be maintained at value: 

not exceeding 70 mA cm’2.
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Fig.2. The influence of pH on the rF Fig.3. Dependence of rF of AA and 
of AA and PA formation (at 50 mA PA formation on the température 
cm'2 and 293 ± 1 K) (at 50 mA cm'2 and pH 7 ± 0.2)

AA - allylamine; PA -propylamine;
for the cathodes obtained by electrodeposition ( - - ) and by codeposition ( — ).

The selectivity for the HMDA formation for the current density bigger than 100 

mA/cm2 increases, when the AmCN formation is smaller than 10-12 %, Figure 4.

Figure 4.
Dependence of S ( % ) on 
the current density 
♦-HMDA; X-AmCN;
(—) for the cathodes 
obtained by co-deposition 
and (- -) for the cathodes 
obtained by electrochemical 
co-deposition
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Approximately neutral supporting electrolytes have proven useful for the selective 

electrohydrogenation of AD to HMDA In Figure 5 the optimal pH range for HMDA 

production is from pH 5 to 8. Tough the selectivity is good (up to 85%), the formation of 

6-amino-capronitrile (Am-CN) cannot be completely avoided. The synthesis of HMDA 

can be conducted at basic pH values, as well. A decrease of the faradaic yield can be, 

however observed (rF = 41.2 %, at pH 10 + 1, and rF = 32.6 %, at pH 12 ± 1). 

Température values in the proximity of the freezing point of water (from 275 to 279 K) are 

recommended, Figure 6. At températures above 283 K the faradaic yield decreases, 

due to the enhancement of the hydrolysis of the starting material (AD). Simultaneously, 

at températures > 293 K there is a significant increase in the concentration of the side- 

product, AmCN, formed by the incomplete electrohydrogenation of AD.

Fig.5. The influence of pH on the rF of HMDA 
formation (at 50 mA cm'2 and 275 ± 1 K)
O - HMDA; V- AmCN; о - hydrolysis products

Fig.6. Dépendance of rF of HMDA 
on the temperatura (130 mA cm' 
and pH 4 ± 1); V - HMDA;
O - AmCN; о - hydrolysis products

CONCLUSIONS. A modified procedure for obtaining Raney Ni cathodes was described. 

By using a new activation procedure Ni Raney electrodes with good physico-mechanical 

characteristics and an improved electrocatalytic activity were obtained. Allylamine was 
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obtained on thèse électrodes with current yields up to 95%. Another successful 

application of such Ni Raney électrodes is the selective electrochemical synthesis of 

HMDA from AD. In our experimente HMDA was obtained with selectivity up to 85 %, and 

very satisfactory current efficiencies (> 52 %)
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ABSTRACT

Two séries of functionalized ferrocenes (Fei and Fc2) were synthesized and studied as redox-active 
ionophores. Ferrocene bis-amide dierivatives (Fc,) present properties of Li* electrochemical récognition 
in solution, but sterical constraints due to the immobilization into the electrode surface by its pyrrole 
derivative electropolymerization mask the complexation effect. Ferrocene crown ethers (Fc2) complex 
Ba2’ very selectively. Ba2’ is electrochemically recognized in solution as well as on the modified electrode 
by polypyrrole derivatives.

INTRODUCTION

The redox-active ionophores are molécules capable to bind selectively guest species. 

This complexation can be electrochemically detected by a change in the electroactivity 

of the redox center and has applications in electrochemical sensor technology

An important step in succeeding an electrochemical sensor is its immobilization on the 

electrode surface if the electrochemical récognition properties could be transferred from 

the solution to the electrode/solution interface. Numerous binding sites have been
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synthesized principally starting from rnacrocyclic ligands, but other groups such as bis- 

amides have been tested successfully In this regard, redox centers such as transition 

métal complexes and organometallic compounds appear very attractive taking into 

account the wide variety of complexes, their good stability, and the large scale of 

avallable formai potentials. In particular, ferrocene bis-amlde, ferrocene crown ethers, 

and cryptand derivatives exhibit remerkable complexation and récognition properties 

towards Group I and II metal cations7 In this paper we present comparatively the 

selective complexation properties of two sériés of functionalized ferrocenes (Fci and

EXPERIMENTAL

The synthesis and characterizatlon of the ferrocene derivatives Fc, and Fcî have been performed.3®

Electrochemical cell and instrumentation Is described elsewhere.® Ail experiments were run at rooin 
temperatura under argon atmosphère In a dry glovebox. Potentials are referred to a Ag/0.01 M AgNO, * 
0.1 M TBAP/CH3CN reference electrode. The working electrode was a Pt disk (5 mm diameler) polibbed 
with 1 цт diamond paste.

AII metal ions were added as perchlorates or tetrafluoroborates. Addition of salts was performed by 
adding small volumes of concentrated stock solution to the electrolyte. Tetra-n-butylammonium 
perchlorate (TBAP), obtained from Fluka was purified using the procedure described before.® Tetra-n- 
butylammonium tetrafluoborate (TBABF<) was prepared from tetra-n-butylammonium hydrogenosulfate 
and sodium tetrafluoborate.7

an
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RESULTS AND DISCUSSION

Electrochemical study of Fci

The cyclic voltammogram of Fci (R = H) in CH3CN + 0.1 M TBABF« is characterized by 

a reversible wave at Ei« = 0.30 V corresponding to the redox ferrocene/ferricinium 

couple (Fig.1, curve 1). The addition of increasing amounts of Li* caused a shift to 

positive potentials (Fig. 1, curves 2-4) and a decrease in the intensity of the redox wave 

along with the appearance of a new redox wave of increasing intensity at a more

positive potential (Е^ = 0.70 V).

Fig. 1. Cyclic voftammograms of Fei (R = H) 

in CH3CN + 0.1 M TBABF« with different 

amounts (équivalents) of LiBF«: 0 (1); 0.5 (2); 

1 (3); 4(4); 0.1 V/s.

This results confirm Beer’s findings who established the formation of complexes 

between Fc, H and Li*.8 The shift in potential for the initial wave was attributed to the 

formation of a labile complex (FciuhLi* and the new wave was related to the formation 

of FCi,HLi* complex:

2 Fc + Li* -> (Fc)2Li* (1)

Fcî Li* + Li* -> 2 FcLi* (2) 

rhe cyclic voltammograms of Fci,P (R = pyrrole) in CH3CN + 0 1 M TBABF4 (or TBAP) 

îxhibited the regular reversible wave corresponding to the ferrocene/ferricinium system 

ît Ei,2 = 0.3 V at the same potential as Fci,H (R = H), followed at higher potential by the 

rreversible oxidation of the pyrrole group (1.3 V). Repeated scans over 0 to 0.95 V 
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range led to the growth of a polymer film on the electrode. The continuos growth of th 

film on each cycle is accompanied by a shift of ~ 100 mV in the formal potential until 

stabilized value is reached. Poly(Fci.P) films were also grown in potentiostati 

conditions, by oxidation at 0.8-ч1 V, using milimolar solutions of FCí.r in acetonitril 

containing 0.1 M TBAP. The electropolymerization was carried on until the deșire 

charge (Qp= 0.2-5 mC) was passed. For each specific charge between 0.2 and 2 m< 

reproductible films hâve been obtained having the same apparent surface concentratio 

of ferrocene (Г) within 10 %.

After transfer of the electrode in a pure electrolyte, the cyclic voltammogram shows th 

electrochemical response of the modified electrode owing to the ferrocene/ferriciniur 

System in the film at E1/2 = 0.4 V.

In the presence of Li* a positive shift of 110 mV in the Em of the redox wav< 

corresponding to Fci,p/Fc1P+ has been found in the presence of an excess of Li* ion 

confirming the complexation properties of the bis-tertiary amidé group in Fci,H and Fci,P

The influence of Li+ ion on the electropolymerization of Fci,P was studied, too. Film: 

were prepared in solutions having various Li+ concentrations and transferred in CH3Cf 

+ 0.1 M TBABF4 . The évolution of the déposition efficiency in the presence о 

increasing amounts of Li* in the polymérisation solution is depicted in Fig. 2.

p/po

./г /
Г

Fig. 2. Variation of déposition efficiency vs. LiBF 

concentration in the préparation solution о 

poly(Fci,R) containing also CH3CN + 0.1 M TBAP и 

1 mM Fc1>P at constant potential of 0.85 V 

electropolymerization charge: 1 mC; po and p are 

respectively, the déposition efficiencies in the 

absence and in the presence of Li*.

LÏ/Fc.-p
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A limiting value of 37.5% was reached for a Li’/Fci.P ratio higher than 0.5 in the 

préparation solution, confirming the previously reported stoechiometry for the complex. 

One can assume that the complexation of Fc1P with Li* is favored in the polymerization, 

which is présumable initiated.via intramolecular coupling in the Fci.P Li* complex rather 

than via intermolecular coupling.

In conclusion, two different processes cause a positive shift in the formai potential of the 

Fc1P /Fei/ redox couple. Both Fc1 species present properties of Li+ electrochemical 

récognition in solution. For Fc1P, sterical constraints due to the immobilization on to the 

electrode surface by its pyrrole derivative mask the complexation effect.

Electrochemical study of Fc2 \

A sériés of different ferrocene crown ether macrocycles have been investigated by CV 

in acetonitrile solution with 0.1 M TBAP as supporting electrolyte, and tested in 

complexation. For 2 oxygen member ring no complexation appears, and for 4 oxygen 

member ring only a weak complexation with Li* and Na+ was noticed. Only for 6 oxygen 

member ring (Fc2,H) a strong complexation of Ca2+ and Ba2* was observed. The CV 

curve is characterized by a quasi-reversible redox wave at Ei/2 = 0.53 V (AEP = 100 mV 

at 0.1 V s’). The current associated with the new redox couple increases linearly with 

the concentration of Ba2+ cation until a füll équivalent has been added (Fig. 3).

Then the original wave disappears and the new redox couple reaches füll development. 

These findings suggest the formation of a 1:1 complex between Ba2+ and Fc^h- 

Formation of this complex has been corroborated by UV-VIS and 1 H-NMR 

spectrophotometric studies.
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équivalents of Ba2‘ added

Fig. 3. (A) Cyclic voltammograms of Fc2.h 

(3.7 mM) in CH3CN + 0.1 M TBAP at 

different ratios Ba27Fc2H: 0 (1); 0.28 (2), 

0.56 (3); 0.84 (4); 1 (5); (B) Oxidation 

peak current vs. Ba2* concentration for 

the free (curve a) and complexed (curve 

b) Fc2.h ; 0.1 V/s.

The selectivity of the complexation 

process towards group I and II metal 

cations was judged from CV and UV-VIS 

experimente. Li* and Mg2* cations have 

no effect on the electrochemical 

behaviour of Fc2,h • More over the 

addition of increasing amounts of Na* 

and K* cations to solutions of Fcî résulte 

in a continuos positive shift in potential

of the ferrocene wave but no new redox couple is observed. The shift of the positive 

potential reached a maximal value of 50 mV in the presence of at least 5 équivalents of 

Na* or K* cations Like Ba2* the addition of Ca2* cations causes two wave behaviour 

with the rise of a new less reversible redox wave (E1Z2 = 0.53 V, AEP = 120 mV at 0.1 V 

s'1) at the expense of the original ferrocene/ ferricinium wave. The formation of a 

Fc2.nCa2* complex having 1:1 stoechiometry was confirmed by UV-VIS titration. ЛЕШ 

between free and Ca2* complexed Fc2.H is smaller (120 mV) than with Ba2* (160 mV) 

indicating a lower stability constant for Ca2* complex compared with Ba2* complex. The 

crown ether Fc2-H cavity provtdes an optimal spatial fit for the Ba2* guest cation. Thus, 

Fc^h appears to be an attractive redox switchable ionophore for the construction of 

electrochemical sensory devices.
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ELECTROCHEMICAL RECOGNITION BY REDOX-ACTIVE IONOPHORES

The Fcj.r (R = pyrrole) electrochemical behaviour was also investigated in CH3CN + 

0.1 M TBAP. The CV curve is characterized by a quasi-reversible redox wave at 0.53 V 

corresponding to the ferrocene/ ferricinium couple. This wave is followed at higher 

potential by a large peak (E₽,a = 0.97 V) which is due to the irreversible oxidation of both 

the pyrrole group and benzoçrown ether moiety of Fcj,P. It was established that the 

electrooxidative polymerlzatlon of functionalized pyrrole is an effective method for 

carrying out the coatlng of electrode surface by non-passifying polymer layers 

containlng redox-active centere. The growth of poly(FCî,p) films on Pt electrode was 

accomplished either by repeated CV scans or controlled potential electrolysis at 0.8 V. 

The resultlng modified electrodes transferred to clean CH3CN electrolyte exhibit a 

stable electrochemical response for immobilized Fcî.p at the formal potential of 0.56 V 

(Fig. 4, curve 1 ; p.f and p0' = anodic and cathodic peaks of the free ferrocene).

Fig. 4. CV of a poly(Fc2.p) modified electrode (1mC) in

CHsCN + 0.1 M TBAP; [Ba2*]: 0 (1); 10* (2); 2*10* (3) M;

0.1 V/s.

In the presence of increasing amounts of Ba2* a new 

redox wave rises at E1/2 = 0.7 V (Fig.4, curves 2 and 3; 

p.e and poc = anodic and carthodic peaks of the 

complexed ferrocene) at the expense of the original 

redox wave at E1/2 = 0.53 V. For Ba2*/Fc2,p ratio greater than 1 only the second wave 

remained. This suggests the formation of a 1:1 complex between FCî.p and Ba2*, like its 

pyrrole-free analogue. This process was additionally confirmed by UV-VIS 

spectrophotometric studies. A two-wave behaviour was also noticed by adding 

increasing amounts of Ca2* cations to an electrolytic solution of Fc2,p. The decrease of 

the free Fc2.p wave and the appearance of a new redox wave at Ещ = 0.65 V can be 

associated with the formation of 1:1 FCî.pCa2* complex.



ELECTROCHEMICAL RECOGNITION BY REDOX-ACTIVE IONOPHORES

However, competitive complexation experiments have shown that the receptor Fc?,! 

exhibit a large selectivity for Ba2* against Ca2*. Addition of Ba2* to an electrochemica 

solution of FCî.P Ca2* resulted in a graduai positive shift of the redox wave from 0.65 \ 

up to 0.7 V. This potential was reached when one équivalent of Ba2* was added. Tht 

addition of 10 équivalents of Ca2+ to this solution did not cause any change in the C\ 

curve. These resuit indicates that Ba2* takes gradually the place of Ca2* In the compte) 

and confirms the selectivity of the benzocrown ether structure towards Ba2' 

complexation.

FCî.p retains its récognition properties after its electropolymerization. This h 

demonstrated by the changes in the electrochemical response of the poly(Fc2.P 

modified electrode studied by CV in CH3CN + TBAP electrolyte in the presence о 

increasing amounts of Ва(СЮ4)г (Fig. 4). The addition of Ba2* results in the appearance 

of a new redox wave (E-i/г = 0.68 V) at the expense of the regular wave for the 

immobilized Fc2,p (E14 = 0.56 V). Analysis of the peak currents for ferrocene signal fret 

and complexed as a fonction of Ba2* concentration gives a calibration curve (Fig.5 

curve 1) which is characterized by a linear increase at low Ba2* concentration (< 10"* M’ 

to reach a plateau at about 2 pM Ba2* concentration for thin films (Fig.5). The slope ol 

the calibration curve increases when tha film thickness decreases.’

Fig. 5. Calibration curve for Ba2* (1) and Ca2* (2] 

recorded on poly(Fc2,p) modified electrode; it = i₽. 

+ ipac; Г = 2 * 10-® mol/cm2.

As in homogenous solution, a two-wave 

electrochemical behaviour was observed with

8G 



ELECTROCHEMICAL RECOGNITION BY REDOX-ACTIVE IONOPHORES

poly(Fc2,p) in the presence of Ca2*. The EV2 fór the poly (Fc2P Ca2*) redox System (0.66 

V) is very close to that fór the poly Fc2,P Ba2* redox System (0.68 V).

Competitive complexation experimente were not possible . However, the slopes of the 

calibration curves (Fig.5, curve 2) shov' that polyíFc^p) is less sensitive to Ca2* than to 

Ba2* (Fig.5, curve 1). In addition we found that polyfFc^p) was insensitive to other group 

I and II metal cations such as Li*. Na*, K* and Mg2*.

In conclusion, the electrochemical polymerization of the pyrrole substituted ferrocene 

crown ether leads to a polymer film modified electrode showing remarkable behaviour 

for the amperometric récognition and titration in an organic solvent of Ca2* and Ba2* 

among the alkaline and alkaline earth metal cation.
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ABSTRACT

The 2R(S)-2,2 dlmethyl-4-[(4-nitrophenyl)-1,3-oxazolidine (I) was prepared by the 
reaction between threo 2-amino-1-(4-nitrophenyl)-propane -1,3-diol and acetone[1] The 
electrochemical reducibility of (I) was studied in hydroalcoholic ( 0.1 M BujNBF.i and/or 
H2SO4 ), in DMF (0.1 M BU4NBF4 ) and in DMF- water solution In aqueous solutions the 
Polarographie réduction of (I) to 2R(S) -2,2 dimethy-4-[(4-aminophenyl] -1,3-oxazolidine (II) 
occurs in a single four-electron step and in the presence of 10-30% DMF the séparation of 
two waves can be observed. The pH-dependence of the half-wave and peak potentials was 
discussed. A new preparative scale electrochemical method for the synthesis of (II) is 
described. The UV-Vis and IR spectroscopie characteristics of (I) and (tl) and the results of 
CG-SM methods proved the conservation of the oxazolidine ring during electrosynthesis Due 
to their biological activity (I) and (II) are of interest for the pharmaceutical industry

Key-words : electroreduction, organic electrosynthesis, nitroderivatives, DME 
polarography, cyclic voltammetry.

INTRODUCTION

The electroreduction of nitroarenes has been investigated since the 

beginning of the twentieth Century, but there is still scientific and practicai 

interest in this field [2-5]. Thus, the electrochemical réduction of (I) to (II)
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proved to be an advantagoous synthetic route to obtain an intermediate for th 

chloromycetine préparation [6]. In this case, the interest is the conservation« 

the oxazolidine ring during the electrosynthesis [7].

( <f У- ( TI—( TI ~ CI b
\_/ I J I

HO HN () 
\ 7 c 
/ \ 

II3C CH3

(1)

The heterogeneous -N=O bond of nitro [8,9] and nitroso [1C 

derivatives is reducible by polarography, in both aqueous and non-aqueou 

solution. It is widely accepted that the reducibility of -NO2 group dépends oi 

the molecular skeleton [11,12] , the composition of electrolyte - pH [12] 

co-solvent and presence of the surfactants [13,14] - electrocatalytic activity c

the electrodes [15], current density and potential [16].

EXPERIMENTAL

Synthesis of (I)
The reaction between ihreo 2amino-1-(4-nitrophenyl)-propane-1,3-diol an< 

(CHshCO is carried out in aqueous solutions and has been reported previously [1]

Chemicals and solutions for electrochemical déterminations
DMF, alcohol, and water weie purified by vacuum and atmospheric distillatior 

respectively, and cooling under argon to exclude oxygen .
For the polarographic and cyclic voltammetric measurements all chemicals were 

obtained from Fluka Chemical Company, except (I) which was prepared according tc 
Darabantu's method [1]. 0 1 M Stock solution of (I) was prepared in DMF and stored in the 
dark.

Buffer solutions used in the specific pH range were Britton-Robinson type. All pF 
measurements were carried out in aqueous media before the eventual addition of DMF. ir 
mixtures with organic co-solvents pH values of the aqueous component (before addition oi 
organic solvent) were measured

Polarography
Polarographie eueres were recorded with a Taccussel Polarograph and registered 

with X-Y Recorder ÖD 90 Kipp and Zonen An electrolytic cell (Kalousek cell) with a liquid 
junction was used All the solutions were deoxygenated ( Ar 99 9%) for 4 min., before the 
recording of the current-voltage curves

Cyclic voltammetry
The voltammetric curves were recorded with a PAR 362 Polarograph HMDE and 

SMDE cell, PARC 303A type, with a glassy carbon counter-electrode and a saturated 
calomel référencé electrode (SCE)
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Spectroscopie measurements
То confirm the structure of (I) and (II), the IR spectra were recorded, using a FT-IR 

Nicolet 205 and Karl-Zeiss Jena UR 20 spectrophotometer in the 250-4000 cm 1 range and 
Perkiri-Elmer 204B analyser. The samples were introduced as KBr pellets and nujol The UV 
spectra were recorded with a Hewlett-Packard 8452 A spectrophotometer

2. In the hydroalcoholic medium the absorption of the R-NHOH

intermediate takes place for the E = -0.7 V/ SCE, when a single adsorption 

maximum is observed ( figure 2).

At the more positive potentials (I) is still adsorbed, because of the 

interaction of the it électrons of the rings with the positively charged surface 
[13]

CG-SM déterminations
The analysis of the mixture after the electrosynthesis were carried out with an 

Perkin-Elmer 990 Gas-Chromatograph linked with a Mass-Spectrometer type Varian Mat 
311

Preparative scale electrosynthesis
Electrochemical réduction' of (I) on Hg was made under potentiostatic conditions 

using a Potentiostat PRT 20-2 (0.5-2A) and 1G5-N Integrator (01-10A), in both aqueous 
solution and water • DMF mixture

RESULTS AND DISCUSSIONS

1. In aqueous buffered solutions (pH=1-14) a single four-eleetron wave 
is observed. The polarographic limiting current is depending on the 
concentration of (I) between 104- 10’2 3M, (figure!)

Figure 1.

Polarographic curves 
of (I) in Britton - 
Robinson aqueous 
solution (pH=2.5) ; 
concentrations of(l) : 
from 1x1 О’4 M (curvo
I) to1.1x10'3 M (curve
II) .
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Figure 2.
Polarogrammes of (I) in 
hydroalcohollc solution 
( H2SO4 2.5M : EtOH»1 : 4); 
Eo - 0.4 V/SCE : Ef ■ -1.2 
V/SCE; v«5mv/sec; s» 1mA;
T ■ 2sec.;t» (2010.5)°C.

3. For the first half-wave potential, E1/2 ■ -0.28 V/SCE, the limiting 
current, L« 70pA Is due to -NO réduction:

-NO -NHOH (1)

At Е1в" -1.05 V/SCE the limiting current, iL» 35цА is attributed to bielectronic 
réduction of the hydroxylamine Intermediate:

-NHOH -NH2 (2)

4. As is expected [8-10], the half-wave potentials , E1/2, of the first step of 
the réduction of the nltro group are shlfted to more negative values with 
Increasing pH , figure 3, curve 1, and corresponds to a four-electron process.

Figure 3.

Dependence of polarogra- 
phic half-wave potentials 
upon pH in aqueous solution 
(curve 1) and in watei : 20% 
DMF solution (curve 2); 
concentration of (I) 5x104 M.

6. In DMF : 0.1 M BU4NBF4 solution, the first one-electron reversible
process:
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ArNO2 5₽т*’=®5 ArNO/ (3)
was observed , figure 4, both on glassy carbon and Hg électrodes, according 
to Stradins [9].

Figure 4.

Voltammogramm of (I) In 
DMF (0.1 M Bu4NBF4 ) 
on Hg ; Eo ■ 0; Ef ■ -1.6 
V/SCE ; 5x10"4 M (I) ; 
V ■ 100 mv/sec.

Even in the presence of small quantifies of water the réduction of - 
NHOH to -NH2 is possible, figure 6, what is proved by the new réduction 
peaks in the more negative region of potentials.

Figure 5.

Electrochemical behaviour of 
(I) in the presence of 5% water 
for the differents scan rates : 
curve 1-200 mv/sec. ; curve 2- 
100 mv/sec. curve 3-50 
mv/sec.
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6. During the electrosynthesis in aqueous solution it can undergo 
oxazoline ring opening (Scheme 1). Such a process has been proposed to 
accountfor the changes in composition of products of electrolysis of (I).
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In addition to the nitro group reducibility the self-condensation can 
occur, for the pH > 8. Faster self-condensation reactions can play a role during 
electrosynthesis and resuit in the formation of new waves on polarographic 
curves or/and new voltammetric peaks., corresponding to réduction or 
condensation products [15].

In the presence of 10-25% DMF the oxazolinic structure is conserved 
and (II) was obtained with rch= 78% and rF = 80%.
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ABSTRACT
TI/TIO2 electrodes are obtalned by thermal methods. The best conditions of préparation were 
determlned from the Influence of roughenlng and number of thermal cycles on the structure and 
electrocatalytlc properties of the TIO2 coat. Structural analysis of electrodes was performed by 
scannlng electron mlcroscopy with X-ray détection and by X-ray diffraction. The résulte proved that 
the T1O2 layer formed on the electrode's surface has not a homogeneous structura. However, the 
crystalline anatase form prevalis. Electrocatalytlc actlvity of the preparad electrodes was studled by 
cydlc voltammetry. The Influence of pH, number of thermal cycles and sweep rate on the peak of 
cathodlc current was also Investigated. The behaviour of these electrodes in the electroreduction of 
DNSS confirme their electrocatalytlc actlvity. The products of the electroreduction were determlned 
photodensltometrically.

KEY WORDS: electroreduction, electrocatalytlc actlvity, nitroderivatives, Ti/TiO2

INTRODUCTION

The electrochemical réduction of nitrocompounds is of great interest because 

it considerably avoids environmental pollution. It also has a botter selectivity than 

the chemical réduction. Direct electroreduction of some aromatic nitrocompounds 

by using metal and graphite cathodes in H2SO4 and HCl media, stops at 

phenylhydroxylamine. Thus yields of amines and their current efficiency are low so 

that isolation requires additional operations [1].

An indirect electrochemical method is in use to increase the current efficiency 

and the yield of products. By In situ régénération of Ti3+ from the Ti4+ sait on acopper 

96



cathode, aromatic nitrocompounds could be conveniently reduced to their 

corresponding amines [2,3,4]. The main problems raising within this technique 

were the hydrolysis of Ti4* and Ti” salts in low acidity media as well as the recovery 

of soluble aromatic amines from the salty solutions.

A more efficient redox catalytic process to obtain aromatic amines would 

involve the use of thermally deposited Ti4+/Ti3+ redox species, as redox mediators. 

Beck and Gabriel [5] developed a titanium dioxide coated titanium electrode, a 

stable Ti4+/Ti3* redox electron carrier, which had been used in the réduction of 

nitrocompounds.

P.N. Anantharaman and co-workers [6-9] started the study of catalytic redox 

behaviour of titanium dioxide coated titanium electrode in the absence or presence 

of some nitrocompounds, by using cyclic voltammetry as well as preparative scale 

experimental techniques. This electrode behaves as an efficient heterogeneous 

redox electron carrier, thus nitrocompounds can be catalytically reduced with a high 

current efficiency. The described method to obtain aromatic amines is an 

environmentally friendly technique, so that it can be commonly adopted to prepare 

various nitrocompounds.

Our work consiste in the electrochemical and structural characterization of 

Ti/ТЮг électrodes obtained by thermal methods. The obtained etectrodes were 

tested for the indirect electroreduction of DNSS. Résulte are reported below.

1. ELABORATION OF TITANIUM DIOXIDE COATED TITANIUM ELECTRODES

In order to obtain Ti/TiO2 etectrodes, a thermal method was used. It involves 

two steps: (1) a roughening of the titanium electrode, to assure a good adhérence of 

TiO2 layer and (2) thermal treatment to obtain the TiO2 layer.

1.1. Roughening of titanium etectrodes

According to scanning electron microscopy images for sample no.2 (Figure 1) 

and sample no.3 (Figure 2), an increase of immersion time of the metal in acid 

mixture, from 30 to 60 min., leads to the appearance of holes in its surface. Same 

heterogeneous surface is obtained when increasing the hydrochloric acid 

concentration - see sample no.4 (Figure 3)
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Figure 1 SEM for sample no.1

Figure 2. SEM for sample no. 2

Figure 3. SEM for sample no. 3
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1.2. Coating of titanium with TIO2 by thermal method

The TiO2 coated titanium électrodes were prepared by following the standard 

procedure developed by Beck et al [5] although slight changes were made.

2. STRUCTURAL CHARACTERIZATION OF Ti/TIO2 ELECTRODES

Scanning electron mlcroscopy with X-ray détection (SEM-RX) and X-ray 

diffraction were used to characterize the layer's structure.

2.1. Scanning electron mlcroscopy with X-ray détection

The SEM-RX images of samples 9(fig.4) and 10(fig.5) show that by 

increasing the number of thermal cycles the surface becomes more homogeneous.

tint 9 rro

Cvu.lt»

Figure 4. SEM and RX for sample No. 9 (5 thermal cycles) :

г nu is пт)

Figuie 5. SEM and RX for sample No. 10 (10 thermal cycles) :
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Analysis by SEM and RX détection shows that the greater number of thermal 

cycles the thicker the TiO2 layer is.

2.2. X-ray diffraction

According to X-ray diffraction diagrams, even if the TiO2-anatase form 

prevails, the obtained TiO2 layer has not an homogeneous structure.

3. ELECTROCHEMICAL CHARACTERIZATION AND THE TEST OF Ti/TiO2 

ELECTRODES

The redox behaviour of Ti/TiO2 electrodes was studied by cyclic voltammetry 

in order to evaluate the influence of: pH (fig.6), sweep rate (fig.7) and number of 

thermal cycles (fig. 8).

Figure 6. Cyclic voltammograms on Ti/TiO2 thermally coated electrode (10 cycles) 

in (a)1M H2SO4, (b) 0.1M Na2SO4 and (c) 1M NaOH at v = 100 mVs’1

At constant sweep rate, the cathodic current peak (iPiC) decreases in the 

following order : ip.c (H2SO4) > ip.c (NaOH) > ip.c (Na2SO4). The cathodic peak 

potential (Ep.c) shifts towards the negative domain when increasing pH. The Д Ep 

values grow while decreasing ip.e in the following order : Д Ep (H2SO4) < Д Ep 

(NaOH) <A Ep (Na2SO4). The maximum ip,c occurs at 1.0 M concentration when 

H2SO4 is used. In strong acidic media, damage of the electrode because of 

cathodically induced dissolution, may take place:
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TiO2 + 2H2SO4 —* Ti(SO4)3 + 2H2O (1)

The sensitivity of Ti/TiO2 electrodes to pH dérivés from the equilibrium and 

transport properties of protons in the oxide film. Protonation and OH’ ion adsorbtion 

occurs in acidic and basic media, according to the following equilibrium:

TiOOH* == TiO2 TiO2 OH (2)

Electroreduction of the oxide film requires the diffusion of a counter-ion (H*) 

from the electrolyte to the interface, and further intő the oxide layer. This permits the 

charge neutralization within the film:

TÍO2film + в ” TÍO2 mm (3)

TiO2fllm + H юкМкж ” ТЮ ОН (4)

In acid media, the proton diffusion takes place efficiently by a “surface Grothus” 

mechanism [10]. In alkaline media, adsorbed OH’ ions aid proton transfer by 

extracting them from the hydroxide layer or the adsorbed water molécules. The 

proton transport is less efficient in neutral media. Непсе, acid media were chosen 

for further redox catalytic studios.

Figures 7 and 8 show voltammograms recorded to study redox behaviour of 

the species present on the electrode’s surface in 1M H2SO4, at various sweep rates 

(fig. 7) and for different Ti/TiO2 electrodes (fig. 8):

Jweep rate: (a) 50, (b) 100, Sweep rate : 200 mV - s';
c) 200, (d) 300 mV s’1 (a) 5, (b) 8, (c) 10 thermal cycles
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Well defined reversible redox peaks also appear by increasing the number 

thermal cycles. At sweep rates v > 0.05 V-sec’, two cathodic waves Ci (ec = 0.3 

0.39 V/SCE) and C2 (ec = 0.49-0.52 V/SCE) are observed. During reverse scan tv 

anodic waves A, (ea = 0.35-0.40 V/SCE) and A2 (ea = 0.56-0.57 V/SCE) are observe 

also. Earlier reports [6-10] suggest that the first cathodic wave Ci is due to tt 

following réduction:

Ti(HO)4 + e + H* == Ti(OH)3 + H2O (5)

and the second cathodic wave C21 which occurs at slightly higher negative potentie 

is due to the following one:

TiO2 + H2O + H++ e’ Ti(OH)3 (6)

4. BEHAVIOUR OF Ti/TiO2 ELECTRODES IN THE ELECTROREDUCTION OF

THE DNSS

4.1. Cyclic voltammetry

Details regarding instrumentation, cell and electrodes employed in the cycli 

voltammetry studies are the same as those reported in the experimental part.

A DNSS solution with a concentration of 1mM in 1M H2SO4 is used.

The cyclic voltammograms for a Ti/TiO2 electrode, in the absence an 

presence of DNSS, are shown in fig. 9.lt may be observed that the presence c 

DNSS leads to a simultaneous increase of the cathodic and decrease of the anodi 

peak heights.

Figure 9 Typical cyclic voltammogram: 
obtained on Ti/TiO2 electrode ii 
1 M H2SO4 ; (a) in the absence, (b) it 
the presence 1 mM DNSS.
Sweep rate : 50 mVs'1 :
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This clearly demonstrates the catalytic régénération of Ti4‘ at the electrode’s 

surface. It is due to a fast reaction between Ti3+ and the dinitro - compound:

(7)

The most plausible explanation of the Ti3+ concentration decrease in the 

presence of DNSS, is given by a heterogeneous chemical reaction as shown in 

équation (7).

In conclusion, the cyclic voltammetry have revealed that the TÍ/TÍO2 

electrode is a good heterogeneous redox catalytic electrode for the réduction of 

DNSS.

4.2 Galvanostatic electrolysis

Table 3 Réduction of DNSS to DASS
Cathode: Ti/TiO2; anode : Pb; catholyte : 1M H2SO4, 4.6-IO"3 DNSS; 
anolyte : 1M H2SO4; T = 293°K.

nr.crt. i (A dm'2) Ssp(cm’) rriDNSs(g) rF(%) roh(%)
1 1.77 0.11* 0.2 91.99 83.05
2 2.66 0.11* 0.2 88.56 75
3 3.55 0.11* 0.2 56.66 38.35
4 2.62 0.04 0.2 78.14 58.23
5 2.62 0.14 0.2 95.23 88.70

* geometr cal surface; net type electrode

From Table 3 one may conclude that, the higher the current density, the 

more competitive the hydrogen émission. Thus, current efficiency decreases 

(experiments no. 1-3). A higher specific surface promûtes redox reaction and 

increases current efficiency (experiments no. 4-5).
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CONCLUSIONS

1. Ti/ТЮг electrodes were obtained by thermal method. SEM, SEM-RX and 

X-ray diffraction were used to emphasize the importance of operating conditions as 

roughening and number of thermal cycles upon the structure and quality of the TiO2 

deposit.

2. The deposited TiO2 layer on the electrode’s surface is more homogeneous 

and more compact after its roughening in 12.5% HCl + 7.5% H2C204, for 30 min. 

and thermal coating during 5-10 thermal cycles.

3. The electrocatalytlc properties of the TiO2 layer were evidentiated not only 

by cyclic voltammetry but also by preparative electroreduction of DNSS to DASS. 

Непсе, by using a Ti/TiO2 cathode and a 1M H2SO4 catholyte, for a current density 

of 2.62 A dm'2 and a specific surface of 0.14 cm'1, a yield as well as a current 

efficiency of 95% and 88.7% respectively, were obtained for DASS.

EXPERIMENTAL

Roughening of titanium electrodes
A titanium foil, 0,5mm thick, 99,7% and a titanium road 6,35 mm diameter, 99,99% (Aldrich) 

were utilized.
Roughening of titanium electrodes was carried out In various HCI-H^C^ mixture, for 

different periods of immersion, at the boiling temperatura of 80 - 90°C (table 1). Scanning electron 
microscopy (SEM) was used to characterize the titanium surface.

Table 1 Roughening conditions

Composition of 
roughening medium

Immersion 
period

No.of 
sample Reference

% HCl % H2C2O4
15 5 30 1.7,8

15 5 60 4, 5,6 -

12.5 7.5 60 3, 11, 12 -

12.5 7.5 30 2,9.10 -

20 - 30 13 [1]

Coating of titanium with TiO2 by thermal method
The roughened metal was dipped into a solution of 0.05 M titanylacetylacetonate (Aldrich) in 

iso-propanol containig 7.5% vol. HNO3 (GR grade quality). Then drying at 100-110° C for 10 min. The 
metal Strip was heated at 500-550°C for 25 min., for an oxide layer to form. The described coating 
and drying cycle was repeated 5, 8 or 10 times in order to obtain a good electrocatalytlc TiO2 - layer.

Scanning electron microscopy with X-ray détection
Instrumentation : Leica Cambridge Instruments S360 microscope; secondary electron detector; 

Oxford Link RX detector
Operating Parameters : - electron source with thermoelectronic émission;

- accélération voltage 5 kV;
- RX analysis by energy sélection,
- ultra thin window for light element détection;
- data acquisition time 50 sec.
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Observations : - the image of each sample was increased 500 times;
- titanium from the metallic support could not be differentiated from titanium of the 

TiO2 layer so that light éléments as C, Si, AI, Mg, Na were also detected.

X-ray diffraction
Instrumentation : D 520 Siemens Diffractometer

Cyclic voltammetry
Cyclic voltammetric measurements were performed in a typical one compartment glass cell. 

An aqueous SCE and a platinum foil served as reference and counter électrodes, while a Ti/TiO2 
electrode (area of 0.07 cm2 ) served as working electrode. A Wenking potentiostat (model HP 172), a 
voltage scan generator and an X-Y recorder (Endim 620) were also employed. The experimente were 
carried out in 1M l-feSO«, 1M N^SO« and 1M NaOH solutions, at 20°C. The solutions were 
thoroughly deoxygenated by purging the cell System with pure argon. A DNSS solution with a 
concentration of 1 mM was used. The supporting electrolytes are prepared from double-distilled water 
and H2SO4, NaiSO., or NaOH of GR grade quality 4,4’-dinitrostilbene-2,2’-disulfonic acid was from 
TCI and 4,4’-diamino-2,2’-disulfonlc acid from Lancaster.

Galvanostatic electrolysls studiet
Preparative experiments were carried out in a divided glass cell. A solution of 4,6 to"3 in 2M 

H2SO4 was used as catholyte. The anolyte was a 2M H2SO4 solution. Two types of Ti/TiO2 
électrodes were used as cathode:

- a net - electrode, with a geometrical surface of 11.25 cm2,
- a plate - electrode, with a surface area of 4.2 cm2.

A lead sheet was used as anode. The glass cell was thermostated at 20°C. The catholyte was stirred 
by means of a glass stirrer and degassed with pure Ar. Galvanostatic conditions of 1.75-4 A dm'2 
were assured.

Dosage of 4,4'-diaminostilben-2,2'-disulfonic acid (DASS) was made by thin layer 
chromatography and an original photodensitometric method [11].
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ABSTRACT

La réduction de dérivés dinitrés et de cétones est étudiée en milieux aqueux et non aqueux. 
En milieu aqueux acide, les réductions électrochlmlques du 4,4'-dinitrodlbenzyle et de l'acide 4,4'- 
dlnitrostllbène 2,2'-disulfonique sont réalisées sur différentes électrodes métalliques. Dans chaque 
cas, Il est montré le rôle du système rédox Tl^/Tl“ sur les produits formés. Ce travail a été 
développé en milieu aprotlque DMF. Des études analytiques par voltammétrle cyclique et par 
spectroscopie de résonance paramagnétique électronique, réalisées sur les dérivés dinitrés et la 
fluorénone, mettent en évidence les possibilités de réduction électrocatalytique par un complexe de 
titane, le dlchlorure de tltanocène. Les résultats préliminaires d'électrosynthèse sont Indiqués.

Dans le cadre de recherches effectuées depuis quelques années sur la 

réduction de dérivés dinitrés aromatiques en diamines ou en monoamines, nous 

nous sommes déjà intéressés au 4,4'-dinitrodibenzyle (DNDB) et à l'acide 4,4'- 

dinitrostilbène 2,2'-disulfonique (DNSS). Sur électrode de mercure, nous avons 

précisé leurs caractéristiques électrochimiques dans plusieurs milieux, l'importance 

des phénomènes d'adsorption à la surface de l'électrode et l'influence d'additions de 

molécules tensio-actives (1,2). Nous avons également comparé leurs réductions 

électrochimiques (par transfert direct d'électrons ou en présence d'un couple rédox) 

et chimiques par un réducteur préalablement électrogénéré (2-4). L'intérêt industriel 

des amines correspondantes a orienté nos recherches vers l'utilisation d'électrodes 

solides mieux adaptées que le mercure aux technologies de synthèses (5-7).
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Le présent travail concerne les réductions du 4,4'-dinitrodibenzyle et de 

l'acide 4,4'-dinitrostilbène-2,2'-disulfonique dans de nouvelles conditions expérimen

tales. D'une part, l'influence du couple rédox Ti3’/Ti4* sur la nature des produits 

formés par réduction électrochimique est examinée en milieu aqueux acide, sur 

plusieurs matériaux d'électrode (étain, monel, plomb, mercure). Dautre part, la très 

faible solubilité du DNDB dans l'eau ou dans le mélange hydroalcoolique nous a 

conduit à envisager la réduction dans un milieu non aqueux, le diméthylformamide 

(DMF), en présence d'un complexe de titane, le dichlorure de titanocène (Cp2TiCI2). 

Nous abordons également la réduction catalytique de dérivés carbonylés dans les 

mêmes conditions.

A. MILIEUX AQUEUX ACIDES

Influence du couple Tl’*/Ti4* sur la nature des produits formés par réduction 

électrochlmique sur différentes électrodes.

Les milieux acides choisis sont respectivement H2SO4 5N / EtOH 50/50 à 

60’C pour le DNDB en raison de sa très faible solubilité dans l'eau et H2SO4 2,5N à 

30°C pour le DNSS plus soluble. Des études analytiques préalables, dans les 

conditions des réductions préparatives (électrochimique à potentiel constant ou 

chimique), sont nécessaires pour connaître les caractéristiques électrochimiques de 

chacun des dérivés dinitrés et du couple rédox utilisé. Dans ces solutions acides, 

seule l'électrode de mercure - pour laquelle la limite cathodique est à environ 

-1.0V/ECS - permet une étude satisfaisante. Nous rappelons le comportement 

électrochimique du sulfate de titanyle TiOSO4, promoteur du couple Ti^/Ti4* et celui 

des dérivés dinitrés qui ont déjà fait l'objet d'études antérieures (1-4).

Les courbes des Fig. 1A et 1B permettent de comparer les réductions de 

chaque dérivé dinitré à ceux du couple rédox dans les conditions des électrolyses. 

Les écarts relatifs de leurs potentiels, en particulier celui de la réduction des 

hydroxylamines, laissent prévoir des effets différents sur les mécanismes et par 

conséquent sur la nature des produits de réduction. Nous avons montré 

précédemment l'influence de l'électrolyte et de la concentration en alcool sur la 

réduction des ions Ti4* : l'acide H2SO4 étant complexant, il y a formation d'espèces
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Fig. 1. Voltammogrammes de réduction sur électrodede mercure, v = 0,1 V.s'1.
(A): milieu H2SO4 5N/EtOH 50/50 à 60’C. (B): milieu H2SO4 2,5N à 30'C

en équilibre dans la solution dont la nature et les proportions relatives dépendent, 

entre autres paramètres, de l'acidité et de la température (3, 8-11 ). Le mécanisme 

global de cette réduction met en jeu un électron par molécule

TiO2> + 2H* + e' '<...-> Ti* + H2O

La réduction des dérivés dinitrés est classique et conduit globalement à la 

diamine correspondante avec formation intermédiaire de dihydroxylamine. La 

réaction globale met approximativement en jeu douze électrons. Sur les 

voltammogrammes, les pics de faible intensité, vers 0,0 V et - 0,8 V, sont de nature 

capacitive et délimitent la zone d'adsorption I désorption du dérivé nitré et (ou) de 

ses produits de réduction comme il a été montré par des mesures tensammétriques 

(1a,2).

Les électrolyses à potentiel constant ont été réalisées sur quatre électrodes : 

mercure, étain, monel et plomb. L’influence de la nature de l'électrode sur la 
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réduction de dérivés nitrés a déjà fait l'objet de quelques travaux (12-17). Suivant les 

matériaux, sur lesquels la réduction des ions H‘ en hydrogène est plus ou moins 

difficile, on peut envisager des mécanismes différents d'électronation-protonation ou 

d'hydrogénation électrocatalytique (18-21). Les concentrations les plus souvent 

employées sont de 1x10’3 M pour le DNDB et de 2x103 M pour le DNSS

Les tableaux 1 et 2 résument les principaux résultats des électrolyses et le 

rôle de TiOSO« sur la nature .des produits formés. En ce qui concerne le DNDB, sur 

électrodes de mercure et d'étain, il y a formation de dérivés mono- et dihydroxylés et

éthoxylés de formules :

M -258

OCjHj

M - 257

OC2H5

M - 257

°C2H5

M - 256

Pour les molécules de masses M = 257 et M = 256, on pourrait envisager des 

structures N-éthoxylées. Le spectre de masse indique l'existence d'un fragment à

le noyau aromatique

favorable à la substitution sur

transposition

su он + H*
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Tableau 1 : Produits de réduction du DNDB en milieu H2SO4 5N/EtOH 50/50 à 60°C

DADB : 4,4'-diaminodibenzyle

Matériau 
d'électrode

Médiateur DADB
%

composé 
amino 

-hydroxylé

composé 
dihydroxylé

composés 
éthoxylés

DNDB

sans 75 9 2 - traces
mercure

TiOSO« 92 - - * traces

sans 45 55
monel

TiOSO4 90 - - ° traces

sans 50 18 8 15 traces
étain

TÍOSO4 90 - - traces

Tableau 2 : Produits de réduction du DNSS en milieu H2SO4 2,5N à 30*C

Matériau 
d'électrode

Potentiel 
d'électrolyse

Produits formés en présence de 
TÍOSO4

mercure - 0,05 V DASS 90% sans effet

plomb - 0,60 V DASS +
quelques % de ANSS et DHSS

sans effet

monel -0,30 V DASS +
traces de ANSS et DHSS + DNSS

DASS + 
traces de DHSS

étain - 0,65 V DASS +
quelques % de ANSS et DHSS

sans effet

DASS : acide diaminostilbène disulfonique DHSS : dihydroxylan.,ne
ANSS : acide amino-nitrostilbène disulfonique
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Quelle que soit l'électrode, on note une amélioration sensible de la 

concentration en DADB en présence de TiOSO4 ainsi que la disparition des produits 

secondaires qui permet d'obtenir la diamine très pure avec un rendement de l'ordre 

de 90 %.

Dans le cas du DNSS, plus soluble en milieu aqueux que le DNDB, sur 

cathode de mercure, le DASS est le seul produit de réduction, de l'ordre de 90 %. 

L'utilisation d'électrode solides permet également cette synthèse avec un bon 

rendement mais parfois il y a formation en faibles quantités de dihydroxylamine, de 

dérivé amino-nitré et de dérivé dinitré non réduit. La présence de TiOSO« a peu 

d'effet ou favorise la formation de DASS plus pur.

Sélectivité de la réduction chimique par le réducteur Ti3* électrogénéré.

Le réducteur Ti3* est électrogénéré à partir de TiOSO< en milieux H2SO4 5N / 

EtOH 50/50 et H2SO4. Des travaux antérieurs (2, 3) ont déjà permis de mettre en 

évidence la sélectivité de la réduction chimique par Ti3*. Selon la valeur du rapport 

des concentrations Ti3*/dérivé dinitré, les composés amino-nitrés ou diaminés 

peuvent être préparés et nous avons déterminé les meilleures conditions de 

synthèse des composés mono-aminés. Pour le rapport Ti3*/ dérivé dinitré égal à 6/1, 

le rapport du dérivé amino-nitré sur le dérivé diaminé est respectivement égal à 

78/22 dans le cas du DNDB et à 85/15 dans celui du DNSS.

B. MILIEU NON AQUEUX

La faible solubilité dans l'eau du DNDB ainsi que de nombreux dérivés 

carbonylés nous a incités à développer cette étude en milieu aprotique, le 

diméthylformamide (DMF). Dans ce cas, les ions Ti3* sont électrogénérés à partir du 

dichlorure de titanocène (Cp2TiCI2).

Etude voltammétrique

Sur la figure 2 sont représentés les voltammogrammes en milieu DMF du sel 

de titane Cp2TiCI2, des deux dérivés dinitrés DNDB et DNSS ainsi que celui d'une
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Fig, 2. Voltammogrammes de réduction en milieu DMF/BU4NBF4 0,1 M 
sur électrode de carbone vitreux, v = 0,02 V.s1.

cétone, la 9-fluorénone. Le composé Cp2TiCI2 présente deux étapes de réduction 

(Fig. 2A) La première est réversible et monoélectronique, elle conduit à Cp2TiCI. La 

seconde, à potentiel plus négatif, est irréversible et conduit à Cp2Ti (22-25). La 

réduction des dérivés dinitrés est classique (Fig. 2B et 2C). La première étape 

réversible met en jeu deux électrons et correspond à la formation du radical anion de 

chaque fonction NO2 et la deuxième irréversible qui fait intervenir au total six 

électrons, correspond à la formation de la dihydroxylamine. La fluorénone (Fig. 2D) 

est réduite en deux étapes réversibles monoélectroniques correspondant 

successivement à la formation du radical anion et du dianion. Les principales carac

téristiques électrochimiques de ces composés sont résumées dans le tableau 3

112



Tableau 3 : Potentiels de réduction des composés et quantités d'électricité mises en jeu.

Composés 1 ère étape 2ème étape

Ep (V/ECS) Nombre 
d'électrons

Ep (V/ECS) Nombre 
d'électrons

Cp2TiCI2 -0,65 1 -2,00 1

DNDB — 1,26 2 -2,06 6

DNSS -0,99 2 - 1,80 6

Fluorénone -1,30 1 -1,90 1

Comportement électrochimique en présence de Cp2TiCI2

Des additions successives de dérivés dinitrés à une solution de Cp2TiCI2 

s'accompagnent d'une part, d'une diminution jusqu'à la disparition de la réversibilité 

de la réaction Ti(IV) - Ti(HI) et d'autre part, de la formation d'une prévague de 

réduction du dérivé dinitré (Fig. ЗА). On peut faire l'hypothèse d'un complexe dérivé 

dinitré - Ti(lll) plus facilement réductible que la fonction -NO2 seule (26). Le radical 

anion associé à Ti(lll) est alors plus facilement réductible et un second transfert 

d'électron régénérant Ti(IV) peut intervenir ce qui explique la perte de réversibilité 

de la première étape de réduction de Cp2TiCI2.

Fiq. 3. Voltammogrammes de réduction du DNSS en présence de СргПС1г 
en milieu DMF/BuJ\IBFf 0,1 M sur électrode de carbone vitreux, v = 0,02 V.s1.
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Le pouvoir catalytique du système rédox Ti(lll)/Ti(IV) devrait se traduire su 

les voltammogrammes par l'augmentation de l’intensité du pic correspondant à l< 

réduction de Ti(IV) et par la décroissance du pic de réoxydation. Sur le: 

voltammogrammes à cycle court (Fig. 3B), avec arrêt du balayage en potentiel justt 

après la réduction de Ti(IV), on note une nette perte de réversibilité qui est d'autan 

plus forte que la concentration en dérivé dinitré augmente. Par contre, l'intensité di 

pic de réduction n'augmente pas de manière sensible, ce qui montre que k 

réduction du groupement nitré par Ti(lll) est très lente. De plus, l'hypothèse d'une 

association entre Ti(IV) et le dérivé nitré peut correspondre à une modification di 

coefficient de diffusion du sel de titane. Les différentes réactions peuvent se fairt 

suivant les mécanismes :

Première étape :

[Ar—NO2] + Ti(IV) == [Ar—NO2 .... Ti(IV)]

[Ar—NO2.... Ti(IV)] [Ar—NO2.... Ti(lll)] [Ar—NO/'.... Ti(IV)]

[Ar—NO/".... Ti(IV)] ö [Ar—NO/-.... Ti(lll)]

[Ar—NO/"... Ti(lll)] [Ar—NO/'.... Ti(IV)] réaction lente

[Ar—NO?' .... Ti(IV)] + 2AH -> [Ar—N0] + Ti(IV) + 2A' + H20

[Ar—N0] + Ti(IV) [Ar—N0 .... Ti(IV)]

[Ar-NO .... Ti(IV)] Ä [Ar—N0 .... Ti(lll)] =* [Ar—NO'’.... Ti(IV)] 

[Ar—NO*" ... Ti(IV)] + 3e- + 4 AH -> [Ar—NH2] + Ti(IV) + 4A‘ + H20

Deuxième étape :

[Ar—N02.... Ti(lll)] + e* == [Ar—NO/"... Ti(lll)] [Ar—NO22'.... Ti(IV)]

[Ar—NO/".... Ti(IV)] + 4e-+ 6AH ->-»-> [Ar—NH2 ] + Ti(IV) + 6A' + 2H2O

Dans le cas de la fluorénone ajoutée à une solution de Cp2TiCI2 (Fig. 4A), des 

remarques similaires aux précédentes peuvent être faites : la réversibilité de la 

réduction de Ti(IV) diminue sans toutefois disparaître même lorsque le cycle de 

balayage est court (Fig. 4B), cela signifie que le transfert d'électrons à partir de 

Ti(lll) est plus difficile, ce qui est logique compte tenu des potentiels de réduction de 
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la fluorénone et du DNDB et surtout du DNSS De plus, le pic de réduction de la 

fluorénone se scinde en deux pics irréversibles, le premier pouvant être attribué 

comme pour les dérivés nitrés à la présence d'un complexe cétone - sel de titane

(III)

Fig. 4. Voltammogrammes de réduction de la fluorénone en présence de Cp2Ti&2 
en milieu DMF/BU4NBF4 0,1 M sur électrode de carbone vitreux, v - 0,02 V.s'1.

Influence d’un donneur de protons

En présence d'un donneur de protons tel que l'hydrogénosulfate de 

tétrabutylammonium (Bu4N(HS04)), les voltammogrammes relatifs aux dérivés 

dinitrés montrent un effet catalytique plus important (Fig. 5A et 5B).

Fig, 5, Influence d'un donneur de protons, le ButNfHSOi) 
sur les voltammogrammes de réduction du DNDB en présence de Cp2TiCl2 

en milieu DMF/BU4NBF4 0,1 M sur électrode de carbone vitreux, v - 0,02 V.s1 
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En effet, l'intensité du pic de réduction de Ti(IV) augmente notablement en fonction 

de la concentration en dérivé dinitré (courbes 2 et 3). De plus, sa réversibilité 

diminue avec l'augmentation en dérivé nitré même lorsque le balayage en potentiel 

est limité à la première étape de Cp2TiCI2. On peut supposer que dans ces 

conditions, il y a compétition entre l’association du radical anion du dérivé nitré avec 

Ti(lll) ou Ti(IV) et la protonation qui conduit au radical neutre plus facilement 

réductible par Ti(lll) que le dérivé nitré lui-même. A chaque étape, Ti(IV) est 

régénéré et sa réduction est à nouveau possible dans un cycle catalytique. Le 

mécanisme réactionnel peut être représenté par les relations globales :

[Ar—NO2] + Ti(IV) ===== [Ar—NO2.... Ti(IV)]

[Ar—NO2.. . Ti(IV)] =£= [Ar—NO2.... Ti(lll)] == [Ar—NO/'.... Ti(IV)]

[Ar—NO/'.... Ti(IV)] + H* -> [Ar—NO2H]‘ + Ti(IV)

Ti(IV) + e' = Ti(lll)

[Ar—NO2H]’ + Ti(lll) [Ar—NO2H]' + Ti(IV)

[Ar—NO2Hf + H+ -> [Ar—NO2H2] -> [Ar—NO] + H2O

[Ar—NO] + Ti(IV) ₽= [Ar—NO .... Ti(IV)]

[Ar—NO .... Ti(IV)] [Ar—NO .... Ti(lll)] == [Ar—NO''.... Ti(IV)]

[Ar—-NO’'.... Ti(IV)] + 3e‘ + 4 H+ -> [Ar—NH2] + Ti(IV) + H2O

Etude par résonance paramagnétique électronique (R.P.E.)

L'électroréduction de dérivés nitrés et de cétones aromatiques conduit à la 

formation de radicaux anions qui peuvent être caractérisés par RPE. Dans le cas du 

DNDB, les spectres (Fig. 6) montrent dans un premier temps la disparition lente du 

signal de Ti(lll) sans que celui du radical anion du DNDB n’apparaisse (spectres a et 

b). Ensuite, si l’intensité d'électrolyse est plus élevée, le radical anion du dérivé nitré 

est formé électrochimiquement et se complexe avec Ti(lll) en entraînant la 

disparition rapide de ce dernier (spectres c et d). En présence de sel de titane, le 

spectre du radical anion du DNDB est sensiblement modifié et l'intensité de 

certaines raies est plus importante (spectre d) que celles du radical anion obtenu en 
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absence de CpïTiCh (spectre e). Ceci peut s'expliquer par son association avec 

Ti(lll). L'évolution des deux spectres est en accord avec les résultats des 

voltammétries cycliques.

(a) Réduction de CP2TÍCI2 (3.10'3 M) - intensité d'électrolyse : <0pA.
(b) Diminution du signal de Ti3* en présence de DNDB (3.10’3 M)intensité d'électmlyse : 40 pA.
(c) et (d) Apparition du radical anion du DNDB et disparition

simultanée du signal de Ti’* - intensité d-étectmtyse. воцл.
(e) Radical anion du DNDB seul - intensité d'électmlyse. 80 и A

( » )________________________ —____________ ____________ _

^0. 6. Spectres de RPE en milieu DMF. Electrolyses à intensité constante de Cp2TiCI2 
et évolution des signaux en présence de DNDB.
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L'électroréduction du DNSS réalisée en présence de Cp2TiCI2, "in situ" dar 

le spectromètre RPE, montre la formation du radical anion du DNSS et la dispariție 

du signal de l'ion Ti(lll) (Fig. 7, spectres a et b), signe d'un complexe dérivé nitré 

Ti(lll) qui se réduit plus facilement. De plus, on voit apparaître des raie 

supplémentaires qui correspondent au composé amino-nitré (ANSS) (spectre b 

Cela confirme la présence d'un complexe [1,1] dérivé nitré - Ti(lll) qui perm< 

l'obtention de produits mono-aminés. Les spectres c et d représentent ceux de 

radicaux anions du DNSS et du ANSS seuls en solution (2).

Fig. 7. Spectres de RPE en milieu DMF. Electrolyses à intensité constante 
(a) et (b) évolution des signaux de Cp2TiCI2 et de DNSS en mélange.

(c) Radical anion du DNSS ; (d) Radical anion du ANSS.

Dans le cas de la fluorénone, le potentiel de réduction est plus négatif qut 

celui des composés dinitrés et le transfert d'électrons à partir de Ti(lll) rendu plu; 

difficile se traduit en RPE par l'existence simultanée des spectres de l'ion Ti(lll) et di 

radical anion de la fluorénone (Fig. 8, spectre a). La comparaison des spectres a e 

b n'indique pas de modifications dues à la présence de Cp2TiCI2.
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Fid. 8, Spectres de RPE en milieu DMF.
(a) Electmlyses à intensité constante d'une solution de Cp}TiCI} et de fluorénone. 

(b) Radical anion de la fluorénone seule.

Electrolyses préparatives

Les électrolyses préparatives sont réalisées à potentiel constant 

E = - 0,8 V(ECS) qui est le potentiel de réduction du sel de titane, à la température 

ambiante, en solution DMF/BU4NBF4 0,1 M sur cathode de mercure avec des 

concentrations en dérivés carbonylés de 2x10'3 M en présence de Cp2TiCI2 4x10'3 M.

Plusieurs essais effectués avec le DNDB conduisent à une réduction 

sélective mais partielle. En effet, le seul produit obtenu est le composé amino-nitré 

(ANDB) avec un rendement de 30 %. Des expériences complémentaires, avec 

d'autres paramètres sont envisagées pour tenter d'améliorer cette valeur. Les 

premiers résultats indiquent toutefois que Ti(lll) électrogénéré ne doit se complexer 

qu'avec une seule fonction NO2 en raison d'un effet d’encombrement stérique.

Dans le cas de la fluorénone, la réduction est également lente et partielle. 

Trois produits sont présents en fin de réaction. Deux sont identifiés comme étant le 
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fluorénol et la fluorénone non réduite. Le troisième n'a pas encore été isolé mais la 

chromatographie sur couche mince laisse penser qu'il s'agit du pinacol.

Comme en milieu aqueux acide dans lequel nous avons montré la sélectivité 

de la réduction chimique des dérivés dinitrés par Ti(lll) et défini les conditions de 

synthèse des composés mono-aminés, en milieu aprotique, la réduction électro

catalytique par Ti(lll) apparaît également sélective et adaptée à la préparation de 

ces composés. Afin de compléter les résultats, d'autres travaux dans ce domaine 

sont en cours.
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ELECTROEXTRACTION OF ZINC FROM SULPHATE 
ELECTROLYTES CONTAINING GERMANIUM, 

ANTIMONY AND NICKEL IONS

I. IVANOV, ST.RASHKOV1

ABSTRACT. The effect of several organic compounds of the process 
of reverse dissolution of zinc during the electrowinning from sulphuric 
acid zinc sulphate electrolytes containing metal Impurities has been 
investigated. It was established that the inhibiting action of 
hidroxyrthylated-2-butyne-1,4-diol (EEA) in the presence of Ge4* and 
Sb2’. of triethyl-benzyl-ammonium Chloride (TEBA) in the presence of 
Ni2’ and of their combination (IT-85) under the simultaneous addition of 
all three metal ions, was the strongest when the inhibitors were 
introduced in the electrolyte before or simultaneously with the addition 
of the metal impurities. The addition of the inhibitor IT-85 leads to the 
stoppage of reverse dissolution of zinc, when the process has already 
started. In the presence of the inhibitors smooth zinc deposits with fine 
grain structure without corrosion pits and pitting defects on the surface 
and without dendritlc growth at the cathode edges were obtained.

As a resuit of optical in situ investigations of the growth rate of 
hydrogen bubbles during the electrowinning of zinc from NI2’ - 
containing electrolytes and in the presence of an inhibitor, a 
relationship has been established between the shape of the hydrogen 
bubbles and the duration of the "induction period”. It has been found 
that during the "induction period" hydrogen bubbles alter their shape 
from spherical at the beginning to cupola-shaped at the end, thus 
increasing by 10-12 times the extent of the screening of the cathode 
surface beneath. Experimental confirmation is presented for the valldity 
of the proposed physical model for the nature of the "induction period"

INTRODUCTION

The reverse dissolution of zinc during the electrowinning from sulphuric 
acid zinc sulphate solution in the presence of Ge4*, Sb3* and Ni2* leads to a' 

decrease in current efficiency of zinc, increases the specific electric power 

consumption and the cathodic deposits become brittle and corroded. The 

highly rough surface or deposit leads to the oxidation of zinc, which in turn 

increases the amount of peeled off metal and correspondingly reduces the 

amount of smelted metal [1-34]. The present investigation studies the effect 

exerted by several inhibitors upon the zinc electrowinning process in the 
presence of Ge4*. Sb3* and Ni2* in anounts surpassing the criticai 

concentrations, in effort to eliminate their harmful effect.

’ Institute of Physical Chemistry, Bulgárián Academy of Sciences, Sofia 1113, Bulgaria.
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ELECTROEXTRACTION OF ZINC

EXPERIMENTAL

The alteration of zinc current efficiency was determined by measuring 

the volume of hydrogen gas was reduced to normal conditions and current 

efficiency of hydrogen (CEH) was calculated according to Faradays laws. The 

current efficiency of zinc (CEZ) was evaluated as the différence (100-CEH) in

percents.

The apparátus used (Fig.1) resembled the technological electrolyte 

entered in upper vessel, than transferred to working cell 2, equipped with a 

glass bell connected to a burette 6. The aluminium cathode was suspended 

under the bell. The bell and the burette were filled with electrolyte by a water 

jet vacuum pump. Hydrogen evolved during the electrodeposition process 

displaced the solutions in the burette, thus providing data for its volume. The 

solution in the working cell overflowed to a second (lower) vessel, from where

the pump returned it to the upper vessel. The acid and zinc concentration

were kept constant due to the relatively large (21), of circulating electrolyte. 
Zinc was electrowinned galvanostically at a current density 5A.dm2 The 

anodes were platinum stripes. The quantity of electricity passed was checked 
with a coulometer and temperatura was kept constant al 36-38°C with a 

thermostat. Zinc electrowinning was carried out using an industrial electrolyte 
containing (g Г1): sulphuric acid 125-130, zinc 50-55, manganèse 5-6. To this 

electrolyte were added Ge4* - 0,6mg Г1, Sb3*-0,55mg Г1 and Ni2* - 9mgT1 

separately or in combination.

Fig. 1. The apparátus used: 2-electrolytic cell; 4-cathodes; 5-anodes; 6-burette; 
7-Luggin capillary; 8-heater.
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RESULTS AND DISCUSSION

1. Inhibiting the reverse dissolution of zinc in the presence of 

germanium ions.
In the presence of Ge4' (0,6 mg T1) in the electrolyte, as shown by 

curve 1 in Fig.2, the CEH increases rapidly up to 76% within 5,5 hours. 

Hydrogen évolution is intensive and often the zinc deposit peels off from the 

aluminium cathode, falls on the bottom and is completely dissolved. After 5,5 

hours electrowinning, only a thin, corroded zinc layer remains on the cathode, 

whichis very brittle and breaks during Stripping off.

Flfl. 2. CEH vs.quantity of electrlclty flown - q (Coulombs): curve 1 - electrolyicj 
containing Ge4’(0,6 mg l ') - point A and inhibitor EAA (5 mH’1) - point В; curve 3 - ele.-imi, 
with no additives.

In the case of déposition from germanium -free electrolytes CEH is 

rapidly decreased and reaches a value of only 10% (Fig. 2, curve 2). After the 
addition of 5 ml-Г1 of a 30% solution of the inhibitor hydroxyethylated-2- 

butynediol-1,4 denoted as EEA (curve 2, point A) and of GE41 at a 

concentration 0,6mg l‘1 (point В), CEH slowly increases up to 22%, but a 

reverse dissolution of zinc does not occur. The zinc deposit obtained is 

compact, smooth, with no pits on the surface and dendrites protruding from 

the edges. The zinc deposit is readily peeled off from the aluminium substrate.

The SEM micrograph 1, shot at magnification 1000 shows the surface 

morphology of zinc deposited from a pure electrolyte The characteristic 

hexagonal fiat layered zinc crystallites are readily seen.
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ELECTROEXTRACTION OF ZINC

The addition of Ge4’ at a concentration of 0.25 mg Г leads to a rapid 

dissolution of the zinc crystallites at the edges and their hexagonal shape 

disappears, acquiring rounded appearance (micrograph 2). In the presence of 

EAA in the electrolyte zinc is deposited with a considerably more fine-grain 

structure as compared with deposits obtained from pure electrolytes and 

partial recovery of crystallite shape is observed, as well as the layered 

structure (micrograph 3).

SEM micrograph 1: Morphology of zinc deposited from a pure electrolyte. 
Magnification 1000x; SEM micrograph 2: Morphology of zinc deposited in the presence of 
Ge4’ (0,25 mg Г1). Magnification 1000x.

SEM micrograph 3: Morphology of zinc deposited in the presence of Ge4’ (0,6 mg Г1) 
and inhibitor EAA (5 mi l'1).
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In the presence of antimony ions were obtained similar dependencies.

2. Inhibiting the reverse dissolution of zinc in the presence of nickel 

ions.
A characteristic feature of the effect exerted by Ni2* is, that it appears 

when concentration 10-20 times higher as compared with those of Sb3* and 

Ge4* and the "induction period" are reached. During this period zinc is 

deposited at a high current yield and after that a rapid dissolution occurs, 

accompanied with ample hydrogen évolution.

Our investigation provided evidence that EEA does net inhibit 
satisfactorily the reverse dissolution process of zinc in the presence of Ni2*, 

therefore some other organic compounds were tested. Among the latter, best 

results were displayed by triethyl-benzyl-ammonium Chloride, further denoted 

as TEBA.
The relationship CEH vs. q in the presence of Ni2* (9 mg-Г1) in the

Fig. 3. CEH vs. quantity of electricity flown -q (Coulombs): curve 1 - électrolyte 
containing Ni2* (9 mg-Г1) - point A and inhibitor ТЕВА (100 mg-Г1) - point B; curve 
2 - electrolyte containing inhibitor ТЕВА (100 mg-Г1) - point C and Ni2* (9 mg-Г1) - point D: 
curve 3 - electrolyte containing Ni2’ (9 mg-Г1) and inhibitor ТЕВА (100 mg-ml1) - point E.

It can be noted that following an induction period of 1.5 hours, the CEH 

increases rapidly, due to the start of reverse dissolution. The addition of TEBA 
at concentration 100 mg-Г1) (point B) does not cause a suppression of the 

reverse dissolution process, due to the addition of Ni2* - ions (point A). 

However, if the inhibitor is added to the solution (point C) before the addition 
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ELECTROEXTRACTION OF ZINC

of Ni2* (curve 2, point D), reverse dissolution does not occur and a smoot 

deposit at high current efficiency is obtained. Reverse dissolution does not 
occur also in cases when Ni2* and inhibitor are simultaneously added to the 

solution (curve 3, point E). The surface morphology of Zn, deposited from 
electrolytes containing Ni2* is similar to the shown by micrograph 2, while Zn 

deposited from solutions containing Ni2* and inhibitor ТЕВА has a morphology 

similar to the one shown by micrograph 3.

3. Inhibiting the reverse dissolution of zinc in the case of the 

simultaneous presence of germanium, antimony and nickel ions.

It is well known that the effect of positive metal ions on the zinc 

déposition process is enhanced if they are simultaneously present in the 
electrolyte. The CEH vs. q in the case of simultaneous presence of ail three 

ions in the electrolyte for zinc electrowinning and the IT-85 inhibitor 
(containing 300 g Г1 EAA and 20 g T1 TEBA) is shown in Fig. 4, curve 1.

Fig. 4. CEH vs. quantity of electricity flown - q (Coulombs): curve 1 « electrolyte 
containing inhibitor IT-85 (mi l1) - point A and Sb3’ (0,6 mg-Г1), Ge4’ (0,6 mg-l ’), Ge“ 
(0,6 mg-Г1) and Ni2' (9 mg l1) - point B curve 2 - electrolyte containing Sb84 (0.6 mg-Г1), Ge44 
(0,6 mg l’1) and Ni2’ (9 mg l'1) - point F and inhibitor IT-85 (5 mi l1) - point G curve 
3 - electrolyte containing Sb84 (0,6 mg l’1), Ge4’ (0,6 mg-1’1) and Ni24 (9 mg l’1) - point D and 
inhibitor iT-85 (5 ml-Г1) - point E curve 4 - electrolyte containing Sb94 (0,6 mg-Г1), Ge4’ 
(0,6 mg-l ’) Ni24 (9 mg-Г1) and inhibitor IT-85 (5 mi l’1) - point C

It can be noted that the CEH during the electrowinning of zinc from 
pure electrolytes rapidly decreases to 10%. The additions of 5 ml-Г1 inhibitor 

(point A) and the simultaneous addition of Ge4*, Sb3* and Ni2* in the above - 
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mentioned concentrations (point B) leads only to an increase of CEH, without 

exhibiting a reverse dissolution process of the deposited zinc. In case the ions 

of these metals and the IT-85 inhibitor are added to the electrolyte at the early 

stage of the electrodeposition process (curve 4, point C), the CEH is 

decreased to 16% and no further changes are observed.

The case when the reverse dissolution process has already started is 

of special interest. Curve 3 shows that after the impurities have been added 

(point D), the CEH rapidly within one hour increases to 92%. The addition of 

inhibitor IT-85 in the above - mentioned concentration (point E) leads to the 

stoppage of the reverse dissolution of zinc and the CEH is reduced to 

approximately 24%.
The case when impurities are introduced in the electrolyte after the 

aluminium cathode is covered with electrodeposited zinc is shown in the same 

figure, curve 2. The additives are introduced at the started concentration 

(point F) and the increase of the CEH is considerably slower as compared 

with the previous case. When the complex additive IT-85 at concentration 
5 mi l'1 is introduced (point G) a graduai decrease of the CEH down to 22% is 

observed and this trend is continued. Tests carried out under the conditions 

similar to industrial electrowinning are shown in micrograph 4. The 

electrodeposition is carried out from an electrolyte containing metal ions in 
concentrations as follows (in mg T1): Ge4* - 0,15; Sb3+ - 0,15; Ni2*.

Micrograph 4: The surface of a zinc cathode deposited in electrolyte containing 
(mg-Г1): Ge4* - 0,15; Sb9* - 0,15; Ni2* - 3 and Со2* - 5. Electrodeposition duration 8 hours.
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ELECTROEXTRACTION OF ZINC

4. The deposit obtained after 8 hours is very thin, breaks easily when 

stripped of and as shown by the micrograph, heavily corroded, sometimes the 

pits reaching the aluminium surface.

Electrowinned zinc deposited from an industrial electrolyte containing 

the same metal ions in the same concentrations and the IT-85 inhibitor (0,5 
mi l1) is shown by micrograph 5. It can be noted that the zinc deposit is 

compact, smooth, with no traces of reverse dissolution on the surface and no 

dendrité growth at the edges.

Micrograph 5. The surface of a zinc cathode deposited in electrolyte containing 
(rhfll'1): Ge4’ - 0,15; Sb” - 0,15; Ni2* - 3 and Со2* - 5 and inhibitor IT-85 (5 mil'). 
Ëlectrodepositlon duration 8 hours.

5 The relationship between the growth of hydrogen bubbles and the 

prôbêss of redis3olutions of zinc in the presence of nickel ions.

It was noted that the redissolution of zinc in the presence of Ni2* - ions 

beglna after a period of tlme, named "Induction period". We hâve obtained that 

there il a relatlonahlp between the prooeaa of révérai dissolution of zinc in 
preaenoe of NI* • Iont and Iti Inhibition and the procesa of hydrogen bubble 

growth and detaohment from the electrode surface. This process was 

investigated in situ by photography. A Zeiss optical microscope was used at 

megniflcâtlôns of 32,50 and 100 X.
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The specially designed glass cell was provided with two plane - parallel 

glass Windows for illumination and photography of the cathode (Fig.5).

Fig. 5. Laboratory electrowinning cell. 1 - solution feeder; 2 - cell overflow; 
3 - aluminium cathode; 4 - Pb (1% Ag) anodes; 5 - plane parallel glasses; (A) Anode; 
(C) Cathode.

The base electrolyte used has the following composition (in g l'1): 

sulphuric acid -130, zinc - 50 and manganèse - 5. To the base electrolyte was 
added NiSO4, so that the concentration of nickel ions was 10 mg-Г1. On Fig.6 

is shown a gas bubble on the metal surface and its; wetting angle (0), height 

(h), radius ® and gas bubble - surface contact circle diameter (d).
ELECTROLYTE

SUBSTRATE
Flg. 6. Equilibrium state of a gas bubble upon a solid surface.
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ELECTROEXTRACTION OF ZINC

The change of the wetting angle, 0, with electrolysis time, T, in the base 

electrolyte (curve 2) and in the nickel containing electrolyte (curve 1) is shown 

in Fig.7. It is noted that during the introduction period, 0 increases and 
reaches a maximum value (about 20-23°) is maintained during the entire 

duration of the electrolysis (T = 6h), both in the basic electrolyte (curve 2) and 

in the nickel + inhibitor-containing electrolyte (curve 2).

Fig. 7. Time dependence or the mean wetting angle, of hydrogen bubbles established 
in (curve 1) basic electrolyte with 10 mg l’1 Ni2’, (curve 2) basic electrolyte with 10 mg l’1 Ni2’ 
and 5 ml-Г1 inhibitor IT-85, (curve 2) basic electrolyte. I = 5A.dm'2.

It becomes possible to determine, from continuous photography of the 

electrode surface, the magnitudes 0„ h, and DT, for a separate hydrogen 

bubble during its growth. The values corresponding to the moment when the 

bubble is detached from the cathode are denoted as criticai values in the text. 

(9cm, h c#, D c«) respectively.

The change in h cw« and D Cnt of hydrogen bubbles is plotted against the 

duration of electrolysis in Fig. 8. In the case of the base electrolyte (curve 4) 

and in electrolytes containing nickel with an inhibitor (curve 3) h cnt increases 

gradually with time and reaches 180-200 pm, in the presence of only nickel 

(curve 1 ) h crit and D erit decrease abruptly from about 350 and 250 to about 60 

pm during the transition from the induction period to the active "self- 

dissolution stage".

The similar character of the changes of h cril and D crit (curve 1 and 2) 0 

(curve 1 of Fig. 7) reflects the pronounced change of the hydrogen bubbles at 

the end of the induction period.
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Fig. 8. Time dépendance of the criticai helght, h of the hydrogen bubbles obtained 
in: (curve 1) basic electrolyte with 10 mg Г1 (curve 3) basic electrolyte with 10 mg Г1 (curve 3) 
basic electrolyte with 10 mg I1 Ni2’ and inhibitor IT-85 5 mi l'1, (curve 4) basic electrolyte and 
of the criticai diameter Dcnt of the hydrogen bubbles obtained in: (curve 2) basic electrolyte 
with 10 mg Г1 Ni2’I = A.dm'2.

In this respect it appeared interesting to established the relationship 

between the mean attachment time, xt> of hydrogen bubbles and duration of 

electrolyses. These results are presented in Fig. 9. They show that at the end 

of the induction in a nickel containing solution (curve 1) ti. decreases abruptly 

from 20-25 minutes to a few seconds during the zinc "dissolution" process.

Fig. в. Time dépendance of the mean attachment time, ț, of the hydrogen bubbles 
obtained in: (curve 1) basic electrolyte with 10 mgl'1 Nla*, (eutve 2) basic electrolyte and 
(curve 3) basic electrolyte with 10 mg-Г1 Ni2’ and inhibitor IT-Ö5 5 ml Г11 = 5 A.dm'2.
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The resuit presented above show that at the end of the Induction period 

(after about 2h of déposition) hydrogen bubbles have a maximum wettlng 

angle (Fig, 7, curve 1), maximum helght and dlameter (fig. 8, curve 1 and 2) 
and maximum attachment time (Fig. 9, curve 1), which abruptly decrease 

during the process of active "self-dissolution". The general conclusion, based 

on the résulte shown in Figs 7, 8 and 9 suggests that two completely different 
cases of hydrogen bubble growth are observed. In the first case In the base 

electrolyte and Inhibitor containing electrolytes, hydrogen bubbles grow only In 

helght, retainlng approximately constant wetting angle,9 and gas bubble- 
surface contact circle dlameter, d. Therefore the bubble remein approximately 

spherical during their attachment time (Fig. 10a). In the second case, 
observed in Ni2* - containing electrolytes, the growlng bubbles simultaneoualy 

expérience a change in both 9 abd d during the induction period. Thé Initial... 
spherical shape changes to a cupola shape with maximum screening effect of 
the electrode surface under bubbles.

Consequently, during the induction period, hydrogen bubbles with a 

mean attachment time longer than 20 min develop a dlameter of contact area 

with the cathode 10-12 times larger than bubbles formed at an Identicei time 

in the base electrolyte, or in inhibitor containing electrolytes. This Is obvlously 

a resuit mainly of the change in 0, which leads to the alteration of the 

hydrogen bubble shape from spherical at the beginning of the induction period 

to cupola-spahep at the end of it. (Fig. 10b).

{ a ) ( b I

Fig. 10. Schematic représentation of the growth of the hydrogen bubbles established 
in: (a) basic electrolyte or in electrolyte containing inhibitor IT-85 and 10 mg-Г1 Ni2*.
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A logical conclusion is that the cathode surface, thus screened by the 
bubble (Fig. 10b) is no longer in electrical contact with the electrolyte, so the 
cathodic protection is lost. Under these condition the screened zinc under the 
hydrogen bubble reaches a corrosion potential. On the other hand, reference 
data shows that the zero charge potential of zinc (Ezc = -1.40 VSse) in sulphuric 
acid is approximately equal to its corrosion potential in these electrolytes 
(Eco, = -1.40 Vsse)- This enhances the formation of hydrogen bubbles with a 
maximum wetting angle or with maximum screening effect (Figs. 10b and 11). 
This is a prerequisite for the start of the active dissolution of the deposited zinc 
under the bubbles (Fig. 12). Thus, the effect of the surfactant (inhibitor) can be 
explained by the strongly accelerated rate of hydrogen bubble growth. Thus, 
hydrogen bubbles grow up to their criticai sizes 7-8 times faster, reducing their 
attachment time. As a result their local screening effect is completely 
eliminated and the surface is void of pitting defects (Fig. 13).

Flg. 11. Photograph of hydrogen bubbles formed during déposition in basic electrolyte 
containing 10 mg Г1 Ni2*, T = 1 -10- 133 - 172 min.
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Fig. 12. Photograph of pitting defect and reverse dissolution 
of the deposited zinc under the hydrogen bubble.

I

Fig. 13. Photograph of hydrogen bubbles formed during déposition in basic electrolyte
containing 10 mgT1 Ni2* and 5 mi l’1 inhibitor IT-85.
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CONCLUSIONS
1. It was established that the inhlbltlng action of hydroxyethylated-2- 

butine-1,4-diol (EEA) in the presence of Ge4* and Sb3*, of triethyl-benzylr 

ammonium Chloride (TEBA) In the presence of Ni2* and their combination (IT- 

85) under the simultaneous addition of ail three metal ions, was the strongest 
when the inhibitors were Introduced in the electrolyte before or simultaneously 

with the addition of the metal impurities. The addition of the inhibitor IT-85 

leads to the stoppage of the reverse dissolution of zinc, when the process has 

already started.
2. In the presence of the inhibitors, smooth zinc deposits with fine grain 

structure without corrosion pits and pitting defects on the surface and without 
dendritic growth and the cathode edges were obtained.

3. It is shown that a characterlstic features of hydrogen bubbles is the 

pronounced increase of their wetting angle, 0, which resuit In a 10-12-fold 

larger diameter of the circle of the contact area with the cathode. As a resuit of 
the altered shape on the hydrogen bubbles from spherical at the beginning of 
the induction period to cupola-shaped at the end, the screening effect upon 

the cathode is also increased by an order of magnitude, thus allowing the zinc 

under the bubbles to reach its corrosion potential, Under these conditions, in 

the absence of cathodic protection, nickel codeposited with zinc forma a 

galvanic pair zinc-nickel, which explained the corrosion pits under the 

hydrogen bubbles.
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PROCESSES DURING THE ELECTROREFINING AND ELECTROWINNING 
OF LEAD

Tsvetan Dobrev and Stephan Rashkov
Institute of Physical Chemistry, Bulgárián Academy of Sciences, Sofia 1113, Bulgaria

ABSTRACT
The influence of the composition of fluorosilicate electrolytes on the character of anodic 
and cathodic processes during galvanostatic déposition under (DC) and polarity reversai 
current (PRC) régimes is investigaîed
It is established that during the process of lead electrorefining from concentrated 
electrolyte without applying PRC at c.d. i=3A/dm2, after 60-80 hours of the 95 hour long 
operation cycle, a limiting anodic polarization barrier value (A<f>Acr.=200mV) is attained. 
In this case bismuth and antimony start actively to dissolve from the anodes and are 
deposited onto the cathode, while under PRC conditions Дфдсг is not reached even after 
95 hours. The cathodic deposits are round-shaped crystal graines and display 
pronounced épitaxial growth. Spectral analysis show that Sb is the main impurity of 
cathodic lead instead of Bi
During the electrowinning of lead, without using H3PO4 as inhibitor of ß-PbO2 parasitic 
déposition onto the inert graphite anodes, it is established that a criticai value of the 
anodic potential (<pAcr.= 1430-1500 mV/SCE) exists. under which ß-РЬОг is not 
deposited, When H3PO4 is present, ß-PbO2 is not deposited onto the graphite anodes at 
any values of the anodic potential.

INTRODUCTION

I. ELECTROREFINING OF LEAD

The most known in the literature and applied industrial technologies is the 
Betts’process [1-6]. It uses a fluorosilicate electrolyte containing 70g/l Pb in the form 
of PbSiF6, 90g/l H2SiF6 and some of the following organic additives: glue, lignin 
sulphonate, aloin, etc. The Betts’process ensures déposition of high purity grade 
lead (99.99%) and a stable anodic slime, but the cathodic current densifies used are 
rather modest - ik=1.2-2.2A/dm2, mainly due to early reachlng of the anodic 
polarization limit of 200mV, when bismuth in the raw lead anode starts dissolving 
and Is deposited onto the cathode [1,5]. The improvement of the influence of the 
process is related with the increase of Pb concentration in the electrolyte, application 
of polarity reversai current (PRC), use of various organic additives, increase of 
electrolyte temperatura, more intensive stirring, bipolar déposition technologies, 
ultrasonic enhancement of the process, etc.[1, 4, 7, 8, 9].
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EXPERIMENTAL
On the béais of existing literature data about this problem, we carried out studies in an 

effort to intensify the lead electrorefining process. A suitable electrochemical cell was made of 
plexiglass, designed as shown in Fig. 1.

Fig.1. Block diagram of the cell
1 - cathode,
2 - anodes,
3 - Luggin capillary,
4 - transversal partition plate,
5 - tubular heat exchanger for 
température control,
6 - référencé electrode,
7 - switch.

cell

The formulation of the electrolyte in g/l was as follows: Pb (as PbSIF6) - 115 to 
125, H2SiFe -95 to 105, glue -2, lignin sulphonate - 2. The température of the 
electrolyte was within the range 39-43°C and stirring by circulation ensured a flow 
rate of 1-2 cell volumes per hour. When no PRC was applied (DC) ik=iA=1-3A/dm2 
while with current reversai of 10 cycles/min.[8] (at cathodic period 5.5 seconds and 
anodic period 200 milliseconds) c.d. np to 6 А/dm2 was reached. The distance 
between the cathode and anode was 32-33 mm. The anodes were made of raw 
lead, while the cathode substrate was lead foii 0.5-0.6 mm thick, purity grade 99.99% 
at working area 1.26 dm2 (7x9 cm) and volume of the electrolyte was 1.7 litres.

In order to malntaln the same coverage throughout the experiments, growth was 
restricted to a fixed number of cycles (50). The obtained MHCF-modified electrodes 
were rinsed thoroughly with distilled water and then, they could be used for testing or 
stored in air.

RESULTS AND DISCUSSION

Lead electrorefining
we established during the electrorefining process that anodic pofarization 

(.VpA) is considerably incresed mainly as a resuit of the ohmic drop (IR) in the 
anodic slime while the decrease of the cathodic polarizatlon (Aq>K) is due to the 
coarser grain size of the lead deposit. The limiting anodic polarization (Fig.2, A<pAcr) 
in the case of DC operation régime is attained after approximately the initial 60 
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hours of the 95 hour long operation cycle (curve 1), while Афдсг under PRC 
conditions is not reached even after 95 hours (curve 2).

Fig.2. Aq> a vs г traced under continuous operation régimé at ík3Ía=3 A/dm2: 
curves 1 and 3 (sample 23) - DC; curves 2 and 4 (sample 22) - PRC

In both DC and PRC régimes, a graduai increase of Д<рА is observed (curves 1 
and 2), while АфК decreases (curves 3 and 4) in an almost parallel way, and as a 
resuit the cell voltage (U) displayed no substanțial déviations throughout the 95 hour 
long cycle. In addition to the effect of polarity reversai, Афдсг is also affected by the 
initial active/passive state of the anodes. If the process starts with passlvated 
anodes, it ends in the same state. In this case, even reversai can not eliminate the 
surpassing of the 200mV barrier (Fig.3, curve 1). If the anodes are not passivated In 
the beginning, they remain in active state up to the end of the process (curves 2 and 
3).

Fig.3. Aq> a vs T and Лф K vs r curves traced under polarity reversai 
conditions at i=3 A/dm2.
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Curve 1 (sample 25) - interrupted cycle with partial passivated anodes; 
curve 2 (sample 22) - unlnterrupted cycle; curve 3 (sample 21) - interrupted cycle; 
curves 4 (sample 25) and 6 (sample 21) - interrupted cycle; curve 5 (sample 22) 
uninterrupted cycle.

Direct Visual observations and inspection with a binocular lens of the samples 
deposited at 3 А/dm2 during a Ö5 hours long cycle, as well as photographs suggest 
the following conclusions;

-the appearance of the lead deposits obtained after 95 hours in the absence of 
polarity reversai (Flg.4(23) and 4(23’)) and in the presence of reversai (Flg.5(22) and 
5(22')) is visually almost the same. They are compact with a light gray shades;

Fig.4. Lead deposit on a lead cathodic substrate after 95 hours uninterrupted 
déposition cycle at 3 А/dm2 without polarity reversai: picture 23 - the smooth sídé of 
the cathodes; picture 23’ - the rough side.

- deposits plated onto lead Substrates are oharacterized by well shaped edges, 
especialiy at the lower corners of the cathodes. No needle-shaped crystallites are 
present - the growth mode Is rounded dendrites. The effect of the substrate 
rodghness upon the deposit Is not dlmlnlshed when the thickness increases with 
time, but just a reversly it Is enhanœd, I.e. épitaxial growth is very pronounced 
(Flg.4(23’), Flg.5(22’));
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Fíq.5. Lead deposit on a lead cathodic substrate after 95 hours unlnterrupted 
cycle at 3 A/dmI 2 with polarity reversai: plcture 22 - the smooth slde of the cathode; 
plcture 22' - the rough side

I
AG AG

(2) //cce = “100 = - ------------- • 100 [%],

- a» a rule the deposlts are round-shaped, 1 to 10 mm crystal graines appear, 
gradually severing from each other as the déposition cycle Increases its duration 
(Flg.6(20’) and 6(19’. analog of the 2Г)). In the case of smoother substrates, these 
effects are not so pronounced (Flg.4(22) and Fig.5(23).

The anodic sllme obtained Is dark, blaklsh-brown, adhering to the anode, 
remalnlng bound to it even after 125 hours déposition.

Data obtained after long-term Investigations corresponding of the Industrial 
electrorefinirig duration (4 nlght and day cycles) were used for the calculation of the 
specific energy costs (ECe), according to équation (1); cathodic current efficiency ( q 
cce). according to équation (2), and for deflning the purity of the deposited lead by a 
spectral analysis (Tabl.1 and Tabl.2).

(1)
G-/ -T

ErR - ------------
cs AG

[Wh/kg],

where: и - a cell voltage, [VJ; I - current, [AJ; т - duration of electroreflnlng, [h); 
G - the quantlty of lead deposited during the run т (kg],
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where: G-t - theoretical quantity of Pb wich could be deposited within t, in [kg]; 
Qpb/Pb2+ - the electrochemical équivalent of the Pb ■> 2e + Pb2* reaction equal to 
3.866 [g/Ah] or 3.866x10’3 [kg/Ahj

If DC and PRC are compared it becomes clear, that the specific cost of 
energy during PRC déposition is average approximately 30-50% more than of DC 
(Table 1).

The impurities are concemed at sample 20(DC) It has as far as Included 
about 56% more Sb than sample 21(PRC) (Table 2). This could be explained by the 
fact that at the end of the 95-hour cycle A<p A (20) • 240 mV > 178 mV ■ Д<р A (21). 
Samples 22(PRC) and 23(DC) are different from samples 20 and 21, both the 
uninterrupting of the cycle, and the actlvity of the anodes at the beginning of 
déposition. While In the case of samples 20 and 23 then were In a passive state, 
leading to a very high anodic polarization In the beginning, strongly favouring the 
dissolution of Bi and Sb from the anodes and their déposition onto the cathode. 
During the first 35 minutes Aq> A of sample 22 was 330-440 mV, then the anodes 
were activated and the potential was normallzed and at the 95m hour was 174 mV.

Table 1. Conditions for electrorefining and results

Conditions and results

1

Sample No

20 21 22 23 24 25

2 3 4 5 6 7

Operating température, UC 4011.5 U 41±1.5 U W
Duration of 1 cycle, hours 95 « M *
Geometricei ares of Pb
cathode,, dm2 1.26 - M •
Cathodic current
density, A/dm2 3 -
Current, A 3.78 « 3.80 « a
DC/PRC DC PRC DC * PRC
Daily régimé in one cycle interr. * uninter * inter. *
Character of interrupting daily

weigh. if - without *
Deposited Pb during -
1 cycle (96hs), kg 1.3795 1.2953 1,2999 1.3914 1.3902 1.2946
Cathodic crt. yield, n cce 9937 93.26 93.14 99.70 99.61 92.76
Energy costs, wh/kg 108.6 129 147 986 95.6 166

Sample 23 In the flrst 10 minutes displayed Aq> A 470 mV after that the anodes 

were activated and normalized and at the 95e1 hour the potential was 228 mV.
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Table 2. Grade (level) of the purity of the Pb deposited, in %

Impurity Sample* No

20 
DC

21 
PRC

23 
DC

22 
PRC

24 
DC

25
PRC

1 2 3 4 5 6 7

Sb 0.0028 0.0018 0.0420 0.0640 0.0730 0.0360

Cu 0.0003 0.0003 0.0003 0.0012 0.0004 0.0003

Ag <0 00004 => => => => 0.00008 0.00017

Bi <0.0006 0.0006 0.0044 0.0072 0.0089 0.0039

Total impurities 0.00374 0.00274 0.04674 0.07244 0.08238 0.04037

Pb purity 99 99 99.99 99.95 99 93 99.92 99.96

Anode Active Active Passive Passive Active Partial

conditions Д<₽ a 10 min 35 min passive

(95h), mV 240 178 228 174 210 220

*Each resuit is the average value of two parallel déterminations (x70 grams 
cathodic Pb per every) of the sample impuritles.

The analysis of the results of samples 24 and 25 it can be concluded that 
under equal conditions (i, t°C, A<p A) the quantlty of Impuritles. malnly Sb and Bi, Is 
substantially less during the PRC régimé (s.25), independent of the partial passive 
state of the anode (established at the end of the cycle), influenced on the Д<р A during 
the process: Atp A(25) = 220 mV and Atp A(24) »210 mV (s.25) Sb and BI are 
preferentially dissolved from the cathode, which In tum leads to their general 
réduction in the cathodic lead.

In summary can be stated that the impurity of the cathodic lead is affected 
not only by Bi but also by Sb, slnce in ail cases Sb is about one order of magnitude 
more than Bi.

The experimental investigations performed for electrorefinlng lead from the 
concentrated electrolytes shows that both at PRC and DC régimes the process can 
be intensified by 40-50%. An Important resuit In this respect could be obtained by 
working in a potentiostatic operation régime withln the 200 mV anodlc polarization 
limit, wich ensures high purity grade of the cathodic lead deposit, together with using 
various organic additives, and applying PRC.

II. ELECTROWINNING OF LEAD

INTRODUCTION
Electrowinning of lead is carried out like êleotrorëfining In â fluôrôSilleate 

electrolyte, using Insoluble graphite, titanium or platinum anodes and stainless Steel 
or lead cathodes at a DC [10, 11, 13] or at a PRC (12], Another substantiel 
différence during electrowining is the formation of parasltlo PbOg upon the Insoluble 
graphite anodes. Phosphorus- or As-contalnlng compounds are âddëd to thê 
electrolyte in order to suppress this process [11,12, 14].
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Fig.6. Lead deposit onto a rough substrate after 95 hours uninterrupted cycle at 
3 A/dm : picture 6a (sample 20’) - without polarity reversai; picture 6b (sample 19', 
similar to 21 ) - with polarity reversai. The crystal grains are larger and prone to 
séparation. Magnification 5x.
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Fig.7. Potential vs time (<₽/1) 
curves traced without polarity 
reversai at 2 A/dm2, without 
H3PO<:

<Pa/t with fresh graphite anodes 
(curve 1);

<pA/r - with fresh lead cathodes for 
fresh lead cathodes for each 
curve.

Fig.8. Potential vs time (ч>/<) 
curves traced without polarity 
reversai at 2 A/dm2, with H3PO4: 
<pA/r - with fresh graphite anodes

(curve 1);
Фа/т - with fresh lead cathodes for 
fresh lead cathodes for each 
curve.
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Since electiorefining end electrowinning are quite siinilm prouesses. we 
carried out laboratory studies in an effort to elucidate the eftect of several additives 
upon the character of the anodic processes during electrowinning of lead, by using 
the same cell and the principie wiring diagram as in the electroief ining investigations 
(Fig.1), at a suitable change of the electrode mount [15, 16}.

EXPERIMENTAL
Ths initial composition of the •electrowinning electrolyte was the following in g/l. Pb (as 

PbSiFe) - 100 HïSiFe - 80 to 90 The température of the electrolyte was within the range 39- 
42ÜC, distance between anode/cathode 30-32 mm Graphite anodes and lead foil cathodic 
substrates were used

RESULTS AND DISCUSSIONS
Lead electrowinning
When 2 о/l glue was added to the electrolyte and circulation at a rate ot 1 2 

volumes per hour it was established that in the absence of H3PO4 (Fig. 7) or in the 
presence at concentration 1.8 g/l (Fig. 8) the anodic potential (<pA)of the plateau is 
1500 mV/SCE. In the first case (Fig. 7) ß-PbO2 is deposited in stoichiometric 
amounts (Fig. 9) onto graphite anodes, fhe latter is a hard , brownish-black glassy 
deposit, with crater-shaped densely and uniformly distributed pits with diameters 
0.05-1.4mm, strongly adhering to the substrate (Fig. 10). It was also established that 
A<Pa bas a value from 2 to 4 fîmes higher than A<pk, i.e. \<pAu the power consumption 
determining factor in the electrowinning of lead as it is m electrorefining.

Fig.9. Graphite anodes with a |’> -PbO2 coating, formed in an electrowinning 
electrolyte without H3PO4. Leit - intégral anode; right - anode with a slot for the 
LiKjűin capillarv. Scale 1:1.
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in order to clarify ttie conditions leading to the déposition of the parasitic p 
PbO2, we tested different versions of the déposition process: with and without 
circulation of the electrolyte, in the presence or absence of H3PO4, in electrolytes 
coniaining organic additives or in their absence, applying DC or PRC reg mes. It was 
established that in the absence of H3PO4 the factor for the déposition of p-PbO2 is 
<pA A treshold value of this potential exists which when surpassed, déposition of ß- 
PbO2onto the graphite anodes starts. This treshold value is within the range 1430-
1500 mV/SCE.

Fig.11. Potential vs lime (<р/т ) 
cutves, traced in the absence of 
H3PO4, used graphite anodes at 
c.d. as follows. curve 1 - 2 
А/dm2, curve 2-3 А/dm2, curve 3 
- 4 А/dm2, curve 4-2 A/dm2, 
curve 5 -1 А/dm2, curve 6 - also 
1 А/dm2, but without circulation.
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A very oonvenient illustration of this presumption is shown in Fig. 11 in the 
case when polyethylene glycol 6000 0.1 g/f + glue 1g/l are present In the electrolyte 
and PRC is applied at a rate of 5 cycles per minute [12] together with circulation. 
Initially at 2 A/dm2 (curve 1), ß-PbO2 is not deposited onto the anodes, but once 
deposited at higher c.d., (curve 2 and 3), if again we apply the same low c.d. of 2 
A/dm2 ß-PbO2 starts depositing (curve 4). It should be noted thet in the latter case 
(curve 4, q>A « 1500mV) the anodic potential displayed a value by 100 mV more 
positive than in the case of curve 1.

It Is also established that the <p0 value of graphite électrodes with and without 
ß-PbO2 in the presence of additives (glue-iignine sulphonate) in the electrolyte 
becomes by 90-100 mV more positive as compared with the value in additive-free 
solutions, and in the case of lead électrodes the différence is 30-50 mV in the 
positive direction. Parallel tests with and without circulation of the electrolyte and in 
the presence of additives provided evidence that ail types of électrodes - graphite, 
PbO2 and lead - display <p0 by 5-7 values mV more negative in the presence of 
circulation as compared with those in electrolytes without circulation.

The cathodic lead obtained displayed a purity grade of 99.9% and some of 
the parameters are glven below (Table 3).

The results obtained provide evidence to conclude that the electrochemical cell, 
the circuit diagram and the layout used are useful and convenient for the 
investigation of the lead electrowinning process. The relatlonship between q>A and 
the déposition of ß-PbO2 onto to graphite anodes suggests that more detalled 
studies are required for the clarification of the effect exerted by PRC, area and type 
of anodes, as wen as organic additives upon the anodic process.

Table 3. Experimental data

Conditions Cat. current 
efficiency 
riCCEi %

Anodic current 
efficiency, % 

(parasitic ß-PbO2

Ese 

wh/kg

1. DC at2A/dm2
- without H3PO4 96.5-98 up to 100“ 590
- with “ " Ы M 1-2 570
2. PRC
- without H3PO4 at 2A/dm2 78 55xx 700-800M M « 78 1 -2X U

M и M 4 “ 91 75xxx *
- with H3PO4 “ 2 “ 77.5 1 -2 720-750- “ “ * 3.5“ 84 1-2
3. US Patent [11] 96-98 1 -2 700

xq>A= 1450-1550 mV/SCE; xx<pA=1500 mV; ^=1400 mV.
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The non-dimerizing electroieduction of acrylonitrile yileds propionitrile (PN) with an almost 
quantitative selectivity and current yields up to 96%. The electrochemical PN manufacturmg was 
applied on the pilot plant scale. The reactor incorporated 7 undivided pressfilter type cells, operated 
simultaneously, each of them equipped with a Pb v.v. Pb(L electrode pair. The anode was formed in 
situ, by the anodic oxidation of lead, in neutral phosphate briffer solution Each electrode had a 
surface area of 0.21 m2. As PN formation is kinetically favored over adiponitrile, the yield of PN 
raises with increasing current densities (/) However, the optimal current density was found in tlie 
range from 90 to 130 mA cm'2. Endurance tests atc reporteri for a conlinuous operation of the pilot 
plant over 7-days. Over this time period the specific material consumptions is of 1 12-1 15 kg AN (kg 
PN) ’, while the power usage is I 70 x 10* kJ kg'1 The animal productivity of tins type of plant is 
6.53 x 10 kg, at j = 100 mA cm’2, and can be increased significantly at greater current densities

Keywords. Propionitrile, acrylonitrile. adiponitrile, electroreduction, organic electrosynthesis, 
preparative electrosynthesis.
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Propionitrile manufacturing by the non-dimerizing elcctroreduction of acryloniteile

Propionitrile is a compound highly demanded by industry1. It is used as a non-protic 

electrolyte for zinc-bromine batteries, as a solvent for various organic synthèses, and as a reaction 

intermediate in the manufacturing of propyl amines1,2. In a large-scale industrial procedure 

adiponitrile (AD) is obtained by the reductive dimerization of acrylonitrile (AN) via the Baizer 

reaction3. During this process, AN also undergoes a complementary reaction which yields 

propionitrile (PN). Surprisingly, the latter process, has been almost ignored, regardless of its possible 

industrial applications1. In order to make PN electrosynthesis economically as advantageous as the 

manufacturing of AD, the cell voltage had to be reduced significantly. Also, the most important 

electrochemical, chemical, electrical and physical parameters Controlling PN production had to be 

optimized by means of systematic studies1''*'8

In this paper we report technological data on the manufacturing of propionitrile at the pilot 

plant scale. Dependence of the yield of PN on the current density is shown and endurance tests for a 

continuous operation of the pilot plant over a 7-day period are discussed. The specific material- and 

energy consumptions, and the annual productivity of the plant are calculated.

Experimental procedure

The electrochemicalplant. The schematic of the pilot plant is shown in Fig. 1. The supporting 

electrolyte was prepared in vessel 101 by dissolving potassium phosphates (Ph) in de-ionized water 

(DIW) Acrylonitrile (AN), the organic raw material, was pumped (with pump PI) from container 

102 into the measuri ig vessel 103. Next, the suspension of AN in aqueous supporting electrolyte was 

prepared in vessel 104. A hydraulic pump (P2) ensured the forced convection of the electrolyte
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(previously cooled with the heat exchanger 201) through the electrochemical reactor (ER). The 

upward linear velocity of the supporting electrolyte through the cell was of 1.0 ± 0.1 m s'1. Vessel 

(104) is used also to degas the suspension, the anodic gases being exhausted through two heat 

exchangers (202 and 203), cooled with water and with brine, respectively. A séparation vessel (105) 

continuously removed the organic phase, which was stored in the réservoir 106. Température 

(température indication, T), flow rates (flow control, F), liquid level (L), and pressure (P) were 

continuously monitored. A previously described electrochemical reactor (ER) was used9,10. It 

incorporated seven undivided pressfilter type cells that were operated simultaneously.

Figure 1: Schematic of the pilot plant used for PN manufacturing (see explanations in text)

The électrodes had a surface area of 2100 cm2 and were connected to a stabilized current source, able 

to deliver currents up to 1 кА at cell voltages of 30-32 V. The cathode potential was controlled with 

respect to saturated calomel électrodes brought into the proximity of the working électrodes via 
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Luggin capillaries A high purity búik lead cathode (99.99%) was used in conjunction with a PbO2- 

coated lead anode The anode was obtained by the in situ formation of a 1-3 mm thick compact PbO2 

layer at the lead surface10’12 The procedure was based on the anodic oxidation of the lead in 

concentrated aqueous phosphate buffer (pH 7, ionic strength: 1.19)1112, at current densities of 

approximately 20 mA cm’2. The Pb surface was previously cleaned with aqueous acetic acid solution 

(20 wt.%). Neutral aqueous potassium phosphate buffer was used as the supporting electrolyte for PN 

synthesis. To this, 20 vol.% of AN was added, and the suspension of AN in the aqueous phase was 

electrochemically reduced under potentiostatic conditions, at 295 ± 2 K.

Analytical control. The réduction products were analyzed by gas-chromatography according to a 

previously published method13. The composition of the evolved gas mixture (CO2, O2 and H2) was 

monitored with an Orsat apparátus.

Results and Discussion

Endurance studies. As seen in Fig. 2, the product yield for PN, raised with the increasing current 

density. This is due to the slight kinetic preference of NDE the of AN to PN over AD formation. In 

the same figure the variation of the current efficiency, CE, with the current density, j, is shown.

As seen from Fig.2, at j > 60 mA cm’2 the CE improves with increasing current density, and reaches a 

limiting plateau in the range from 90 to 130 mA cm’1. At current densities greater than 140 mA cm’2 

CE drops significantly, due to cathodic hydrogen évolution. On the other hand, below 80 mA cm'2 the 

productivity of the pilot plant becomes insufficient.

Endurance tests were performed over a 7-day period of continuous operation of the pilot plant. 

Both the current density and the selectivity of PN, Spn, had steady values (Fig.3).
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Fig.3: Endurance tests perfonned over a
7-day period: plot of the selectivity, S(PN) to 
and of j (secondary y axis) us. time

Fig. 2: Plot of the yield of PN and current 
efficiency (CE) of the process with respect 
the current density,/

By définition, SPN= [PN] / ([PN] + [AD]), where: [PN] and [AD] ar î the concentrations of PN and 

AD in wt%. After 100 hours of functioning there was a graduai increase of the CO2 content of the gas 

mixture obtained by the anode reaction. This increase in CO2 ranged from the initial 0.2 vol% to the 

final 3.5 vol%. Carbon dioxide was formed by the anodic oxidation of AN in the undivided cell, a 

process which was enhanced by the "aging" of the supporting electrolyte. In order to avoid the 

undesired CO2 formation, the supporting electrolyte should be replaced by freshly prepared phosphate 

buffer after each operation period of about 120 hours.

Productivity andpower usage. At the average cell voltage of Ecett = 3.5 V, one can assume typical 

product yields of 90%, and a current efficiency of 80%. For the continuous operation of the cell at an 

average current density of 100 mA cm'2 (I = 210 A) over a time period of one year (/ = 250 days 

(year)'1), the productivity of the pilot plant can be derived from Farday's law. For a reactor with 7 
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cells the calculated productivity is 6.5.3 x 103 kg (year)'1. From the material balance14, the specific 

material consumption of 1.12 kg AN (kg PN)'1 was calculated. As the process is performed in an 

undivided cell, approximately 1.2 wt% of the electrochemically converted AN is oxidized to carbon 

dioxide. Using the values listed above the power usage is 1.70 x 104 kJ kg'1 = 4.73 kWh kg'1. Thus 

the power usage during the electrolysis (performed at ambient températures) is less than the heats 

involved in a convențional catalytic réduction. Also, this power usage is less than that for AD 

production in the divided cell process15.

Conclusion

Based on several preliminary studies, the electrochemical propionitrile synthesis was applied 

on the pilot plant scale. Selective and energetically convenient operating conditions were found, 

specific matter and energy consumptions were calculated, and the endurance of the électrodes was 

studied. The annual productivity of the pilot plant can be significantly increased by increasing the 

current density, e.g. at 200 mA cm'1 the productivity becomes 1.3 x 104 kg (year)1. However, at 

higher current densities problems related to the corrosion of the électrodes become more significant. 

Ail the technological data reported here are useful for the scale up of the propionitrile electrosynthesis 

from the pilot plant scale to commercial production
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ABSTRACT
It was shown that the use of classical Heyrovsky-likovic, Kolthoff-Ungane and Frumldn- 

Bagotskiy équations for experimental i-E polarization curves mai lead to a number of wrong conclusions, 
in order to prove the reversibility of NO3“ réduction in single nitrate melts new i-E équations were 
established for experiments in LiNO3, Nahkh and KNO3, respectively. The addition of nitrite ions, 
acetamide (or carbamide) and alkaline-earth cations in alkali-metal nitrate melts was also discussed.

INTRODUCTION
During the investigation of electrode processes in oxyanionic molten salts, the 

anomalous phenomenon of cathodic corrosion of some metals (Ni, Fe, Со, Cu, Ti, AI) 

and their alloys was observed. This behaviour is very important from practicai point of 

view, especially because the use of nickel, stainless steels or carbon steels as primary 

Containment matériels in solar power plants or molten sait fuel cells. The isothermal 

corrosion tests of various ferrous materiels in the heat transfer fluid hâve shown that 

after exposure to molten nitrates the attack of metal is always accompanied by 

formation of soluble or weak-soluble products. The cathodic corrosion is certainly 

related to the cathodic discharge of oxygen-containing anions (NOS", ОН", СОз2", РОЛ 

, ВОз") at metal/melt interface. According to the majority of authors[1,2] the completely 

different electrochemistry of nitrate ion discharge in various nitrate melts is related to 

the chemistry of oxides; the formation of high-oxidation state oxides (peroxides, 

superoxides) can be limited orfavoured by the presence of various acid species.

Despite the large number of publications dealing with the mechanism and 

kinetics of oxyanion réduction in molten salts, the question of rate determining step of 

such processes is still to be clarified. In order to prove this, the present paper analyses 

some of our own experimental data referring to the nitrate ion réduction in alkali metal 

nitrates and discusses several diagnostic criteria of reversibility.



Usually, in motten salts the electrode processes occur reversibly without the 

influence of chemical reactions and/or adsorption and the electrochemical rate is 

determined on the whoie by reactant supply or product removal (mass transport steps)

EXPERIMENTAL
Steady-state polarization measurements, Chronopotentiometrie and cyclic voltammetry 

experiments were performed by usual technique, in a convențional electrochemical cell [3, 5]. Various 
woridng electrodes (Pt, Ni, Fe, Со and their alloys) were used, whereas the reference electrode was an 
Ag wire immersed in the melt with Ag* cation (KNO3 + 0.03 M AgNO3 molten system). The reference 
compartment was separated from the main one by a glass tube.

RESULTS AND DISCUSSION
There are several methods for establishing the rate-determining step and the 

degree of electrode reaction reversibility. Among them, the method using the 

agreement/disagreement of experimental current-potential curve with certain kinetic 

équations as a reversibility criterion is the most commonly employed.

We noticed that in the case of nitrate ion réduction in various oxyanionic melts 

the use of classical Heyrovsky-llkovic, Kolthoff-Lingane and Frumkin-Bagostskiy 

équations for experimentai i-E polarization curves may lead to a number of wrong 

conclusions, Therefore, we have tried to establish new i-E équations starting from the 

Nemst équation which dépends for each particular system on the nature of reactants 

involved in the reaction and the products formed.

Numerous electrochemical investigations have shown that during the réduction 

of NO3‘ anion, nitrite and oxide ions resuit as initial products, according to the process:

N03 + 2e"-> NO; + O2" (1)

The oxide ions produceri in the process (1 ) may convert in the subséquent 

reactions:

NO; + O2" ** NO; + 01' (2)

2NOj + O2^ 2NO; +20; (3)

Obviously, the stability of ail three ionic forme of oxygen (O2', O2" and O; ) 

dépends on the nature of metal cations present in the melts as well as the oxobasicity 

(oxoacidity) character of the other added substances.

Shibata (7] and Johnson [8] have confirmed by chemical and electrochemical 

measurements that in individual alkati metal nitrates, the production of peroxide 

pi evails over the superoxide one in molten NaNO3, whereas the superoxide is dominant 
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in KNO3 melt In molten LiNO3 it has benn reported the cathodic formation oflithium 

oxide U2O only

Some auihors [ö] hav-i shown that the slope of tho linesrized cathodic 

polarizálton curve for a molten alkal.-metai nitrate does not cornply with the 

preiogarithmic factor of the équation:

2.3RT .
E = const - —Igi (4)

derived from Heyrovski-Ilkovic équation for low current densities. In their opinion this 

means that the cathodic réduction process of the NO3‘ ion is irreversible. However, we 

have succeded to develop a mathematical model by which it can be demonstrated that 

the cathodic polarization curves for single UNO3, NaNO3 and KNO3meli should be 

respectively described by the following équations:

c _o 2.3RT . ( if 52 . 2.3RT. . ...E = F___ |дЩ ——. , СОПЯ—p—ISI (5)

E = COnSt - x ? ^I |gi (6)

_ , 23RT, i3
E = const-—lg^ (7)

where: E is the electrode potential; E° - the Standard electrode potential; i and U - the 

current and the diffusion limited current, respectively, d - the thickness of Nernst 

diffusion layer; D( - the diffusion coefficients for i ion. The other symbole have their 

usual meanings.

As an example it will be considered the case of nitrate ions NO» réduction In 

UNO» melts, where cathodic process (1) takes place without the formation of peroxide 

and superoxide combinations.

The expression of Nemst équation can be used to describe the experimental 

electrode potential:

e со 2.3RT,
EE ~(8)

where. a, is the thermodynamic activity of the ions involved in the electrochemical 

reaction.

As the nitrate is the solvent electrolyte, the NO3 activity = 1. Assuming an ideal
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behaviour, the above équation becomes:

E - E° 
23RT _

2 F ^vNo.^o'- (9)

where E° is the formai electrode potential and C, dénotés the concentration of ions at 

the electrode surface

According to the Fick’s law the diffusion fluxes for N0/ and O2' ions resulted 

from the reaction (1) have the following expressions:

2F = 8^(См0Г с*>;)

In pure nitrate melts the equilibrium concentration for NO2* and O2- in the electrolyte 

bulk (C^j. and C^. ) are very close to zero. Thus, by neglecting them in the 

concentration différences and substituting C^. and Cor one obtains:

23RTJ i Ÿ 5 5
- 2F 42fJ D*.. (12)

Considering the same value for the diffusion constant D/8 of NOf and O2- ions, 

the final expression of the electrode potential can be written as:

c 2.3RT. . 2.3RT 5 t 2.3RT, .
E=E°----- p—Igi------ p—*9 2FD = 00081------- F~ 91 (13)

It results that the potential-current density dependence is linear in E-logi coordinates, 

having a 2.3 RT/F (123 mV at 350°C) slope value.

in lithium nitrate-nitrite melts a more simple équation might be written, 

considering that the thermodynamic activities of NOs- and NO2 componente are equal 

one another. In such a case, because the electrode potential is described with Nemst 

équation in the form:

E = E°-
2.3RT 

2F
I9CO,.

the expression for the polarization curve takes the form:

c 2.3RT . 2.3RT. 8
E = E-TT^-TF-'âjFD^

(14)

(15)

This équation may be written in a simpler form:
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E-eCOnSt Igi (16)

whetn rhe pivilog nitl'imic factor is equal to 2 3RT/2F-' Similar déductions of i - E 

dependericies were achiaved for NaNOi and KNOj melts taidng irito account tho 

occurrence of 0? and 02 ions (eqs. 6-7)

Figures 1-3 show the linear dependence in the appropriate coordinates.

coordinates:

Fig. 1. E - log I dependence at 350*0 for NOf Ion cathodic discharge in LINOS single 

melt (1 ) and LiNO3 - 0.2M LiNCh mixture (2). Scan rate: 80 mV s-1; Pt electrode.

Fig. 2. The analysis of cathodic potentiodynamlc curves at 360’C for NaNOj melt in the

E- log i (curve 1) and E-log (curve 2). Scan rate; 80 mV s’’; PtP
(id-if

electrode.
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Fig.3. The analysis of cathodic potentiodynamic curves at 360°C for KNOa melt i the

a
Coordinates: E - log i* (curve 1) and E-log-:—?2- (curve 2). Scan rate: 80 mV s"1; Pt

(•d ~ 0
electrode.

The slopes of polarization curves in semilogarithmic coordinates to each 

individual melt agréé totally with the prelogarlthmic factors of the équations (5)-(7). It 

has therefore been concluded that a specific revei sibility criterion may be applied in the 

kinetic Interpretation of nitrate ion réduction using single alkali-metal nitrate melt. At the 

same time it might be considered that the process is not controlled by the charge 

transfer step.

During an electrolysis experiment in the alkali metal nitrate melt oxide ions 

produced by the principal electrochemical réduction process (1 ) may give rise to simple 

alkali metal oxide prepcipitate or formation of peroxide or superoxide compounds. A 

number of electrochemical studies (cyclic voltammetry, chronoamperometry and 

chronopotentiometry) have also been conducted by us [4,5,10] on different materiels 

(Pt, Fe, Ni, Со and their alloys) in single or binary (equimolar NaNOj - KNO3 and LiNO3 

- KNO3 melts) nitrate melts, confirming the accepted results in the literatura of alkali 

metal oxides production. As an example, the Fig.4 exhibits the cathodic branches of 

several cyclic voltammetric curves recorded on Pt electrode in various NaNO3 - KNO3 

melts at 400°C. Well defined cathodic pçaks have been found and a continuous shift of 

their potentials has been invariably observed during the transition from single KNO3 

(without cathodic peak) to single NaNO3. Note that the NaNO3 - KNO3 melt having 
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about 10% m jle NaNO? has already got the same peak potential and peak current 

values as for equimolar mixture of NaNO? - KNO? or pure NaNO3 We hâve also found 

a cathodic shi't of peak potential with increasing scan rate, although the formation of 

sodium peroxide Na,.O2 and oxide Na20 (which is more stable and less soluble species 

at such high température) is diffusion-controlled, in agreement with recent Singh’s 

works [1,2]. The experiments carried out in LiNO3 - KNO3 equimolar melt at 190°C on 

graphite electrode hâve revealed the cathodic formation of Li2O, emphasized by the 

occurrence of a well defined cathodic peak and a corresponding anodic peak of Li2O 

dissolution. The déposition of less soluble Li2O product, firmly covering the electrode 

surface leads to the decreasing of electron transfer process; in this way, the continuous 

diminishing of cathodic peak of Li2O formation is explained.

Fig. 4 Cathodic branches of cyclic voltammograms on Pt electrode (400’C) individual 

KNO3, NaNO3 melts and in molten KNO3 with various NaNO3 weight percentages.

The addition of acetamide or carbamide hâve been studied by cyclic 

voltammetry. It was observed that the presence of these compounds has caused a shift 

in the cathodic wave towards positive potentials as well as a substanțial increase in the 

cathodic current. This effect has been easily explained by the fact that the organic 
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additives interact with oxide ions, decreasing their concentration both in the melt búik 

and in the electrode layer and mtensifying the réduction process of NO3 ion.

As it was pointed out above the cathodic reaction in nitrate Systems can be 

regarded as consisting in a charge transfer step followed by neutralization reaction of 

resulted oxygen ion; the cathodic process in the nitrate melts containing alkaline-earth 

cations (Ca2*, Sr2* or Ba2*) may therefore be represented by а ЕС scheme [11]:

O + ne -+ R (16)

R Чг z (17)
where kt and кь are the rate constants of direct and reverse first order chemical 

reactions and Z dénotés the product of conversion. According to the acid-base theory 

of Lux and Flood [11] the oxide ion O2' is a very strong base and cations such Ca2* 

(generally, alkaline-earth cations) are strong acids; hence the equilibrium constant, 

К=к/кь of the second step in ЕС mechanism (précipitation of alkaline-earth oxides) 

could have very high values. This means that cathodic peaks on cyclic voltammograms 

involving NOs' réduction (and subséquent neutralization of O2* ion) are not necessarily 

accompanied by anodic peak occurrence corresponding to opposite electrochemical 

reaction. The behaviour of investigated melts containing alkaline-earth cations [3,12] 

could be readily compared with the diagrams described in Nicholson's paper [11], e.g. 

cyclic voltammograms having KVăTÎ = 50 (where, a = nFv/RT and I = k, + кь). 

Moreover, the overal cathodic process was considered moderately irreversible and 

kinetic information could be obtained [3].

CONCLUSIONS

It has been demonstrated using potentiodynamic polarization curves and cyclic 

voltammetry data that the cathodic processes of NO3' ion in molten alkali nitrates 

occures reversible, so that the charge transfer rate is generally higher then the rate of 

mass transport. Nevertheless, in several cases, the overal process with formation of a 

less soluble product might be interpreted as quasireversible or even irreversible 

process
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ION MOLECULE INTERACTION IN ORGANIC ELECTROCHEMICAL SYSTEMS III. 
ACRYLONITRILE - QUATERNARY AMMONIUM CATIONS ADDUCTS AND THEIR 
POSSIBLE IMPLICATIONS IN ELECTROHYDRODIMERIZATION PROCESSES

I.A.SILBERG,  FLORENTINA CIOMOS, I.SILAGHI-DUMITRESCU 
‘Babes-Bolyai" University, Faculty of Chemistry and Chemical Engineering, 
11 Arany János str., 3400 Cluj-Napoca

ABSTRACT
The interaction between the volumlnous cation of Romegal (a quatemary ammonium salt) 

and acrylonitrile (ACN) was investigated by NMR spectra and quantum-mechanlcal calculations.
A pronounced shift of proton signais of ACN was observed upon addition of the surfactant; a 

notable deshielding effect appears for the proton adjacent to the CN group as comparer! to the proton 
in the trans position vs.the CN group.The proton situated in cis with respect to the CN group is only 
slightly affected.

An attempt was made to evaluate the coupling of the cationlc compound to the negative part 
of ACN dipole, located at the N atom.We concluded that the molecular associations with prédominant 
electrostatic character between ACN and the qutemary ammonium sait are stable enough to allow 
the recording of NMR signal shlfts.lt Is assumed that similar molecular associations are responsible 
for the selectivity of the electrohydrodimerization of ACN to adiponitrile.

INTRODUCTION
It is a well-known fact that through the electrohydrodimerization of the acrylonitrile 

adiponitrile is obtained, a key-întermediate in making the polyamid 6,6, the original nylon.
The electrohydrodimerization process takes place on cadmium or lead electrodes 

(metals with a high overpotential, thus the cathode électrons pass to the organic molecule 
rather then to the protons) using a phosphate buffer (pH=7). Also, besldes the electrolyte, 
the conducting solution must contain a surface active quatemary ammonium sait. In the 
absence of the last one the process takes place with formation of propionitrile.

CH2 = CH - CN---------------> CHj - CH2 - CN

It is important to find the nature of the processes that occur during the 
electroreduction of the acrylonitrile in a System containing a quatemary ammonium sait. The 
literaturo data [1-3] provides only a single hypotesis: it is supposed that the metallic surface 
of the cathode attracts both the cation of the quatemary ammonium sait and the 
hydophobic medium or long-chain alkyl radicale. Therefore, in the vicinity of the electrode, a 
region with a relatively low water content Is formed preventlng, at least partly, the access of 
the protons to the active negatively charged intermediate species and minlmlzlng the yield 
of the side reaction of formation of the propionitrile (to under 5%). Definttely, this 
interprétation partially explains the process, but the reaction leadlng to adiponitrile 
suggests that the protons cannot be totally excluded from the reaction scheme. The 
toechiornetry différence (1 H+ for electrohydrodimerization, 2 H* for réduction of an 

u<-> ylonitrile molecule) is not big enough to justify the above hypothesis, or to present it as 
the only p ;ь|е one. Our previous research work has demonstrated that the phase 
transfer cai represents the phenomenon that brings the acrylonitrile anion

167

shlfts.lt


I.A.SILBERG, FLORENTINA CIOMOS, I.SILAGHI-DUMITRESCU

(generated by cathode réduction) from the aqueous phase to the acrylonitrile drops, 
facilltating the Michael-addltion, the most important step towards the doubling of the 
molecule:

h2c=ch-cn --1* [h2c=ch-cn1_ -Ж. tti2c—ch2-cn]

--[sH2C—CH2-CN]
+h2c=ch-cn

h2c-Ch-cn

h2c-ch2-cn

h2c-ch2-cn
hJc-ch2-cn

If we symbolize the quatemary ammonium salt In the usual way, Q+X',[CH2 - 
CH2CN]'Q+ will be transferred In the nonpolar medium. This way the Q+ cation will be 
found both in the aqueous phase where К reacts with the solved acrylonitrile (with а 
saturation concentration of about 7%) and in the dispersed acrylonitrile drops, where it 
gets due to the interphasic transfer. This way, aii the steps of the 
electrolydrodlmerization process (starting with the transfer towards the electrode, 
adsorption on it and continuing with the electronatlons, protonations and the formations 
of the new C-C bond) are affected by the Interaction of the acrylonitrile molecule with 
the cations of the quatemary ammonium salt. Flg.1 briefly shows the pattem for the 
phase transfer catalysis.

Fig. 1. The pattern of the phase transfer catalysis ACN = acrylonitrile, AcNH' is 
the anion [:CH2-CH*CN], = the water dipólé, (+}*** = RCM
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We tried to find the nature of the bond formed between the catlonlc tenslde and the 
neutral acrylonitrile molecule ACN. on the one hand, and the formed antonie species (ACN:* 
) on the other.

EXPERIMENTAL
NMR Is a very sensitive and accurate method for emphaslzlng the structure changes and the 

local electron densltles, that are to be found In organic molécules due to the changes of the media 
which they are placed In.

The 300 MHz NMR spectrum of acrylonitrile In heavy-water medium was recorded, uslng 
Romegal CM - a catlonlc surface ■ active agent (of Industrial use) with C« - Cm chaln bonded to a 
nitrogen atom quatemarlzed with methyl radlcals. This way, the three protons of the acrylonitrile 
become a readable AMX System (Fig.2)

Fig.2 Structura of AMX system

RESULTS AND DISCUSSION
A comparison between the rlgorously calculated literatura data and our experimental 

data, emphaslzes the fact that the second order rezidual character (which appears In 
Infinitesimal différences between the coupllng constants) can be Ignored (the more so as 
we used deutérium oxide, an unusual solvent for this klnd of experimente). [4]

Observed
Jam 0,91 very small
Jax 17.92 17,86
Jmx 11,75 11,81

After addlng Romegal CM In quantifies In usual electrosynthesls (approx. 1% In the 
water-acrylonitrile mixture), characteristlc shifts of the peaks of the three protons (very 
coherent for the various components of the AMX multiplets) are observed, together with a 
light smoothing-off of the spectrum (due to the loss of sensivity because of the increese in 
viscosity of the solution).

When the solution was neariy saturated with the cationic surface agent, the M and X 
protons, (placed in a cis mutual position far from the CN group of the molecule, were 
subject to bigger shifts and were better distinguished, while the A proton, due to 
compensation effects, reoccupied its initial position (see Table I and Table II).

These experimental facts prove that, on the approach of the Q+ cation to the 
acrylonitrile molecule, the molecule is polarized in a highly specific manner, generating 
abvious différences between the two parts of it (placed on the two sides of the double-bond 
plan)
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Table I. Observed chemical shifts

Sample Chemical shifts Hz
A M X

Acrylonitrile 1922,92 1905,06 1878,14 1866,33 1766,95 1756,01 1745,24 1737,43
Q+ added 1927,31 1909,48 1884,18 1872,37 1773,42 1781,39 1755,41 1743,54
Q* in excess 1922,92 1905,06 1884,25 1872,43 1775,13 1763,32 1757,27 1745,46

Table II Différences in chemical shifts
A M X

Q* added +4,39 +4,40 +6,04 +6,04 +6,21 +6,15 +6,17 +6,11 media+6,16
2* in excess 0 0 +6,11 +6,10 +8,08 +8,08 +8,03 +8,03 media+8,05

These différences in chemical shifts show the changes in charge-density because of 
the approach of the cation of the surface-active agent to the nitrile molecule. The 
geometrica! characteristics of this approach are to be determined. From the literaturo data 
either the я électrons of the double-bond, or the CN group (with is negative end, at the 
nitrogen atom) of acrylonitrile can accept électrons (fig.3).

Fig.3 Possible ways of RCM bounding

In order to solve this problem we made quantum-mechanical calculations MNDO [5], 
in two different variants. Figures (4-6) represent the geometric configuration and the 
optimized charge densities for the acrylonitile (fig.4), the situation of the approach of a 
positive charge (conventionally, we operated with an H+ ion) to the double bond (q2 
complexed) (fig.5) and that with the charge placed to the nitrogen atom (on the prolonged 
axis of the CN group) (fig.6). There is an excellent agreement between the NMR 
experimental data (for the differentiated chemical shift) and the polarization différences 
calculated for the third situation (fig.6). There is an excellent agreement between the NMR 
experimental data (for the differentiated chemical shift) and the polarization différences 
calculated for the third situation (fig.6). Case two leads to a different set of relations 
between protons. Thus, both in proton NMR and in calculation the M and X protons undergo 
large influences (X higher than M as expected) and A expériences smaller ones. We can 
now consider a proven fact that the acrylonitrile bonds the cationic tenside to the nitrogen 
atom of the nitrile group.
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1^4^/1095

HZ 140C^1163 
4N

a) bond lengths

b) bond angles b) bond angles

0.051 0 075
H\-0.002

^C—C^032
H, -0.06ÍL 

0033 -0.085

c) atomic charges

0.140
0.101 țț 0.138 

/ \ zH 

zC=C0572

0Й1 Ч)23Я\Т

N 0.236

c) atomic charges

0.105 0.141
Hx0183 zH 

,C=C^180 

042C.
^n4).13

c) atomic charges оз7

/ 
H 

0.079

Fig.4Tne acrylonitrile 
molecule

Fig.5 The approach of a positive 
charge to the я-olefine bond 
in the acrylonitrile molecule

Fig.6 Placing a charge 
in the vicinity of the 
nitrogen atom of the 
acrylonitrile molecule

CONCLUSION
The results of our work show strong displacement of the peak signais of the three 

protons of the acrylonitrile. The highest deshielding is that of the proton adjacent to the 
nitrile group, then that of the frans-proton relative to the nitrile group. The least affected is 
the proton placed in cis position (again, relative to the nitrile group).

Thus we have demonstrated the linking of the cationic compound at the negative 
end of the acrylonitrile dipole (f.e. the nitrogen atom).

Therefore we have demonstrated the existence of a mainty electrostatic molecular 
associations between the acrylonitrile and the quatemary ammonium salt, long-llved and
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stable enough to be recorded and to Influence the selecth/tty of the electrohydrodlmerizatlon 
of the acrylonitrile.
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Abstract
The kinetics of the nucléation and growth of copper by means of potential step 
technique was studied. The electrolyte was a CuSO4 - H?SO4 aqueous solution. Some 
Parameters like electrode material (Pt, TiO/Ti, stainless steel and vitreous carbon) and 
potential step values (380 - 800 mV) were Investlgated. Steady state nucléation rate 
and nuclei density were calculated, for a 0 05 M CuSO4 -1 M HjSOi aqueous solution 
The activation energy of nucléation stage by means of the steady state nucléation rate 
obtained at several different températures was calculated.

INTRODUCTION

Qualltatlvety, electrocrystalllzatlon Involves a number of distinct steps [1], as 
foMows: solvated Ion diffusion from the solution bulk to the electrode surface, charge 
transfer, partial or complete k>ss of the solvatlng sphere, surface diffusion of ad- 
atoms, nucléation, Incorporation of ad*atoms on lattice sites and development of 
crystallographlc and morphologlcal characterlstics of the deposit. Characteristlcs of 
the deposit (poroslty, smoothness, brlghtness) strongly dépend on the Initial stages of 
the process. Most of authore [2-7] consider that nucléation Is one of the most 
important stages of electrocrystalllzatlon. The study of nucléation klnetlcs generally 
starts from the distinction between two types of mechanisms: instantaneous and 
progressive nucléation. In practice, potentiel step technique is often used to diagnose 
the nucléation type [8,9].

The aim of this paper is to study the influence of the substrate type and the 
value of applied potential step, concerning copper nucléation, and estimation of 
nucléation kinetlc paramétere.

GENERAL CONSIDERATIONS

In the nucléation stage, germs of nucléation are formed on the so called active 
sites [10,11,12]. The electrode material capaclty to provide active sites for nucléation are 
given by [13]: épitaxial compatibility between substrate and depositlng metal, flnlshlng 
degree of electrode surface and experimental conditions. New formed germs have a 
great degree of instability [1]. Part of them grows up and the other dissolve. Over the 
criticai size, the germs become stable. Around of each nucléus are diffusion zones with 
hemispherical symmetry. The following équation glves the total current density for 
nucléation and growth [6].

i( t) = zl<c7t(2D)3n (Mc ! p)’/2 £ ( l - uf — du (1)
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where i(t) is the instaritanc-uus current density, z - ion chaîne, f - Гaraday numbet, c - 
molar concentration of electroactive species. D - diffusion coefficient, M/p - molar volume, 
t - time, u - time of birth of a criticai nucléus, N - number density of nudei at time I. 
Solving this integral for limiting conditions of instantaneous nucléation (N = No) and 
progressive nucieation (N = ANot) we obtain:

-for progressive nucléation

i(t) =~zFc7t(2D)3/2(Mc/p),/2ANotî/2 (2)

-and for instantaneous nucléation
i(t) = zFc7t(2D)3'2(Mc/p)’/2Not,/2 (3)

where: A Is ’he nucléation rate constant reported at an active site. No • maximum number 
density of nude! at certain experimental conditions

Estimation of the nucléation type Is made according to the type of dependence i = 
f(t"). An i = f(t^) dependence shows a progressive nucléation, and an i = f(t1Æ) 
dependence indicates an instantaneous mechanism.

As nudei are grawing, it appears interférence of the diffusion zones and finaHy 
overtaps of the neighboring nudei, to be seen as coalescence of the growing clusters 
[14] (see fig. 1). It is time when individual diffusion zones of hemispherical symmetry tum 
in a joint diffusion zone of plane symmetry. That is why the validity of équations 1 - 3 is 
affected.

Figure!. Interférence of the diffusion zones and overiap of the neighboring nudei.

Gunawardena et al. [3] proposed the following équations considering Interférence of the 
diffusion zones, overiap of the neighboring nudei and diffusive transport.

-for progressive nudeation

(«)"
1 - exp W

-and for Instantaneous nudeation

. zi cl)
(«*)■"

7.

i(«) (5)
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where:

k' = 4 / 3(8лсМ / p)"2 and к = (8лсМ / р)ш.
Deriving équations 4,5 and equalizing with zero we obtain the current maximum

coordinates, lm and tn. These, together with product expression i2mtm are given In Table 1.

Table 1. Expressions resulting from the analysis of the current maximum for 
instantaneous and progressive nucléation.

instantaneous nucléation progressive nucléation

tn.-1.2564/NkD (6) tm = (4.6733/AN» k’D)1/2 (7)

im » 0.6382zFDc(kN)1'2 (8) im = 0.4615zFD3MC(k’AN0)1M (9)

i2mtm = 0.1629(zFc)2D (10) i^U = 0.2598(zFc)2D (11)

The product i2mtm does not contain the k, k’. A, N paramétere and therefore a 
convenient diagnostic criterion for the particular form of nucléation occurred. The product 
dépends only on concentration and diffusion coefficient, offering therefore distinction, 
very easy to verlfy, between instantaneous and progressive types (is given by the 
numerical coefficient).

EXPERIMENTAL CONDITIONS

The nucléation of copper from CuSO4 - 2 M H2SO4 aqueous solutions was 
studied potentiostatically. The concentration range was 3.17 - 40 g/L Cu. AH solutions 
were prepared from analytical grade reagents and distilled water.

The experimental setup consisted of: a three-electrode cell, a potentiostat and a 
data acquisition System. The working électrodes were made of stainless steel (0.031 
cm2), TiO/Ti (0.071 cm2), Pt (0.008 cm2) and vitreous carbon - VC (0.062 cm2)- To 
ensure reproducibility between experiments, the exposed surface was polished to a 
grinding paper (800 and 1200) and weH washed with distilled water. The counter 
electrode was a platinum band with a surface of 5 cm2. A saturated calomel référencé 
electrode (SCE) was used, connected to the main cell through a Luggin capillary adjacent 
to the working electrode. AH potentials are in respect with the SCE and overpotentials 
were calculated using the Nemst équation.

A PS3 Forechugslnstltut Melnsberg, Dresden (Germany) potentiostat connected 
with a personal computer Olivetti AT 486 DX by a National Instruments AT M10 16F 
acquisition board was used for experimental data acquisition. The kinetics of copper 
nucleaiion was studied with single negative potential steps wlthin -380 and -600 mV, 
recording in each case the current transients. The rest potential, between two running 
muasurernents, was +300 mV vs. SCE.

The working température was within 20 and 47.
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RESULTS AND DISCUSSION

Value of potential stop
A famlly of current translents obtained at different potential steps Is shown in Fig.

2. The potential step values, In mV, are given beeide coresponding current translents. 
The shape of these experimental transients suggests that they can be analyzed 
accordlng to the theoretical model proposed by Gunawardena et al. (3]. For an accurate 
analysis we must remove nonfaiadaic current correspondlng to the charging of electric 
double layer. That can be done by subtracting the nonfaradalc current from the current 
recorded in the working solution. Nonfaradaic current was recorded In a 2 M H2SO4 
aqueous solution experiment. Unfortunately, It Is Impossible to remove compteteiy the 
nonfaradalc current, because capacitance of double layer is different In - wotking and 
H2SO4 solution - just because of the presence of copper Ions.

t,ms
Figure 2. Potentiostatic current transient for the electrodepositlon of copper on Pt from 
40 g/L CuSO4 - 2 M H2SO4 aqueous solution at the potentials indicated in mV vs. SCE.

After the rapid double layer charging the current tends to zero and then, it foltows 
a rising part due to the growth of ttie new phase and/or the increasing number oi nuciei. 
As those grow, the coalescence of the neighboring diffusion flelds with localized sphei ical 
symmetry glve lise to a current maximum, and than the current decays, approaching a 
CottreU dependence |6| (see eq. 12). In fact, équations 4 and 5 tend to Cottrefi équation 
at sufflcient large times.

zFeDlz;
(irt)*'1

î(t) = (12)
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Electrode material
To study the influence of the substrate material on the nucléation rate of copper 

experiments on platinum (Fig. 2), stainless steel (F ig. 3) and TiOVTi (Fig. 4) eiectrodes 
were made.

Figure 3. Potentiostatic current transient for déposition of copper on stainless steel from 
40 g/L CuSO4 - 2 M H2SO4 aqueous solution at the potentials indicated in mV vs. SCE

Figura 4. Potentiostatic current transient for electrodeposition of copper on TiO2/Ti from
4p g/'L CuSO« - 2 M H2SO4 aqueous solution at the potentials indicated in mV vs. SCE.
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Both depositing rate and process évolution strongly dépend on the electrode 
material, i.e., substrate type. Nucléation rate on platinum is greater with one magnitude 
order than onto TiO2/Ti and with twc magnitude Orders than onto stainless steel. In the 
case of copper nucléation on platinum and TiO/Ti the process évolution is common, and 
diffusion control after 1.5 - 2 s and more than 10 s, respectively is reached. At the 
nucléation on stainless steel the value of the ou cent maximum is the same disregarding 
the potential step value.

Determination of nucléation type. Calculation of A and N
It was used the test based on product i2mtm for détermination of nucléation type 

(see Tab.1), working with a 0.05 M CuSO4 - 2 M H;SO4 solution. Diffusion coefficient 
from the decaying current after the maximum (when diffusion control Is installed) using 
the Cottrell équation was calculated(15-17). The obtained value was D = 7.02*10'6 cm2sЛ 
In the experimental conditions the value of the product i2^ is:

-for instantaneous nucléation:

lJmtm = 1.064'104 A2cm 4s (13a)
-and for progressive nucléation:

i2mtm = 1.697*1 О'4 AWs (13b)
disregarding electrode material.

Nucléation on vitreous carbon is presented in the following section.

Figure 5. Potentiostatic current transient for the electrodeposition of copper on VC from
Ü.05 M CuSO4 - 2 M H2SO4 aqueous solution at the potentials indlcated in mV vs. SCE
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2 M H2SO4 aqueous solution.
Table 2. Calculated parameters for the nucléation of copper on VC from 0.05 M CuSO4 -

E/SCE Over- •m iôVmtm N N0

(mV) potential

(mV)

(S) (Acm'2) (A2cm'4s) (106cm2) (106cm2)

-500 -255 1.61 0.00848 1.157 0.38 0.35

-525 -280 0.99 0,00952 0.997 0.61 0.42

-550 -305 0.55 0.01351 1.003 1.10 0.76

-575 -330 0.43 0.01675 1.205 1.41 1.15

-600 -355 0.31 0.02002 1.242 1.95 1.64

From the i2mtm values it can be observed, in this case, nucléation was in essence 
instantaneous. In column 6 are given the values for the nudei density, calculated from 
current maximum, and in column 7 are the values for maximum nudei density, calculated 
from the slope of i(t) = f(t1G). Values of N, calculated for entirely instantaneous nudeation, 
are smaller than those calculated from current maximum. This means that there are 
nudel appearing after the potential step input, meaning that nudeation is mostfy 
instantaneous but a small amount of progressive nudeation also appears.

In the foltowing, we present the data obtained at nucléation of copper on platinum.

5 PoV ntiostatic current transient for the electrodeposition of copper on Pt from
■ i < 1SO4 2 M H2SO4 aqueous solution at the potentials indicated In mV vs. SCE.
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M H2SOa aqueous solution.
Table 3. Calculated paramétere tor the nucléation of copper on Pt from 0.05 M Cuf>O4 2

Г E/ECS Overpotential t.n rio7mtm ANo No А
(mV) ......M._ (A'cm as) (10" cm 's ') (1O‘’cm2) ...Cö

400 155 - - - - -
-425 -180 2.98 2,016 0,20 0,35 0,57
-450 -205 1 62 1,935 0,68 0,64 1,06
-475 230 0.70 1,730 3,65 1,48 2,47
-500 -255 0.46 1,838 8,46 2,26 3,74
-525 -280 0.26 1,554 26,48 3,99 6,64

1 -550 -305 0.18 1,682 55,25 5.77 9,58

in this case we have to deal with progressive nucléation. We can obtain the 
nucléation rate, AN» from the slope of the straight i(t) = fft3'2) (column 5, table 3). 
Calculation of Na (column 6) is possible because even in the case of progressive 
nucléation there is a moment when gennination is reptessed (after the overlap of 
diffusion zones), therefore nucléation becomes Instantaneous [6]. Nucléation is not 
entirely progressive, but is prevailing. It can be observed that A and No are growing 
toqether with potential step value, the growth of A being double in comparison with No. 
This means that A is more sensitive at potential step applied than No.

At small potential step current maximum is flat, so that is the reason for Ute first 
measurements is not so exact in bolh of cases (see Tab.2 and 3).

Activation energy of nucléation
The possibility to determine nucléation rate constant allowed us to calculate 

activation energy of nucléation. The method consists in détermination of rate constant 
at several températures, and using a In A = f(1/T) plot, the activation energy being 
calculated by the Arrhenius theory. This treatment has a physical meaning only in 
case of progressive nucléation, when there is a pure rate constant. This happens at 
copper nucléation on platinum We worked at four different températures, and 
recorded current transient» are shown in fig.7.

Table 4. Calculated paramétere for the nucléation of copper on Pt from 0.05 M 
CuSCjj - 2 M H?SO4 aqueous solution, at different températures.
I T

(Ю
104*rmtm 

calculated 
(A2cm‘4s)

104*i2mtm 
experimental 

(A2cm‘4s)

AN0
(10zcm’2s ■’)

No 
(10ecm:)

А
(s’1

I 1,63 1,56 4,385 2,246 19,52

! 311 2,15 2 09 5,318 2,190 24,28

316 2,47 2,32 10,018 2,700 37,10

b_. 2.89 2,61 13,543 2,900 46,70
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К!.\'ЕГ1С STUDY OF COPPER ELLCTROCRYSIALIJZATION

Figure 7. Potentiostatic current transient for the déposition of copper on Pt from 0.05 
M CuSO4 - 2 M H2SO4 aqueous solution, at different températures indicated in K.
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„ 2 Aihcnius représentation of InA - f(1/T) for copper nucléation on platinum 
•• ii-j 7).

I81



I! ItA.llMJC. !' lit A NI-, <\A!< S. IX'ICI!.Al!IJ. I OIIICIU

Acîivriu’jii K**l is .X' 024 kJ/molv.
i iuiii U«! dat.. [.„...ehicd in t-ihlv 4, columns 5 «nid G, it can be sent tli.il A is 

growing .vilii tumporuturu rnuch faUor than No. Il is a similar situation with that found 
ni variation ot A rmd N(, with polenli.il step value.

CONCLUSIONS

Г lectronudeation ut uupper on forelgn substrate Is striUly dependent tivin 
substiate nature. This lntlnenr.es both nudeation rate and nucléation mechanism. 
This dependence cornes from épitaxial compatibility between deposlting species and 
suustiate.

The nudeation of copper on vitreous carbon was found to be mostly 
Instantaneous, und on platinum mostly progressive. It Is Important to say that 
complete distinction between these two types of nucléation was not possible to be 
dnne There are authors who consider this distinction forced [5].

We calculated A and N and/or Mo, and their values were not lound to be strlctly 
specific tor copper ТЬ.-y change with: electrode material and It’s finishlng degree, 
potential stop value, copper concentration and working temperatura.

Obvloi’sly, A and N and/ot N4 are growlng together with potential step value and 
♦omporaiure, Thr» constant rate grows tester than nudei density. That nwnns, In mu» .h 
foicoful condiționa the numUa ot active sites grows reasonable while tliu leaotlvlty of 
an active site grows miich quickiy. The limiting growth of nudel density is accordlng to 
я finite surface area of the electrode
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ABSTRACT

The paper gives a mathematical équation that conelates the limiting dissolution current 
and the concentration of zinc and sulphate anions, and the working température.

EXPERIMENTAL

The working electrode consistée) of a 89.88% Zn rod. Insulated with inert resin (active 
surface area 0.536 cm2). The reference electrode was a saturated calomel electrode (SCE), and as 
oounterelectrode a platinum gauze was used (~20 cm2).

As sulphate electrolytes we used ZnSO4 solutions with différera concentrations (0.5, 0.75, 
1,1.5 and 2M) and NajrSCM solutions (0.5, 0.75, 1,1.25 and 1.5M), as wett as their combinations 
(analytical grade reagents). The woridng température was 20,40 and 60°C.

The potentiodynamic polarization curves were drawn using a scan rate of 500 mV/rmn. The 
electrochemical measurements were performed using a TACUSSEL potenttostat, model PRT-20, 
Voltmeter for monitoring the polarization potential and a mffiampenneter.

RESULTS AND DISCUTIONS

An example of polarization curves fc shown in Fig. 1. The anodic limiting 
dissolution current decreases as the Zn2* concentration and température 

increases. The anoic limiting dissolution current correspons to the first maximum 

on the polarization curve. The dependendes of the anodic limiting dissolution 
currents on the Zn2+ concentration (c), sulphate concentration and temperatura 

аге shown in figs. 2,3 and 4.
A first way for corrélation the obtained data is to correlate the anodic 

limiting dissolution current (i) with the free anion concentration (sulphate 
concentration, h), Zn2* concentration (c) and temperatura. All concentrations are 

in mol/L. At a given free anion concentration, h, the i vs. c depenence is a straight 
line having the general form i“bxc+a, where b are the slopes in figs. 2, 3 and 4, 

and a are the X-intercepts from the same figures. Both a and b dépend on the free 

anion concentration, h and temperatura.
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Fig. 1. Polarisation curves for 0.75M 
Na2SO4 with différent Zn2* contents, at 

20°C.
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Fig. 2. The i-c dependence for different h 
at20°C.
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Fig. 4. The i-c dependence for different h 
at 60°C.
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Fig. 3. The i-c dependence for different h 
at40°C.

The équations for b are obtained by plotting the togarithm (in tact, the 

гзо of the logarithm, that is -log(b)) against the logarithm of the free anion 
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concentration, h. Considering the general form (fig. 5) for b as b=-10a1xhb , then, 

for the studied températures the b values are:
b20“-173.98xh’° 058
b40=-213.054xh"°-7119 

Ьб0=-556.1603хЬ-°Л719

The équations for a are obtained by plotting the a values against the free 

sulphate concentration, h, at constant température. The а-h dependencies are 

shown in fig. 6 for ail températures; considering the general form for these 

équations as:
a=10a2xhb2,

for the studied températures the a values are:
a20=442.895xh'0-3122
a40s614.873xh‘°-6824 

a60=1301.18xh‘°-419

Replacing a and b values in the i équation we find the équations for the 

limiting anodic dissolution currents for the studied températures: 
i20=442.985xh'°-3122-173.98xh_00587xc; 
t40a«14.88xh'4)6824-213.054xh*0-7119xc; 

«60=1301Л87хЬ’0-419-556.1в0хЬ‘0Л719хС

Assuming a general form for i as l«A[1/T]xh®i17Tl + C[1/Tjx in

which the A, B, C and D coefficients are température dependent, the values for 

these coefficients aare obtained as following:

the équation for A[1/T] is obtained by plotting the logarithm of the X- 

intercepts for the straight lines in fig. 5 against 1/T (a2 in fig. 7):
а[1Л1»ю6-471-1130-38гг

the équation for B[1/T] is obtained by plotting the slopes for the straight 

lines in fig. 5 against 1/T (b2 in fig. 7):

B(1/T]=292.8375 /Т-1.4093
the équation for C[1ZT] is obtained by plotting the X-intercepts for the 

straight lines in fig. 6 against 1ГГ (a1 in fig. 7):

C[VT]=3246.295-915182.6/T
the équation for D[1/T] is obtained by plotting the slopes for the siratni 

lines in fig. 6 against 1/T (Ы in fig. 7):

D[1/T]=337.48/T-1.395
Replacing again the A, B, c an d values in the i équation, we obtain the final 

form for the limiting anodic dissolution currents as a fonction of the Zn2+ 

concentration (c), free anion concentration (h) and température"
j = ю<6-471-1130.3/Т)х11(292.8/Т-1.409).

- (3246,3-915182.6ЛГ)хЬ<337-48Л‘-1-395)хс(1) (1)
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Another way of getting a general eqution for the limiting anodic dissolution 

current is to define the current as a logarithmic fonction of the free anion 

concentration, s, for a given température (fig. 8, 9,10).

The total anion concentration is sac + h, where: s-total anion concentration, 
mot/l, h-free anion concentration, mol/1, c-Zn^+ concentration mol/l. The liniar 
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dependence of Igi vs. Igs is shown in figs. 8, 9 and 10, for different Zn2* 
concentrations and températures, and can be written as lgicbxlgs+a, or l=Axs^, 

in which b are the slopes of the straight lines in figs. 8-10 and a (A=10a)-the X- 
intercepts of the same straight lines. Both a and b are dependent on the Zn2+ 

concentration (c) and temperatura.

lg s lg s

Fig. 9. Igi-Igs dependence for different c Fig. 10. Igi-Igs dependence for different 
at40°C. cat60°C.

The équations for b are determined by plotting lg(1-b) against the logarithm 
of the Zn2+ concentration (c) for each température, as shown in fig. 11.

For each temperatura, the b values аге:
Ь20ж1-2.0627хС0-517117
Ь40»1-2.04550хс<12в32 

b60“1-2.16266xc'0-13712

The équations for a ara obtained by plotting their values against the 

logarithm of c for each studied temperatura, as shown in fig. 12. For the studied 

températures the a values are:
a20e592.4613xc°‘4182S 

a40=871.7862xc001577 

aeo=1583.215xc"°-4131

The a and b values are replaced in the i équation, resulting the following 

dependencies:
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Assuming again a general équation for i:
i = E(1/T)xcF(VT’xS1-w'T>“cH,VT’

in which E, F, G, H are température dependent, the équations for these 

coefficients are obtained as following:
the équation for E(1/T) is obtained from the plot of the X-intercepts of the 

straight lines in fig. 12 vs. 1/T (a2 in fig. 14):
E(1 /T)=8675.57-23909S8.4 ГТ

the équation for F(1/T) is obtained from the plot of the slopes of the straight

lines in fig. 12 vs. 1/T (b2 in fig. 13):
F(1/T)«2023.81/T-6.4766.

the équation for G(1/T) is obtained from the plot of the X-intercepts of the 

straight lines in fig. 11 vs. 1/T (a1 in fig. 13):
G(1/T)®2.848-23S.532/T

the équation for Н(1/Г) is obtained from the plot of the slopes of the straight 

lines in fig. 11 vs. 1/T (M in fig. 13):
Н(1/Т)»1в2в.93/Т-6.128

Replacing these values In the i équation we obtain a general équation for 
the limiting anodic dissolution current, i, as a fonction of the total anion 
concentration, s, Zn2+ concentration, c, and température:

”"Uea i - « e^-’
xc T x» T (2)

U (8675.57-2?^)

CONCLUSIONS

For the anodic dissolution of Zn in sulphate media two équations for the 

limiting anodic dissolution current are obtained, that take Into account the working 

paramétere that are usually modified in practice, te the electrolyte composition end 

température.
We can notice that the general form for the obtained équations is similar to 

those obtained for other metals in their anodic behaviour for different electrolytes, 
eg Cu and Ag.
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ABSTRACT

Electrochemical colouring of Al anodic films offers special decorative properties, because of 
their various color palette, as well as protectlve ones, because of their increased anticorrosive rosistence 
and at light radiation. The final aspect of coloured coating is strongly dependent on involved electrolyte 
type during initial anodizlng and on the applled operating Parameters during electrochemical colouring 
phase.

Initial anodizlng electrolytes based on sulfuric acid, nitric acid, phosphoric acid were used, at 
different current densities agalnst an Al cathode. Electrochemical colouring of the formed anodic films 
involved a НгЭОд/АдМОз solution, at various a.c.voltages and colouring durations, agalnst an 
aluminium counterelectrode, in stationary conditions.

The final color range dépends on the Initial anodizing electrolyte, e.g. from yellow-greenish in 
sulfuric to yellow-bronze in phosphoric ones. Higher values of a.c. voltage and/or colouring time leads to 
colour darkening.

To analyse electrocoloured anodic films, electronic diffuse réflectance spectra in visible and near 
infrared domain and also chromatic coordinates in CIELAB system, were recorded.

Electrochemical colouring of Al anodic films is an attractive procedure for various industrial 
decorative applications, especially in design, architectonie domains, because of their large color palettes 
using the same electrolyte but different operating conditions.

INTRODUCTION

A great advance has been made in recent times in the use of coloured anodized 

ни.nium, because of its good anticorrosive properties and color fastness, especially 

by means of electrochemical electrolysis in alternative current. There are several 

/udies dealmg with technological improvement of a.c. electrochemical colouring. 

xurding to this method, Al is subjected to an initial anodization, usually donc in 

furie electrolyte, followed by an a.c. electrolysis in a metallic salt solution (e.g. Cu,

.. Ag, etc ), when as counterelectrode, the corrseponding salt metal, or stainless 
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steel, aluminium, graphite are involved [1, 2, 3, 4, 5]. To characterize the formed 

coloured anodic film, several techniques were used, such as: SEM, ТЕМ [6], 

Mössbauer spectroscopy [7], IR spectroscopy and X-ray diffraction [1], etc.Most of 

those studies revealed the existence of metallic species as Me0 within coloured anodic 

film and in some cases, of a mixture of cations in various valence states [5].

The present paper intends to discuss, from visual aspect and existent species 

points of view, electrochemically coloured Al anodic films in electrolytes based on 

AgNO3 using different initial anodizing electrolytes.

EXPERIMENTAL

Samples of Al foils (Al min.99.5% purity), with a thickness of 0.2 mm, of 100x40 mm, having a 
constant surface of 0.4 dm2, were used. They were subjected to a surface treatment, as it follows: (a) 
alkaline degreasing in 2-5 g/l NaOH, 50-100 g/l N82003.10 H2O, 50-100 g/l ЫазРОдЛг H2O solution, 
at 60-80°C, for 1-5 min.; (b) hot water rinsing; (c) chemical pickling in 30% HNO3 at room température 
for 30 s; (d) cold water rinsing.

The AI specimens were anodized in the three following electrolyte types:
A- 1.5M H2SO4 solution, usually recommended at the inital stage of electrochemical colouring of 

anodic films;
В- 7.5M HNO3 solution, recommended to obtain porous anodic films that may offer a better 

absorption capacity in colouring phase, according to our recent researches [8,9J;
C- 2.5M H3PO4 solution, usually used to obtain uniformly porous anodic films.
For electrolyte A, anodizing process was performed at a current density of 5A/dm2, a bath 

température of 25-30°C, for 10 minutes.
For electrolyte B, anodizing phase was done at 5A/dm2, at 25°C, for 15 minutes.
Anodic oxidation in phosphoric electrolyte was conducted at 8.75 А/dm2. for 10 minutes.
Electrochemical colouring was effedeo using an aluminium counterelecfrode and an electrolyte 

with the following composition: 2 g/l AgNO3 iqq g/| H2SO4, in alternative current, at different values of 
a.c voltage (10.20 V), for different colouring durations, between 
1-30 minutes, al 25^c.

Ali experiments were done in stationary electrolysis conditions.
The obtained colour was visually noticed, as well as by means of trichromatric coordinates 

(CIELAB colorimétrie space) using a CHROMA SENSOR CS5 spedrophotometer with two fascicules 
and integrated sphère. To analyse the chromophoric species that may exist in the colored film, electronic 
diffuse réflectance spectre in the range of 400-1200 nm were recorded, using a VSU-2 type 
spedrophotometer equiped for réflectance, against an anodized foii in each anodizing eledrolyte type, to 
reveal only the contribution of coloured layer. Absorbance , 
A=100-R (%) against incident radiation wavelength was recorded to highlight the absorption electronic 
bands.

RESULTS AND DISCUSSION

Figures 1, 2 and 3 show the colour changes vs. colouring time for anodized Al 

samples in electrolytes A, B, C.

For an initial anodizing in sulfuric electrolyte (Fig.1), electrochemical colouring ir 

AgNOß solutions produces yellow to black coloured films. The colour becomes darker 

when colouring time increases; thus, after 10 minutes the film is black. In ail cases, an 

adhèrent, uniform, glossy, without blemishes coloured anodic layer, is obtained.
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FIGURE 1 - Visual color évolution against colouring time in AgNÛ3 based solution, at

10 V a.c., for initial anodizing in 1.5M H2SO4

FIGURE 2 - Visual color évolution against colouring time in AgNO3 based solution, 
at 10 V a.c., for initial anodizing in 7.5M HNO3
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When initial anodic oxidation involves nitric electrolyte, because of high porosity 

of the anodic film, the coloured coating is mat and tones of brown to dark green are 

obtained (Fig.2). An increase of colouring durations détermines colour darkening, too.

FIGURE 3 - Visual Color évolution against colouring time in AgNO3 based solution, at

10 V a.c.(a) and 20 V a.c (b), for initial anodizing in 2.5M H3PO4

Initial anodizing in phosphoric acid electrolyte produces different colour ranges, 

as a function of colouring time and applied a.c.voltage. Thus, at 10 V a.c, the coloured 

anodic film has golden -brown-green tones and at 20 V a.c a yellowish palette was 

obtained (Fig.3).

When higher a.c. voltages were applied, some defects were noticed, rather 

producing a surface atack.

Comparatively with electrochemical colouring in CUSO4 solutions, when after 

initial anodizing in nitric electrolyte was necessary a subsequently long time sealing 

step [5], in the case of AgNOß based colouring, an adéquate light stability was noticed; 

the coloured anodic films remained at the initial shade, even after 15-30 days of natural 

light exposure.
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Figure 4 shows the dependence of colour Parameters (L*, a*, b*) in CIELAB 

trichromatic System against colouring time for Al samples initaliy anodized in sulfuric 

electrolyte. It may be noticed again that an increase of colouring duration leads to a 

colour darkening (L* value decreases). Also, yellow component is more intense up 5 

minutes and for higher durations, the green one.
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■

15
10 0 °«
O 0 0 red
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1--Ч— ' f’1 ■»— I-11

FIGURE 4 - Chromatic coordinates vs.colouring time for AI initially anodized in 

sulfuric electrolyte

Electronic diffuse réflectance spectra

Figure 5 présents the electronic absorption spectra for Al samples Si - S4, that 

were initially anodized in sulfuric electrolyte and subsequently electrocoloured in 

. AgNOß based solution, at 10 V a.c. and various durations. They have the same sulfuric 

frnedium, both for anodizing and colouring phase and with time increasing, a systematic 

|0arkening of the color was noticed.

L
From spectral point of view, this means an intensification and extension of 

rge transfer band absorption from 400 nm (Si) to 600 nm (S2).For S3 sample, an
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intense absorption on the whole visible and near IR range was observed, with a slight 

prédominance between 400-650 nm, while for S4 specimen the absorption intensity is 

practically constant between 400-1200 nm.

100-i anodizing H2SO41.5M

colouring AgNO3/H2SO4,10 V a.c.
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FIGURE 5 - Electronic absorption spectra for Al coloured anodic films at different 
values of colouring time after initial anodizing in sulfuric electrolyte

Cromophoric species that may be responsible of color darkening are Ag+ and Ag° , the 

black tone being facilitäted by the possible charge transfer between Ag°and Ag+.

Electronic absorption spectra for coloured anodic films that were initially 

anodized in nitric electrolyte are shown in Figure 6, for various electrochemical
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colouring times. Initial anodizing medium change, from H2SO4 to HNO3 détermines 

different color évolutions, as specimens P5-P8 show. Thus, P5 sample présents a 

strong absorption on the whole wavelength domain (400 nm-1200 nm), with a maximum 

in visible range, between 400-750 nm.

anodizing HNO3 7.5M

colouring AgNCh/H-SO,, 10 V a.c
100-1

—■—P5-1min 
—о— P6-3min 
—A— P7-5min 
—•—P8-10min

400 500 600 700 800 900 1000 1100 1200

À., nm

FIGURE 6 - Electronic absorption spectre for Al coloured anodic films at different 

values of colouring time after initial anodizing in nitric electrolyte

Рб specimen has a similar absorption in 400-600 nm domain, but a maximum in 

near IR area (750-1000 nm) was noticed, that détermines the greenish color.
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Subsequently increasing of colouring time, according to P7 and Pö samples,détermines 

absorption diminishing between 400-600 nm with a maximum at 400 nm followed by an 

intense increase above 1000 nm but without any influence on the color.
Anodic films having yellow-brown tones may also be ascribed to Ag+ and Ag' 

species, while greenish ones may be determined by certain tranzient Ag^+ species or 

by some peroxidic compounds with oxygen in a triplet state that have specific 

absorption over 700 nm.

Figures 7 and 8 present electronic absorption spectra for coloured AI initially 

anodized in phosphoric electrolyte, at various durations and a.c. voltages..

100 -i anodizing HjPO4 2.5M

90-
colouring AgNO3/H2SO4, 10 V a.c

80J’

70

60-

50-

40-

30-

20-d

o4

I
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600

■ Palmin
• ' r*2_Oniin

1 3-omm

А - О 4 Ammл Гд-iumin

10-1

X, nm
FIGURE 7 - Electronic absorption spectra for AI coloured anodic films at 

different values of colouring time after initial anodizing in phosphoric electrolyte 

and a colouring voltage of 10 V a.c.
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Thus, at 10 V a.c. a color évolution from golden -brown to green tones was 

noticed. For P4 specimen, a maximum at 660 nm is revealed, that is characteristic to its 
greenish tone. Also, the responsible cromophoric species may be Ag+, Ag°, with 

possible Ag2+ appearance, that determine aleatory and practically non-reproducible 

color modifications.

anodizing НзРО4 30%

colouring AgNO3/H2SO4, 20 V c.a

Figure 8 - Electronic absorption spectra for AI coloured anodic films at 

different values of colouring time after initial anodizing in phosphoric electrolyte 

and a colouring voltage of 20 V a.c.



For Bi * B4 specimens, coloured at 20 V a.c. but with the same initial anodizing 

in phosphoric electrolyte, the same color évolution , from light yellow to brown-yellow 

was observed, with colouring time increasing, determined by the existence of Ag+ and 

AgO species.

Comparing Bi - B4 and Si - S4 specimens, a relatively similar behaviour takes 

place: a systematically color darkening with colouring time, but to relatively different 

tones; these Systems seem to be the most adéquate for practicai purposes. 

The greenish colours are very attractive for decorative applications and some 

supplementary studies are necessary both to establish the optimum conditions for a 

good reproducibility and existent cromophoric species.

CONCLUSIONS

After the expérimentais were done, it was found out that:

- the type of electrolyte involved in initial anodizing step strongly influences the 

colour range of subsequently electrochemical coloured anodic film in AgNO3 based 

solutions;

- a.c. voltage as well as colouring time increasing détermines color darkening; 

in certain cases a high value of a.c. voltage may produce some defects in the coloured 

anodic film;

- comparatively with electrochemical colouring using CuSO4 solutions, in the 

case of AgNO3 ones there is not necessary a subsequently sealing phase, the final 

color being stable at light radiation;

- electronic diffuse réflectance spectra revealed the existence of cromophoric 
species: Ag+1, Ag° and possible transient Ag2+ ions that coexist in the coloured anodic 

film and produce the final colour;

- electrochemical coloured aluminium anodic films using AgNO3 based 

solutions offers a large variety of attractive colours that may be sucessfully used in 

decorative applications, involving only a small number of electrolytes but allowing 

various operating Parameters values.
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ABSTRACT. - Polycrystalline bulk gold flag electrodes were coated with rnultilayer Systems and 
various redox were affixed to these assernblies. The rnultilayer Systems were based on self- 
assembled monolayers of thiol-carboxylic acid molécules, tightly bound to the gold surface via 
the mercapto groups. The other moiety of the molécules were ionized by alkaline wash t:> 
carboxylate ions To this anionic surface a cationic polyelectrolyte was attacher! by ionr. 
forces. Such a bilayer System was suitable for binding anionic redox coup'es (e.g , 
ferrocyanide, quinone-sulfonic acid, fenocenecarboxylic acid, etc.) Altematively. a negatively 
charger! polyelectrolyte layei was attached to the bilayer to form в tnlayer sysHn witl: an 
outermost anionic layer. To such a trilayer System ca'ionk redox couples wem adsorbed 
(e g., Co(ll) tris(1,10-phenanthroline), trimethyiaminomethyl ferrocene, inethyl viologen, etc ). 
In a sériés of experiments two redox couples were successfully confiner! to the same 
electrode surface Ellipsometry has proven a useful tool for monitonng the layer width oi these 
rnultilayer Systems with and without adsorbed redox couples. Cyclic voltammetry, peifomied 
in aqueous supporting electrolytes buffered to a constant pH value, was efficient in piobing the 
electrochemical behavior of rnultilayer assernblies with adsorbed redox centers

The “layer-by-layer déposition technique, introduced in the early nineties by

Decher and l.vov [1-4], has become popular in the last years [5]. This method

'Author to whorn corrcspondcncc should be addrcsscd



involves the successive adsorption of oppositely charged polyelectrolytes and/or 

redox couples. Advantages cf the techrique are that (i) multilayer Systems are easy 

to assemble, (ii) the process is self-regulating (only one monolayer of charged 

polyelectrolyte can be attached to the oppositely charged surface) (in) it is a 

versatile method to confine various redox couples to the electrode surface, (iv) one 

or more redox couples can be attached to the same surface; (v) no mechanical 

manipulation is needed to build up such assemblies, (vi) the multilayer déposition 

can be automated [5,6].

In our approach [6-9], ionic forces were used to confine redox couples to the 

gold electrode surface. First, a self-assembled o-mercapto-carboxylic acid 

monolayer was deposited at the gold surface, second, oppositely charged 

polyelectrolytes were confined to the ionized carboxylic groups, than, cationic or 

anionic redox couples were adsorbed onto these multilayer Systems The obtained 

bilayer and trilayer assemblies with or without adsorbed redox centers can be 

efficiently investigated by means of ellipsometry and cyclic voltammetry

EXPERIMENTAL. Gold mirror électrodes were used for ellipsometric 
measurements, and bulk gold flags (of approximately 1 cm2 surface) for cyclic 
voltammetry. 11 -Mercapto-undecanoic acid was obtained from the corresponding 
bromo-undecanoic acid [6], and re-crystallized from n-heptane. Poly(vinyl-pyridine), 
Polyscience Inc., was quaternized with a solution of dimethyl sulfate (Fisher 
Scientific) in méthanol and purified by dialysis. Poly(styrene sulfonate), Polyscience 
Inc., was used as received. Typically, monolayers were deposited from 5.0 x W4 
mol L'1 mercaptocarboxylic acid solution in acetonitrile, while polyelectrolytes were 
attached from 1.0 x 10'3 mol L'1 aqueous solutions. Several redox couples were 

confined to the coated gold surface; some of theses were prepared in our laboratory: 
trimethylaminomethyl ferrocene, Cr"(EDTA), and Со" tris(1,10-phenanthroline), while 
Fe" tris(1,10-phenanthroline), henceforth ferroin, acid, and ferrocyanide, Aldrich, 
were used without further purification. Cyclic voltammetry was performed in 
aqueous borate buffer supporting electrolyte (pH 9.0), degassed with argon for at 
least 30 minutes. The setup consisted of a Voltammograph CV-27, Bioanalytical 
Systems, Inc., West Lafayette, Indiana, an Omnigraphic 100 Recorder, Houston 
Instruments, Austin, Texas, and a computerized data collection system, based on 
the Asystant software, Macmillan Со. A home-made three compartment glass cell 
was used. The polycrystalline gold flag working electrode was referred to an SCE, 
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the counter electrode being a platinum wire, with a surface area of 10 cm2. Typical 
experimental conditions were: scan rate of 0.1 V s'1, sensitivity of 2 цА V1 
(potentiostat), and 2 цА cm'1 (recorder). For layer width déterminations an 
elhpsometer with manual compensation was used. The home-assembled 
instrument consisted of a 3 mW maximum output Helium-Neon Laser (Oriei Со, 
Stratford, Connecticut, and optical components from Oriei Co. and Newport Со 
Fountain Valley, California

RESULTS AND DISCUSSION. The layer width both the mercaptocarboxylic 

acid and the cationic polyelectrolyte correspond to about one monolayer (see 

Table). The figures in the Table are mean values for 6 experiments, ± refers to 90% 

confidence interval. Ferrocyanide ions adsorbed to the bilayer may cause a slight 

increase of the layer width or, conversely, a slight decrease of the overall width. 

Likewise, this decrease is only apparent, and is probably due to the change in the 

refraction index. Poly(styrene sulfonate) adsorbed to the outermost cationic surface 

of the bilayer system increases the overall layer width by approximately another 

monolayer width. To this system an iron-hydroxide based redox center can be 

attached, by immersion in basic ferroin solution (pH 10.0). Again, the presence of 

the inorganic redox couple does not affect the overall layer width.

A systematic survey of several cationic and anionic redox couples with redox 

potentials in the potential window of gold, bound to bilayer or trilayer Systems was 

done. Strong binding, i.e. stable attachment of the redox couple to the coated 

electrode for over 50 potential scans, was obtained for trimethylaminomethyl 

ferrocene, ferrocyanide, for the Fe" hydroxide redox center, generated with basic 

ferroin solution, as well as for a Cr" hydroxide redox couple, obtained with 

Cr"(EDTA). Medium binding, i.e. no significant decrease in the peak areas for 5 to 

10 cycles, was achieved for ferrocenecarboxylic acid and Со" tris(1,10- 

phenanthroline).
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Table: Mean values of the layer width for the charged layers in
multilayer Systems

Examined layer Total width [nm]
11 -Mercapto-undecanoic acid 1 2 : 0 3

Bilayer: 11-Mercapto-undecanoic acid 
+ poly(N-methylvinyl pyridme)

26 • 04

Bilayer + [Fe(CN)5f 29 ± 04
Trilayer bilayer + poly(styrene 

sulfonate)
40 + 05

Trilayer + Fe(OH)* 4.3 i 0.3

Specific examples of multilayer Systems with iomcally bound redox couples

Trimethylaminomethyl ferrocene can be ionically bound to a trilayer system 

formed of a self-assembled w-mercaptocarboxylic acid monolayer, a quaternized 

poly(vinylpyridinum) layer and a poly(vinyl sulfonate) layer 

(Figure 1).

Figure 1. Cyclic voltammetry of trimethylaminomethyl ferrocene attached to 

a trilayer System (0.1 Vs'1, 10 рА V1, pH 9.6)
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An Fe'-complex based redox couple was obtained b; soaking the trila/ei 

System in Fe" tris(1.10-phenanthroline) perchlorate (Figure 2) A new redox wave 

was obtained at E” ~ 0.34 • 0.01 V vs. SCE, with a peak Splitting of 40 mV I ne 

redox couple responsible for this wave showed an extremely tight adsorption The 

concentration of the redox Centers was almost unchanged during 50-200 cycles of 

the electrode potential. These redox waves showed up exclusively when both the 

déposition and cyclings were performed in an alkaline buffer supporting electrolyte 

(e.g., borate buffer, at pH 9.0 and 9.6, or in carbonate/ bicarbonate buffer, at pH 9.9- 

10.0). Therefore, the iron-related redox species is probably a form of Fe" hydroxide 

The ferrous hydroxide is generated in situ by traces of Fe2* or Fe3* ions from the 

slow décomposition of the iron complex present in the alkaline solution An 

approximate composition of such complexes, that involve both the presence of iron 

hydroxide and of the ionized carboxylic groups can be written as [6,9] 

[(Au-S-(CH2),Q-COO)xFey(OH)z], where: x = 1-7, y = 1-3, and z = 1-4.

1.5

1 0

0.5

<

A

E [V vs. SCE]

Figure 2. Cyclic voltammetry of the Fe" redox couple attached to a trilayer 

system (0.1 V s‘1, 2 цА V1, pH 9.6); A - Ist scan, В - 50th scan



Construction of a two-terminal bilayer System

The goal of this experiment is to confine two redox groups of different к d to 

the same electrode surface. The first redox couple is insensitive to the presence of 

analytes in the sample solution, while the second responds in a Nernstian manner to 

the analyte concentration in the solution. Such a System can work as a two-terminal 

voltammetric sensor [10,11]: the analyte-insensitive redox couple, 

ferrocyanide/ferricyanide, is the internai reference site, while the pH-sensitive Fe" 

redox couple serves as the sensing site.

1. A self-assembled monolayer of 11 - mercaptoundecanoic acid is

deposited on the gold flag electrode;

2. Iron(ll) redox couple is attached from ferroin solution to the

ionized carboxylate groups of the monolayer (cyclic voltammetry is shown 

in Figure 3a);

3. Poly(4-vinyl-1 -methylpyridinum) is attached to the monolayer

System with the already confined Fe(ll) redox couple (Figure 3b);

4. Ferrocyanide is adsorbed to the outermost cationic layer (Figure 3c);

5 The Fe(ll) redox couple is regenerated by additional soaking of the

Fiyure 3a Cyclic voltammetry of the Fe" redox couple attached to an 11 -
mercapto-undecanoic acid monolayer (0.1 V s'1, 2 pA V1, pH 9.0).
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Figure 3b. Cyclic voltammetry of a bilayer system obtained by confining 
poly(4-vinyM-methylpyridinum) to a monolayer of
11- mercaptoundecanoic acid; the Fe" redox couple is attached to the 
monolayer prior to the adsorption of the cationic polyelectrolyte (same 
conditions as for Fig. 3a).

Figure 3c. Cyclic voltammetry of ferrocyanide adsorbed to the outermost 
cationic layer of a bilayer system with a previously attached Fe" redox 
center (same conditions as for Fig.3a).
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Figure 3d, The Fe(ll) redox couple is regenerated by additional soaking of the 
bilayer System in ferroin solution (same conditions as for Fig 3a).

CONCLUSIONS

The layer-by-layer déposition method was efficient in binding anionic and cationic 

redox couples to the surface of polycrystalline bulk gold electrodes. These 

rnultilayer Systems were based on self-assembled monolayers of thiol-carboxylic 

acid molécules, to which cationic and anionic polyelectrolytes were attached by ionic 

forces. In a sériés of experiments one or two redox couples were successfully 

confined to the same electrode surface. Ellipsometry has proven a useful tool for 

monitoring the layer width of these rnultilayer Systems, while cyclic voltammetry, was 

efficient in probing the electrochemical behavior of rnultilayer assernblies with 

adsorbed redox centers.
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ABSTRACT

The synthesis and Voltammetrie characteristics of four monomers with Schiff base-type structure and 
hiophene moieties (l-IV) and a p-phenylene-di(vinylene thienylene) (V) monomer were performed The 
ilectrochemical polymerization of N,N’-bis(2-thienylmethylen)-1,4-diaminobenzene (II) and bis(2-thienyl-vinyl)-
1,4-phenylene  (V) proceeds by oxidative coupling reaction and precipitate formation. The polymers resuit in their 
iopeJ states. The reaction conditions influences the formation of polymer or other undesirable compounds The 
.pectral characterization of the products confirms the possibility of oxidative coupling of the thiophenes units by 
heir 5-5’ positions.

INTRODUCTION

The synthesis of electrically conductive polymers is an area of significant activity [1]. 

he electrical and non-linear optical properties of polymers containing highly delocalized n- 

lectron Systems, continue to be subjects of intense research interest. The investigation in this 

iteM.sciplinary field is strongly dependent on the quality of the studied materials. Among these 

olymers, a great deal of work was devoted to polyheterocycles (polypyrrole, polythiophene), 

repared by chemical and electrochemical polymerizations, because they present an increased 

nvironmental and thermal stability in both conductive and neutral states.

T he introduction of different units belonging to two or three classes of conducting

□lymers in the same structure of the repeating unit, allows to modify the polymers properties.

hus. monomers containing thiophene as well as vinylene units were obtained and
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polymerized electrochemically by Tanaka et al [2]. Copolymers containing thiophene an< 

diacetylene units were synthesized using the Glasser coupling reaction from thiophene- base; 

diethynyl monomers [3]. Other polymers containing alternating thiophene and acetylene unit 

were reported by D’Ilario et al [4-6].

Fully aromatic polyazomethines are known as an important dass of thermafly stable an 

highly conjugated materials. They are obtained by the convențional melt or solutio 

polycondensation of aromatic diamines with aromatic dialdéhydes. Their electrical conductivit 

varies between 10’12 Q1 cm'1 (neutral state) and 107 Q’1 cm1 (oxidized state) [7,8].

Recently there were reported some alternating structures which contain thieny 

azomethine and 1,4-phenylene or 4,4'-biphenylene groups [9-11]. The polymers wei 

synthesized by classic polycondensation procedure for the poly(Schiff-base)s type produc 

from the aromatic 5,5’-diformil-2,2’-dithienyl with the corresponding diamines.

in our works we have applied the oxidative polymerization as a practicai method f< 

obtaining poly(Schiff base)s from monomers with -CH=N- preformed fonction having tf 

general structure: Py-CH=N-R-N=CH-Py, where Py is the 2-substituted pyrrole group and 

is an arylene radical [12-15].

In this paper we report some results concerning the synthesis and characterization 

monomers that combine the both thiophene and Schiff base functionalities. The monome 

contain alternating 2,2’-bithiophene-diyl rings and azomethine units in the main chain. 

monomer with thiophene and vinylene units was synthesized , too. Experimentally, tl 

polymers were obtained by oxidative coupling of the corresponding monomers (Il or V) at tl 

marginal thiophene units.

EXPERIMENTAL

Materials
2-Thiophenecarboxaldehyde (Merk, 98%), benzene, dichloroethane, dichloromethane, acetonitr 

nitrobenzene, éthanol and N.N’-dimethylformamide (Fluka, p.a.) were distilled before use. p-Toluenesulfo 
acid (Aldrich, 99%), hydrazine monohydrate (Fluka, 98%), a,a‘-dibromo-p-xylene (Aldrich, 98%), triphe 
phosphine (Merk, 98%) and lithium (Fluka, 99%) were used as received. p-Phenylenediamine (Schuch; 
München, p.a.), benzidine (Merk, p.a.) and 1,5-diaminonaphthalene (Fluka, 98%) were recrystallized fr 
méthanol.
Electrolytes: Tetrabutylammonium perchlorate was synthesized and purified (m.p. 143-144°C) according to 
literaturo [16]. Tetrabutylammonium tetrafluoroborate (TBAP) was prepared by titration of tetrabutylammoni 
hydroxide with tetrafluoroboric acid and purified by usual methods (m.p. 161-162°C) [17].

Measurements
The melting points were determined on a Boetius Microscope. Infrared spectra were obtained oi 

Perkin Elmer 577 spectrometer using KBr pellets. ’Н-NMR spectral analyses were performed on a JNM-C60I 
60MHz apparátus, at 20°C using DMSO-d6 as solvent and tetramethylsilane (TMS), as internai standard 1 
UV spectra were registered with a Specord M80 Cari Zeiss Jena spectrophotometer.

Voltammetric registrations were performed on an OH -102 Radelkis polarograph.
The electrochemical polymerizations were carried out in a previously described equipment [13].
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Monomers
The monomer synthesis are presented in Schemes 1 and 2

III, n=X3%

2-thiophenecarboxaldehide concentration: 0.5 rnoli/l

2-thiophenecarboxaldehide/diaminemolar ratio: 1/2.2

Solvent: toluene Scheme 1

Reaction time 6h

Temperatura: reflux

Synthesis of monomers with

Schiff base structure

Catalysty: p-toluene sulphonic acid

Purification, recrystalization from dichloretan; column chromatography

reflux \=/

2-thiophenecarboxaldehide concentration: 0 2 moli/l

Solvent: Ethanol Scheme 2

Reaction time: 24h Synthesis of bis(thienyl-vinyl)-

Temperature: reflux 1,4-phenylene

Catalyst: C2H6OLi

Purification recrystalization from cloroform; column chromatography

The spectral data (IR, ’Н-NMR, UV) and other characteristics of monomers are presented in Tabli
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Table 1 Monomers characterization

Monom. 1 II III

Colour green-yellow light-yellow orange-yellow

m.p °C 161-162 169-170 248-250

UVdata 

nm

347 301, 372 303, 371

’h-nmr

data

8 ppm

6.52-6.7, t, 2H 

poz. 4 from 

thienyl ring 

6.94-7.15, m, 4H 

poz.3 and 5 from 

thienyl ring

8.25, s, 2H from 

CH=N group

6.95-7.3, t, 2H poz. 4 

from thienyl ring

7.35, s, 4H from 

phenylene

7.55-7.7, m, 4H poz.3 

and 5 from thienyl 

ring

8.7, s, 2H from CH=N 

group

6.58-6.62, t. 2H poz.

4 from thienyl ring

7.08-7.4, m, 4H 

poz.3 and 5 from 

thienyl ring

7.6-8.0, m, 8H from 

biphenylene

8.72, s, 2H from

CH=N group

IR data,

cm'1

CH=N gr.: 1610

thienyl: 1430,

1210,1080, 1050,

835, 730

CH=N gr.: 1610. 

thienyl: 1430, 1200 , 

1100, 1050, 850 

p-disubstituted 

phenylene: 1490,

1105,810
______________________

CH=N gr.: 1620 

thienyl: 1430, 1200, 

1105, 1050, 845 

p-disubstituted 

phenylene: 1600, 

1500, 1105,



IV V

green-yellow orange

225-227 161-163

309, 373 360; 373, 398

6.9-7.22, m, 2H poz. 4 

thienyl+2H poz.3,7

naphthylene

7.3-7.45, d, 2H poz.3 thienyl 

+2H poz.2,6 naphthylene 

7.45-7.55, m, 2H poz 5 thienyl

7.98-8.1, d 2H poz.4,8 

naphthylene

8.72, s, 2H, from CH=N group

6.6-7.7, m, 10H 

overlaping signais 

from thienylene and 

vinylene

7.78, s, 4H from 

phenylene

CH=N gr.: 1620 

thienyl: 1435, 1200, 1100, 

1050, 840

naphthylene: 1490,1150, 790

CH=CH gr.:965 (y 

CH) 1615 (vCC) 

thienyl: 1450, 1200, 

1185, 1050, 845 

phenylene: 1495,

1130, 800



RESULTS AND DISCUSSION

Voltammetrie study of monomers

The synthesized monomers were characterized by voltammetric method to evaluate 

redox behavior and the reactivity in electrochemical polymerization reaction, 

measurements were performed in one-compartment cell using three électrodes: worl 

électrodes Ew-Pt(wire) or Radelkis, auxiliary electrode EAux-Pt(band) and standard calc 

electrode (SCE) as référencé electrode (Er). There are used different sensibilities S=2-16: 

7 A» The monomers were analized in solution or as a deposit on the electrode by solu 

évaporation. The sélection of these conditions was necessary due to the poor monorr 

solubility. The studied potential range was -1.2 - +2.0 V and the scan rate 8 mV/s. For 

solution analysis there was used (C^s^NCIC^ as supporting electrolyte in CH2CI2.

A general characteristic of the registrations évidences slow and fast oxidative proces 

at the electrode. The first slow stages could be attributed to diffusive processes to 

electrode and the fast ones to the main oxidations.

From the literaturo data [19], the thiophene, bithiophene or terthiophene oxida

proceeds at 1.65 V, 1.20 V and 1.0 V, respecți'ely. This decrease is attributed to steric ;

conjugation effects. In the case of monomer I, the oxidation potential is characterized

(Ei/2)a2= +1.6 V (Figure 1). This value can be attributed to an irreversible oxidation of 

thiophene ring. In the conditions of electrode deposit there are evidenced some reduc 

processes at (E1/2)c= -0.05 V.

Figure 1

Voltammograms of monomer I

a) E-Pt(Rad)

TBAP 0.1M in CH2CI2 

normal, S=6x10’7 A, 8mV/s

b) E-Pt(wire) deposit

LiCIO4 0.1 M+ HCIO4O.IM 

normal, S=6x10‘7 A, 8mV/s

i lie presence of phenylene radical between azomethinic groups modifies

; ; .nie aspect in the range +0.9- +1.6 V, where we consider that the thiophene r

(figure 2).
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Figure 2

Voltammograms of monomer II

a) E-Pt(Rad)

TBAP 0.1 M in CH2CI2 

normal, S=4x10’7 A, 8mV/s

b) E-Pt(wire)

TBAP 0.05M in CH2CI2

— normal, S=16x10'7 A, 8mV/s

— normal, S= 2x10‘7 A. 8mV/:

In the case of monomer III there can be distinguished three successive oxidative stei 

characterized by (Ev2)ai= +0.6 V, (Ei/2)82= +0.88 V and (Е1/г)аз= +1.18 V (Figure 3). The thi 

one can be attributed to the thiophene oxidation, being close to that of bithiophene (+1.2 

[19]

Figure 3

Voltammograms of monomer III

a) E-Pt(Rad)

TBAP 0.05M in CH2CI2 

normal, S=4x10'7 A, 8mV/s

b) E-Pt(wire)

TBAP 0.05M in CH2CI2 

normal, S=4x10‘7 A, 8mV/s

c) E-Pt(wire) deposit

LÍCIO4O.IM

normal, S=16x10'7 A, 8mV/s

The monomer with 1,5-naphthylene group (IV) shows a faster oxidation step v

(Е1/г)а2= +1.25 V (Figure 4, a). This value is identical with that found for monomer II v

phenylenic bridge. In this case the réduction stages are present, too.

The voltammograms from Figure 4,b present the succesive potential scannings

monomer V. We appreciate that the third scanning signal évidences an oxidative degradai

process and a light increased réduction peak.
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The monomer with bis(2-thienylvinyl)-p-phenylene structure can be placed from the 

point of view of the oxidative capacity ((E1/2)a2= +12 V) before the monomer II with 

azomethinic group, probably due to the more eTiciently conjugation of the vinylene group.

In all the cases the oxidation processes are irreversible

Figure 4

Voltammograms of monomers IV and

V

a) E-Pt(wire)

TBAP 0.05M in CH2CI2

— normal, S=6x10'7 A, 8mV/s

— normal, S=2x10'7 A, 8mV/s

b) E-Pt(wire) deposit

UCIO4 0.1M

TBAP 0.05M in CH2CI2

normal, S=16x10’7A, 8mV/s

—1- scanning;......2~ scanning; — 3- scanning

For élucidation of the réduction monomers' behavior, it would be necessary to establish 

the structure of the cathodic products and the redox polymers characteristics.

Electrochemical polymerization

N, N’-bis(2-thienylmethylen)-1,4-diaminobenzene (II) and bis(2-thienylvinyl)-1,4- 

phenylene (V) were tested in the electropolymerization reaction. For comparison there wai 

polymerized the thiophene, too. The electropolymerization was studied in different conditions 

due to the particular structure of the monomers and their limited solubility in usual solvents 

Taking in account the risks of utilization of perchloric acid salts in organic medium [20], ths 

results were compared using different electrolytes: tetrabutylammonium perchlorate an< 

tetrabutylammonium tetrafluoroborate. For controlling the electrode processes and preventint 

some secondary reactions, low current densities were used (1-10 mA/cm2). The reactions an 

starting both in the anodic and cathodic compartments. In the first stages they were observei 

by changing of the solutions' color. After an induction period, the polymers resuit in the anodi 

compartment as different colored précipitâtes (complex mixtures).

In Table 2 there are presented the electrochemical polymerization conditions c 

monomer II In the studied processes, the main reaction proceeds in the anodic compartment,
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Table 2 The eiectrochemically polymerizations conditions of monomer II

Exp

no Electrolyte

Electrolyte 

conc., mol/l Solvent

Monomer 

conc. mol/l

Current, 

mA

Reaction 

time, h

Product Yield

%Anode Cathod

1 (Bu)4NCIO4 0,02 nitrobenzene 0,025 4 2 PP — 14,70
*4Z (Eu)4NCIO4 0,1 nitrobenzene 0,025 4 5 PP ... 30.41(3)

3 (Bu)4NBF4 0,1 nitrobenzene 0,025 4 7 PP ... 88,78(b)

4 (Bu)4NCIO4 0,05 dichloroethane 0,03 4 6 PP ... 31,10

5 (Bu)4NCIO4 0,05 dichloroethane 0,05 4 7 PP ... 37,65

6 (Bu)4NCIO4 0,1 dichloroethane 0,05 10 8 PP PP 81,06(c)

7 (Bu)4NCIO4 0,1 acetonitrile 0,025 10 8 PP ... 60,36

8 (Bu)4NCIO4 0,1 dichlorométhane 0,05 10 8 PP f (c)

9 (Bu)4NCIO4 0,1 dichlorométhane 0,025 10 4 PP PP (c)

10 (Bu)4NCIO4 0,1 dichlorométhane 0,025 5 8 PP PP+f (c)

11 (Bu)4NCIO4 0,1 dichlorométhane 0,025 10 8 PP PP+f (c)

12 (Bu)4NBF4 0,1 dichlorométhane 0,025 10 2 PP ... 37,9 (10,11)p

13 (Bu)4NBF4 0,1 dichlorométhane 0,05 10 4 PP ... 46.35 (8,75)p

14 (Bu)4NBF4 0,05 dichlorométhane 0,05 4 6 PP — 29,52 (4,42)p

-température 18-20 °C

■a) There is also some organic crystalline product (b) There is also organic crystalline product; (c) There is also NH4CI (separated and 

identificated: pp-precipitate, f-film; p-poiymer



were the products resuit as précipitâtes. In halogenated solvents, especially in CH2CI2 and 

(C4H9)4NCIO4 as support electrolyte, précipitâtes and films are formed at the cathode, too. 

No products are found at the cathode compartment when (C4H9)4NBF4 is used as 

electrolyte. The deposed films from the cathode are conductive. The Pt modified électrodes 

were efficient for oxidative e lectropolymerization of monomer II in other experiments.

Together with polymers, small molecular organic crystalline compounds are formed 

at the anode. They have to be identified in the future.

In halogenated solvents, undesirable NH4CI is formed with any of the two 

electrolytes. It is favored by the high current densities. We suppose that the solvent is 

responsible for its formation, being necessary supplementary investigations to prove this 

hypothesis.

From the anode reaction mixture (Table 2, experiments 1 and 2) there were isolated 

the following fractions: polymer insoluble in nitrobenzene, polymer precipitated with CH2CI2 

and small molecular product soluble in éthanol.

In similar conditions was polymerized monomer V, too.

IR measurements

The IR spectra of some fractions of the products obtained by electrooxidation of 

monomer II (both at anode and cathode), and of polymer with vinylene groups, in 

comparison with that of polythiophene, are presented in Figure 5.

The spectra of two fractions of the same product are very close (1 and 2 or 3 and 4 

curves), so we suppose they have the same structure. The differente solubilities can be 

due to the molecular weights. The main différence between the spectra of the products 

obtained with different electrolytes is the presence of the absorption from 1100 cm'1 

attributed to the dopant anion CIO4'. In the 3 and 4 spectra, when (C4H9)4NBF4 was used 

as electrolyte, we find at that frequency only an absorption Shoulder due to the in-plane 

vibrations of deformations of C-H bonds from aromatic groups (ßCH). The signal from 1100 

•m 1 is present in the spectra of polymer with vinylene groups and of polythiophene, too (6 

and 7 curves from Figure 5). The anion CIO4' absorption is absent in the cathode fraction 

spectrum, which is different from those of anode fractions. This is a prove that the cathode 

product has not the same molecular structure with the anode one.

The absorption from 830 cm'1 attributed to the out-of-plane deformation vibrations of

C-H in p-disubstituted benzene ring (yCH) is present in all the spectra excepting that of

ooiythrophene In this case there is a specific signal to polythiophene at 799 cm'1, reported

h.er auihors, too [21-23]. The absorptions from 740-750 cm'1 in the polymers with
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Schiff base structure spectra can be attributed to the out-of-plane deformation vibrations of 

C-H in thiophene ring, and those from 1050 cm'1 to the in-plane deformation vibrations of

Figure 5

IR spectra of :

1- poly(li) (dopant: CIO/, 

soluble fraction in 

nitrobenzene);

2- poly(ll) (dopant: СЮ/, 

insoluble fraction in 

nitrobenzene);

3- poly(ll) (dopant: BF/, 

soluble fraction in 

nitrobenzene);

4- poly(ll) (dopant: BF/, 

insoluble fraction in 

nitrobenzene);

5- cathode fraction

(monomer II, solvent: 

CH2CI2, dopant: BF/);

6 poly(V) (solvent: CH2CI2, 

dopant CIO/);

7- polythiophene 

(nitrobenzene, dopant CIO/)

C-H bonds in aromatic rings. The bands from 1330 and 1375 cm'1 from monomer II 

spectrum attributed to the thiophene ring vibrations are found in polymer at 1315 and 1355 

cm'1. Other absorptions coming from both thiophene and phenylene rings (vCC) at 1420, 

1520 and 1580 cm’1 (the last value is represented only by shoulder of absorptions) are 

found. The very intense band from 1620 cm'1 is due to the -CH=N- group. In the polymer 

with vinylene groups spectrum there are present some specific absorptions at 960 cm'1 

(vCH, trans vinylene) and 1670 cm'1 (vCC, trans vinylene).
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Figure6 1H-

NMR spectra of 

monomer II and 

of the 

corresponding 

oligomeric and 

polymeric 

fractions

1H-NMR spectra of two poly(N,N’-bis(2-thienylmethylene)-1,4-diaminobenzene) 

fractions in сотрапвоп with that of monomer II are presented in Figure 6. The b and e 

protons from thiophene and the phenylene rings are found in the monomer spectra at 6.8- 

7.1 8 ppm. The a and c protons constitute the second group of signais (7.4 - 7.6 8ppm). 

The (b+e)/(a+c) ratio is 1.5 for the monomer. The g and h protons in dimer are found 

together with a protons. Near the c protons are only the phenylene and the b protons from 

the terminal thiophene groupe. The theoretical calculated ratio between the two groups of 

sig; s 1 5. In the trimer the ratio would be 1.16, in tetramer 1.12, etc. In the presented 
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spectrum the ratio calculated from the height of intégrais is 1.21. This value is between that 

of dimer and trimer (55% dimer). However there is possibe to have higher oligomers in 

their mixture, so the percent of dimer could be a little different, but their presence is 

limitated by the low solubility in the fractionating conditions. In the case of polymer spectra 

the signais lose their individuality due to the neequivalence of protons from different 

thiophene and phenylene ring.

CONCLUSIONS

Four monomers with Schiff base structure and thiophene moieties and a p- 

phenylene-di(vinylene thienylene) one as precursors for obtaining of new conjugated 

polymers were synthesized and characterized. Their voltammetric registrations evidence 

some irreversible oxidative electrode processes, in different stages. Also, reductive 

processes are identified. The electrochemical polymerization of monomers II and V 

proceeds by oxidative coupling with precipitate formation. The corresponding polymers 

resuit in their doped state. The reaction conditions influence the polymers and eventually 

other undesirable compounds formation. In halogenated solvents, films or précipitâtes are 

formed by réduction, too. The cathode deposed films are conductive. The spectral analysis 

data of the products confirm the possibility of oxidative coupling of the thiophene rings by 

their 5,5’-positions
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IONOSPHERIC PLASMA
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ABSTRACT. The ionospheric and magnetospheric plasmas couid be studied either experimentally, 
theoretically or by the simulation method. By considering for these multicomponent plasma Systems 
two kinds of physical rnodels, the PIC simulation is applied with the aim to analyze the electrostatic 
and oscillatory properties of such a plasma. The considered rnodels for an infinite, periodic 
ionospheric plasma system are a 4 - and 5 - species warm plasma in the magnetic field of the earth. 
By applying an 1-D electrostatic program of partide simulation the diagnostics for the electrostatic 
properties, specific energies and oscillatory parameters of the plasma are obtained. From the 
simulation results the qualitative behavior of the given plasma Systems couid be described.

1. INTRODUCTION

For knowing the behavior of the Earth ionosphère it is important to have a view 

on the properties of this ionized part of the atmosphère which couid have an 

important influence on the life conditions on the earth. In ionosphère plasma 

phenomena heavy ions are also present in abundance’s which are not negligible 

relative to protons and électrons. The mutual Streaming between different species of 

the plasma may give rise to various types of stable or unstable oscillations as are 

those specific for electrostatic and electromagnetic interactions. In the used models 

for the ionosphère plasma we consider a totally ionized plasma system. Frorn the 

point of view of plasma theory an ionosphère plasma couid be considered to be an 

infinite and periodic plasma. A qualitative analysis for the electrostatic and 

oscillatory properties of 4- and 5 - species plasma Systems, considered as physical 

models of a multicomponent ionospheric plasma, is done. The analysis is made by 

using these models of the plasma Systems and the partide simulation method. In the 

second part of the paper the models for an ionospheric multispecies plasma used to 

analyze by PIC-simulation the system behavior are presented. In the third chapter a 

discussion of so obtained results is given together with the conclusions which couid 

be deduced in this stage of the ionosphère study.
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2. THE PHYSICAL MODELS FOR AN IONOSPHERE MULTICOMPONENT 

PLASMA

The first model "w4istream" is that for a four-species plasma, composed from 

two species of électrons with different températures (thermal and superthermal) and 

two species of ions, one immobile and the cther cne having a dynamics. Between 

these four species of particles an electrostatic interaction takes place. The 

interaction is taken into account as an interaction between four beams. Some input 

data for this plasma model are given as an example (the indexes will specify the 

considered beam): the number of particles nthe = nsthe = 512 and ni = 1024, the 

spécifique charge (q/m)the= (q/m)slhe = - 1.00 and (q/m)n = (q/m)iZ = 1.00 ; the 

cyclotronic frequencies of the species wcs,h0 = wcthe = - 4.5 ,10'5 and weil = wci2 = 

4.5.10'5. The thermal velocities are given as: vthe = 0.5, vsthe = 1 00 and vthi = 0.05.

The second model 5nistream” is that made from five species of plasma 

particles: two of thermal and superthermal électrons, the stationary plasma ions and 

two species of drifting ions (the specific ions for an ionospheric plasma аге: H+, He+ 

and/or O+). For these physical plasma models the partide simulation method is 

applied, using the specific input data and obtaining after running the simulation 

program some specific diagnostics which describe the behavior of the considered 

plasma Systems.

3. RESULTS OF THE PIC SIMULATION FOR 4- and 5- SPECIES PLASMA 
MODELS

The specific diagnostics are directly given as diagrams for the electrostatic, 

energetic and oscillatory properties of the considered multi-component plasma 

Systems: the electric field and potential of the ionospheric plasma model, the charge 

density and the specific energies: the kinetic energies of the plasma species, the 

field (potential) energies, the total kinetic energy and the total energy given by: TE = 

KE1 + KE2 + ..+ KE5 + FE. We will give also some diagrams obtained for the Fast 

Fourier Transformed electrostatic energies of the plasma Systems ESE(k)' from 

which it is possible to evaluate the linear or growth rates, in case of the unstable 

oscillations excited in the considered plasma Systems, and the bouncing time 

(frequency) in the case of some stable oscillations. In the Table 1 the specific

225



(frequency) in the case of some stable oscillations. In the Table 1 the specific 

energies and the FFT electrostatic fielet energies are given for the multispeciej 

plasma models. As examples of the obtained diagnostics the diagrams for the mode 

1 of the 4- and 5-species models considered for an ionospheric plasma, the 

ESE1(k) is given in Fig.1. After obtaining the results from applied PIC - simulatior 

method for the multispecies plasma Systems considered as different approximations 

for the ionospheric plasma, the conclusions will be given in the next section.

TABLE 1. The specific energies of the plasma species for the first three 

oscillation modes in some of the 4- and 5-species models.

Energy type 4i1stream 5n1stream

KE 11.1 10.36

KE1 6.03 4.037

KE2 0.8399 9.136

КЕЗ 4.108 0.00152

KE4 0.0027 0.0115

KE5 - 0.011

FE 0.0117 0.0231

ТЕ 11.1 10.36

ESE1(k) 0.00154 0.0152

ESE2(k) 0.00289 0.00178

ESE3(k) 0.002045 0.00231

4. CONCLUSIONS

From the diagrams for the FFT of the electrostatic energies of the first three 

modes of oscillation excited by interaction of the various species of particles which 

compose the used plasma models, considered for such a multispecies plasma 

System as is the ionospheric plasma, it can be seen the stable or nonstable, linear or 

nonlinear behavior (growths or not) of the different modes of oscillations The 
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oscillatory aspect of a plasma system is important for many other properties which 

describes phenomena existing in such a physica! system, Then new effects of the 

multi-component species of particles interaction in plasma arise because the various 

species are mutually coupled through the electromagnetic Lorentz force. In the Fig. 

1, one of the diagnostics of the partide simulation applied with an electrostatic 1-D 

code is given, describing the oscillatory behavior of first mode of the 5-species 

plasma system. In the same manner, in the other diagrams obtained as diagnostics 

of the PIC-simulation for the models used to describe an ionospheric plasma, the 

other two modes of oscillations excited in plasma couid be given for the 4- and 5- 

species Systems (not presented).

Fig.1 The ESE1(k)-diagnostics of the PIC-simulations for mode-1 of the 4-species plasma model

In both the 4- and 5-species plasma models the first mode of oscillation excited 

in plasma (mode-1) has a more stable aspect and the other two modes (mode-2 and 

mode-3) have an unstable behavior, with linear growths from which the linear growth 

rates couid be estimated, as are given in the Table 2, and a nonlinear stage of 

saturation of the these instabilities. In the case of the nonlinear saturation level of 

the instabilities the nonlinear growth rates couid be estimated and also the nonlinear 

Landau damping rates. In the nonlinear stage of the unstable oscillation modes the 

successive nonlinear growths and Landau dampings couid be considered as 

nonlinear fluctuations of the wave amplitude around a mean value which couid be 

also estimated from the ESE(k) diagrams. From the earlier partially presented results 

Lu: partide simulation method applied to the ionospheric plasma multi-species 

Systems a first conclusion which may be given is that some electrono-cyclotronic and 
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iono-cyclotronic unstable oscillations will appear in such a warm, magnetized 

multispecies ionospheric plasma due to the interaction between the different species 

streams (with different températures and different drift velocities). We see that the 

PIC-simulation method can be applied with good qualitative results, and in a future 

work, also with quantitative results for describing more accurate the behavior of a 

multispecies plasma. These results give the possibility to see the stable or unstable 

behavior of such a complex plasma system, to deduce the basic mechanisms and 

phenomena which exist in it. As an example we can observe that some of the 

électrons are capted in the waves potential in the nonlinear stage of the plasma 

system évolution and they will bounce with a specific frequency that could be 

eventually estimated. The second conclusion which can be given is that the 

phenomena in such a multispecies warm magnetized system, as is the ionospheric 

plasma, are very complex and nonlinear ones, beginning from two- and three- 

streams instabilities , electiono-cyclotronic or iono-cyclotronic instabilities and 

probably containing also compressive modes of oscillations due to differential 

streaming between various species of the system. Finally it could be stressed that 

these multicomponent ionospheric plasma Systems in which the abundance of 

heavier ions is not negligible compared to protons (ions of H+) giving rise to new and 

interesting effects must be studied further by the partide simulation but using some 

more accurate data for plasma species parameters, and also by a numerical 

intégration of the corresponding dispersion relations for the various considered 

models, especially with a iager number of componente (a 6-species plasma).
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ABSTRACT

A comparison of the synthesis and conductive properties between polyaniline and poly-orto- 
metoxyanillne is made. Reversibility and air stabilrty of the polymers are discussed. The low air-stabüity 
of poly-orto-metoxyanillne chain Is probably due to the metoxy group, which makes the polymer more 
reactive.
INTRODUCTION

The electronic conducting polymers are conjugated structures in which the polymer 

chain consista of altemating simple-double (or triple) bonds; their conductive properties 

making them extremely useful for electrochemical cells or electronic devices. Elecronic 

conducting polymers are either chemically or electrochemically prepared in oxidized 

form (p-doped) and they can be repeatedly scanned between the conductive and non- 

conductive forms in a quasyreversible manner [1, 2], through a path that involves the 

redox reaction of the к électrons System on the polymer chain. The change in the 

oxidation state of the polymer is asociated with a transfer of a counterion in or out the 

polymer chain. The polymer’s conductivity may change with several ordere of 

magnitude durin this process; the polymer is electroni conductor only in the doped state

[3].  Polyaniline is a tipically electronic conductor polymer, which can be prepared by 

both chemical or electrochemical methods. The completely reduced form of the 

polyaniline, has the structure:



while the conductive form is:

The oxidized form of the polyaniline is onlypartially soluble in some solvents like 

glacial acetic acid or concentrated sulphuric acid. The metoxi substituent in the orto 

position of the aniline ring gives a soluble polymer in common solvents (eg. 

méthanol), the poly-orto-metoxyaniline. The practicai purpose of using polyaniline films 

in electrochemical cells or electronic devices requires the optimum chemical and 

electrochemical stability conditions of the polymer.

The present paper shows the experimental résulta for the polyaniline and poli-orto- 

metoxyaniline in air and aqueous solutions.

EXPERIMENTAL

The polymer films were obtained in constant current conditions (i * 0.125 mA cm2) and by potential 
scanning between -0.2 and +1.05 V/SCE, from 0.06M monomer (aniline or metoxyaniline respectively) 
in 1M H2SO4 solution. The films were deposited onto a platinum foi!; all the potential are SCE refered.

The film conductivity was measured with a conductometer using an ac signal of 200 Hz; the films 
were placed in a close, air containing box (fig. 1).

ЕЕ Í

■ i:
Ш

b

Fig. 1. The cell used for measuring the polymer film conductivity.
a) the two platinum électrodes, insulated with resln, with polymer fűm. 1-platinum

electrode; 2-polymer film; 3-electrical contacts.
b) the closed box with the two platinum électrodes.

The cell used for conductometric measurements was made by insulating two platinum wires(<|> = 0 5 
mm, 40p.m gap between wires) in epoxi resin. After polishing the two wires with emery paper (x600), the 
polymer films were deposited at constant current until the gap between the wires was completety covered 
with polymer.
RESULTS AND DISCUSSIONS

From the polyaniline synthesis cyclic voltammogram (fig. 2) one can see the 

presence of an oxidation peak, e, at +1.05 V/SCE, which was attributed to monomer 

adsorption and radical-cation formation; this peak disappears in the following scans
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For the polymer film to grow properly, d peak potential must be reached If the potential

is scanned only until the base of peak d, (that is, +0 62 V) the polymer film stops 

growing. The process corresponding to this peak is attributed to dication or dication- 

diradical (bipolaron) formation The process corresponding to peak a (+0.18 V/SCE) is 

attributed to radical-cation (polaron) formation [4]; the process which persista until the

potential of d peak is reached.

peak a peakd

The bipolaron formed at peak d reacts with water from the syntesis solution giving 

quinonic products which in the following scans will be responsible for new peak 

occurrence (peak b at +0.47 V/SCE [4]) Another impurity peak (c, c’ at +0 54V SCE) is 

attributed in literaturo to the para-aminophenol/benzoquinonimine redox couple. Peak f 

with the cathodic pair p’ was attributed to the benzidine/quinoide form of benzidine 

redox couple [5].

The cyclic voltammogram of poli-orto-metoxyanilina synthesis is similar to that for 

polyaniline synthesis (fig. 3).

Fig. 3 Cyclic voltammogram for 
poly-orfo-metoxyaniline 
electrosynthesis onto Pt electrode 
(127 mVs1)

Fig 2 Cyclic voltammogram for polyaniline 
electrosynthesis onto Pt electrode (127 mV *~1 )
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Some différences however are to be outlined. First, a very large quinone impurities 

oxidation peak occurs at the poly-orto-metoxyaniline electrosynthesis. These quinonic 

products are responsible for lowering the chemical and electrochemical activity of the 

polymer. Second, the region between the polaron and bipolaron peak formation, which 

is related to the electrochemical stability region of the polymer, is larger for polyaniline 

(0.58 V) compared to poly-orto-metoxyaniline.

The air stability of the two polymers was monitorod by conductivity measurements 

[6] in a close air containing box (Fig. 4).

Conductivity (pS)
28-

24-
22-i'

20-

18-

16-

14-

12-

'W
K9

A '■ \

O poly-orto-metoxyaniline 
a polyaniline

8-
6-|—i—j----- 1—i—i—j—>—i—i—i—i—j—i—j

0 5 10 15 20 25 30 35
time (hours)

Fig.4. Air conductivity of polyaniline and poly-orto-metoxyaniline.

One can see that the air dezactivating process becomes insignificant for 

polyaniline after 10 hours, while for poly-orto-metoxyaniline this process can still be 

observed even after times as large as 20 hours. The presence of the metoxy group 

could be the cause of this low air-stability of the polymer chain.

Figs. 5 and 6 show the cyclic voltammograms of the polymer films in sulphuric 

acid transfer solution at different scan rates. The peak séparation of the first redox 

process for polyaniline is larger, and i₽« > i₽o, indicating a low degree of voltammetric 

reversibility for this case For the poly-orto-metoxyaniline case, obtained in the same 

conditions (0.055M monomer, 1M H2SO< synthesis solution) and having the same 

thickness = 50 mC cm"2), a peak Splitting can be observed for the first redox

process (fig 6), proving the existence of some non-homogeneities in the polymer film.
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The peak séparation (a, a’), ÁE₽, is about 45 mV, in agreement with Hubbard’s theory 

for thin film reversible Systems onto électrodes. This peak séparation value is much 

smaller than the value corresponding to peaks (c, c1) and is practically the same as for 

for the polyaniline case.

Fig. 5. Cyclic voltammograms for polyaniline 
film - 66 mC cm'2), onto Pt electrode
in H2SO4 transfer solution (Ho = -1.76), at 
different scan rates (mv s"1); 1-16; 2-26; 3-32; 
4-50; 5-65.

Fig. 6. Cyclic voltammograms for 
poly-orfo-metoxyaniline film =
66 mC cm 2), onto Pt electrode in H2SO< 

transfer solution (Ho = —1.76), at different 
scan rates (mV s'1); 1-11; 2-14; 3-18,3; 
4-22; 5-31,4; 6-55.

The peak pair (a, a1) has E0' = 0,178 V/SCE, and the pair (c, c*). E° = 0,11 V/SCE. 

Although the AEp value for the (a, a*) pair is small, still ip» > ipc.

Table 1 résumés the main voltammetric characteristics of the first redox process, 

(a, a1) of the poly-orto-metoxyaniline (О^ьшь = 50 mC cm'2) in 1M H2SO4 transfer 

solution.
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Table 1. Main voltammetric characteristics of the first redox process, (a, a') of the poly-

orte metoxyaniline (Obynih^ = 50 mC cm 2) in 1M H2SO4 transfer solution

Scan rate

(mV/s)

Epa

(V/SCE)

Epc

(V/SCE)

ЛЕр (V) Ipa

(mA/cm2)

îpc

(mA/cm2)

11,0 0,200 0,155 0,045 0,140 0,102

14,6 0,200 0,160 0,040 0,189 0,136

18,3 0,200 0,155 0,045 0,268 0,163

22,0 0,200 0,155 0,045 0,310 0,193

31,4 0,200 0,155 0,045 0,468 0,268

55,0 0,210 0,158 0,052 0,795 0,450
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ABSTRACT

The characteristics of a magnesium-selective electrode with a polymeric membrane 
and a self-made electrode body are presented. The membranes are based on PVC-HMW, with 
different plasticizers, N,N'-diheptyl-N,N’-dimethyl-1,4-butanediamide (ETH 1117) as a neutral ligand, 
and various amounts of lipophilie salt. The electrode exhibits a linear response in the concentration 
range 10 5-101 M Mg2* with a slope of - 23,1 mV/decade. The selectivity coefficient is evaluated by 
the mixed solution method. The electrode has a good selectivity over sodium and potassium and 
présents considérable interférence from calcium. The pH of the test solution influences the response 
over pH=10 and under pH=5. The response time, the reproducibility and the life time are also 
investigated and the results are presented.

INTRODUCTION

The ion-selective electrodes are widely used in clinical chemistry, 

bioelectrochemistry and industrial laboratories for their ease of handling, précision 

and short response time [1,2]. The polymeric membrane electrodes with ionophores 

like neutral macrotetrolide antibiotics or synthetic cyclic or noncyclic carriers as 

active components, for different alkaline and alkaline earth metal ions were 

developed in the last 30 years. In the last years there have been made considérable 

efforts to improve the characteristics of these electrodes by testing new kinds of 

membrane matrix, new types of ionophores and new designs for the electrodes. The 

research for the magnésium ion (sometimes called the “forgottén ion”) and its 

interactions with the ligands and the development of magnesium-selective 

electrodes started later and was conducted in the laboratories of Prof. Wilhelm 

Simon [3,4]. The most inconvenient aspect of the magnésium electrode is the 

niterfoienco with calcium ion that can not be neglected excepting the intracellular

235



space where the calcium ion concentration is lower (1СГ6 M) and the magnésium ion 

concentration is around 10 3 M [5].

In this work we present the performances of a magnesium-selective 

electrode that consists of a self-made electrode body and a PVC-based membrane 

mounted at one end of the body. The presence of the lipophilie salt in the membrane 

is bénéficiai in respect with the facts that this additive reduces interférences by 

lipophilie anions, leads to changes in selectivity, is able to increase cation-sensitivity 

and lowers the electrical résistance of the membrane [6]. Our challenge was to find 

the best ratio between the amount of the lipophilie salt and the amount of the 

ionophore.

EXPERIMENTAL

Electrode body
The electrode body is made of a PVC tube. The inner reference electrode is a 

Ag/AgCI electrode. It is made by the elctrolytical déposition of AgCI on a silver wire anode in a 10'1 M 
HCl solution at a current density of 8 mA/cm2 for 30 minutes.
Membranes

The membranes were prepared from 2% ionophore (N,N'-diheptyl-N,N’-dimethyl-1,4- 
butanediamide (ETH 1117; Fluka), ca. 33% polyvinyl Chloride high molecular weight (PVC-HMW; 
Fluka), 85% plasticizer (bis(2-ethylhexyl) adipate (DOA), or o-nitrophenyl octyl ether (o-NPOE); 
Fluka) and various amounts of additive (natriumtetrakis(3,5-bis(trifluoromethyl)phenyl}-borat 
dehydrate (C32H12BF24Na); Merek) were completely dissolved in a mixture of ciclohexanone and 
tetrahydrofuran in a 2:8 ratio. The membrane solution was then poured in a glass ring on a glass plate 
and the solvent was allowed to evaporate. After the évaporation the membranes were eut and fixed at 
the end of the electrode body. Table 1 présents the compositions of the membranes prepared and 
tested.
E.m.f. measurements

The measurements were carried out with cells of the following type:
Hg: Hg2CI2; saturated KCI solution; sample solution; membrane; 10'2M Mg(NO3)2 solution saturated 
with AgCI; AgCI; Ag.

E.m.f. measurements were performed with a pH/mV-meter (IAMC Otopeni). As 
reference electrode a calomel electrode (Institutul de Chimie Cluj) was used.

The selectivity coefficients were deteqmined by the mixed solution method, in the 
presence of a varying concentration of the determinând and a constant concentration of the 
interfèrent. The pH dependence was determined by varying the pH of a 103M Mg(NO3)2 solution. 
Sample solutions

The test solutions were prepared from a 1M Mg(NO3)2 stock solution, by serial 
dilution. We used distilled water and substances of a p.a. grade. For the pH dependence we used pH 
buffer solutions.

RESULTS AND DISCUSSION

The compositions of the membranes are presented in table 1. The last 

line présents the calculated slopes of the calibration curves, on the linear domain in 

the concentration range shown above.
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Table 1 - The compositions of the tested membranes and their characteristics

Componente; 

characteristics

Membranes

1 2 3 4 5 6 7

ETH 1117(%) 2 2 2 2 2 2 2

СзгНиВРгдЫа 

(mol%*)

0 10 15 20 33 50 70

DOA(%) 64 64

o-NPOE(%) 65 63 63 64 62

PVC-HMW(%) 33 34 34 33 34 33 33

Détection limit - 2,5.10” 2,5.10” 10” 1,6.10* 2,5.104 10”

Linear 

concentration 

range (pMg)

2-4 1-5 1-5 1-5 1-5 1-4 1-4

Slope 

(mV/decade)

-8,8 -18,9 -21,9 -21,3 -23,2 -19,2 -17,3

*mol% of lipophilie sait relative to the ionophore ETH 1117

The following graphie présents the response curves of the électrodes 

prepared with the above described membranes.

0 mol. % 
—•—10 mol. % 
—•—15 mol. % 
—»—20 mol. % 
—•—33 mol. %

50 mol. % 
—и—70 mol. %

Fig. 1. Response curves of the électrodes based upon the membranes from table 1
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We should notice that the membranes that approach the most the 

nernstian slope of 29,1 mV/decade (at 21 °C) are the ones with a molar ratio between 

the lipophilie sait and the ionophore around 33%. Besides, from the former 

experiments we concluded that the polar plasticiser (o-NPOE) is better for the 

divalent cation Mg2+ because it has a higher dielectric constant than the nonpolar 

plasticiser (DOA), fact that is in agreement with the theory [7].

To use this electrode in biological samples we tested the selectivity 

against the most important interférants: Na+, K+, and Ca2+. We used the mixed 

solution method. According to the Nikolski-Eisenmann équation:

„ 2,303-R-T / ,E = E° + lg(aA + KAB • aBA B)
Z A ' Г

the potential of the electrode in a solution is affected by the presence of the 

determinând ion (A) and interfèrent ion (B) as well. The selectivity constants were 

determined graphically and are summarised in the next table:

Table 2 - Selectivity constants of the magnésium electrode prepared with membrane

number 5 from table 1

j Interfèrent (B) Kab Кде

Na* 2,48.10z -1,61

K+ 2,79.10'2 -1,55

I Ca'+ 15,01 1,17

Calcium présents a strong interférence upon the response of the 

magnésium electrode. Hence, this electrode can not be used in solutions wi h a 

defined calcium ion concentration.

The influence of the pH of the solution was tested over the response of 

the magnésium electrode in a 10'3M Mg2+ solution. The results are shown in the next 

graphie. In the pH range where the electrode présents considérable interférence it is 

helpful to add an ionic strength adjuster both to samples and calibrating solutions to 

buffer the electrolytes to a level where there is no interférence.
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Membrane 5

pH

Fig.2. The pH influence over the response of a magnésium electrode in a 10'3M Mg2* 

solution

The response time (the time after which the e.m.f. reaches 95% from 

the equilibrium value) is very short, but increases slightly from 1-2 s in a 10‘1M Mg2* 

solution to 10 s in a 10‘5M Mg2* solution.

By immersing the electrode ten times in the same solution and washing 

it with distilled water between the measurements, the reproducibility is evaluated. 

The maximum relatíve standard déviation is 2,9% for the most diluted solution (10 5M 

Mg2*) and the minimum is 0,6% for the 10'1M Mg2* solution.

The short time stability evaluated by the drift of the electrode immersed 

in a 10‘2M Mg2* solution for three hours is 1 mV/hour

The long time stability is evaluated by the drift of the electrode in 

solutions of different concentrations, and by the change in the slope of the 

calibration curve during time. The résulte are presented in figure 3 and table 3, 

respectively.

Membrane 5
0,00001 M 

-•—0,0001м 
—*—0,001 M 
-•-0,01M 
—ж—0,1M

i >g.3. Long time stability of the potential in different Mg2* solutions
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Table 3 - Long time stability of the magnésium electrode

Membrane Slope(mV/decade)

Day 1

Slope(mV/decade)

Day 7

Slope(mV/decade)

Day 14

5 -23,2 -21,4 -20,02

CONCLUSIONS

This paper outlined the main characteristics of a magnesium-selective 

electrode with a PVC-based membrane and the ionophore ETH 1117 that was for 

the first time studied by Prof. W. Simon's research team [10]. The electrode exhibits 

a nearly nemstian slope, has a good selectivity over sodium and potassium, but is 

strongly infiuenced by the presence of calcium ion. The response time, the 

reproducibility and the short and long time stability are good. This electrode can be 

used properly to determine the magnésium ion concentration in solutions with a 

calcium ion concentration more than three orders of magnitude lower.
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ABSTRACT

The characterlstlcs of the H*-selectlve electrodes with modified PVC-based 
membranes and self-made electrode body are presented. The membranes are based on PVC-COOH 
and PVC-ОН, with different plastlclzers, trldodecylamlne as a neutral ligand, and potassium 
tetrakls(4-chlorophenyl)borate as a lipophilie salt. The electrodes exhlblt a linear response In the pH 
range 4-10 with a slope of - 55 mV/decade. The selectivity coefficients are evaluated by the fixed 
Interférence method. The electrodes have a good selectivity over sodium and potassium but 
membranes with o-NPOE as plastlclzer have a shorter linear response range due the strenger anion 
Interférence at low pH values.

INTRODUCTION

In the past 10 years much research has been donc In the field of pH 

measurements using polymeric membrane electrodes [1, 2], even though the 

tradițional pH glass electrodes exhlbit outstanding response characteristics. 

However, in certain applications, the pH-sensitive glass electrodes have shown 

some disadvantages, such as extremely high résistance of glass microelectrodes as 

well as the problem of integrating the glass membrane into a multisensor array. In 

contrast, polymeric membrane electrodes do not suffer from these limitations.

Most of the polymeric membranes of pH sensitive electrodes are PVC- 

based membranes because PVC, especially PVC-HMW (poly(vinyl Chloride) high 

molecular weight), is a very good matrix for these membranes. It is chemically inert, 

cheap and easy to use. However, in some cases modified PVCs (aminated PVC 

(PVC-NHî), carboxylated PVC (PVC-COOH) and hidroxylated PVC (PVC-ОН)) are 

bénéficiai as matrices compared with PVC-HMW [3, 4].

Our final goal is to make planar ion-selective electrodes, so the 

adhesion properties of membrane matrix to the support are very important for the life 

time of these electrodes. It is known that modified PVCs have better adhesion 

properties than PVC-HMW, so we have tested the performances of some PVC- 
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COOH and PVC-OH-based membranes with three different plasticizers: bis(2-etyl 

he>.y!)-sebacate (dioctyl-sebacate, DOS), bis(2-etyl-hexyl)-adipate (dioctyl-adipate 

DOA) and 2-nitrophenyl-octyl-ether (o-NPOE). Our challenge was to find the 

opt mum composition for a modified PVC-based membrane.

EXPERIMENTAL

Electrode body
The electrode body is made of a PVC tube. The inner référencé electrode is г 

Ag/AgCI electrode. It is made by the elctrolytical déposition of AgCI on a silver wire anode in a 10’’ M 
HCl solution at a current density of 8 mA/cm2 for 30 minutes.

Membranes
The polymeric ion-selective membranes usually contain four COmponentS: a 

polymeric matrix, a plasticizer, an ionophore and a lipophilie salt. We used the clasic proportion ol 
components: 33% polymer, 64-66% plasticizer, 1% ionophore and 70 mol.% (compared to the 
ionophore) lipophilie sait [3]. As polymeric membrane matériels we used carboxylated PVC (PVC- 
COOH, with 1,8% COOH groups) Fluka 81395, and hidroxylated PVC (PVC-ОН), a copolymer of 91% 
vinyl Chloride, 3% vinyl acetate and 6% vinyl alcohol, Fluka 27827. As plasticizers, we tested bis(2- 
etyl-hexyl)-sebacate (dioctyl-sebacate, DOS) (Fluka 84818), bis(2-etyl-hexyl)-adipate (dioctyl-adipate, 
DOA) (Fluka 02138) and 2-nitrophenyl-octyl-ether (o-NPOE) (Fluka 73732). Tridodecylamine (TDDA) 
(Fluka 95292) was used as an ionophore and potassium tetrakis(4-chlorophenyl)borate (KTpCIPB) as 
a lipophilie sait. There were tested all possible combinations between polymère and plasticizere. The 
membrane components were completely dissolved in a mixture of ciclohexanone and tetrahydrofuran 
in a 1 : 4 ratio. The membrane solution was then poured in a glass ring on a glass plate and the 
solvent was allowed to evaporate. After the évaporation the membranes were eut and fixed at the end 
of the electrode body.

E.m.f. measurements
Emf measurements were carried out with a pH/mV-meter (IAMC Otopeni). As 

référencé electrode a saturated calomel electrode (Chemistry Institute Cluj-Napoca) was used.
The selectivity coefficients were determined by the fixed interférence method uslng 

pH buffer solutions with a constant concentration of interferont Ion.

Buffer solutions
То determine the pH sensitivity, the response range, the détection limit and the 

selectivity coefficients pH buffer solutions were used. The compositions of these solutions are given 
in the Table 1.

Table 1. Buffer solutions
рьГ Substances at 100 ml solution
1,1 4,8ml disodic citrate 0,1 M + 95,2ml HCI 0,1 N

2,15 0,252g oxalic acid + 0,1gKHCO3
3 40,3ml disodic citrate 0,1 M + 59,7ml HCI 0,1 N

or 20,55ml Na2HPO4 0,2M + 79,45ml citric acid 0,1M
* 10ml NaOH 1N + 56,8m1 acetic acid 1N

or 38,55ml Na2HPO4 0,2M + 61,45ml citric acid 0,1 M
3,6ml NaOH 0,1N + 96,4ml disodic citrate 0,1M 
or 51,5ml Na2HPO4 0,2M + 48,5ml citric acid 0,1 M

6 10ml NaOH 1N + 10,4ml acetic acid 1N
or 63,15ml Na2HPO4 0,2M + 36,85ml citric acid 0,1M

7 61,2ml Na2HPO41/15M + 38,8ml KH2PO41/15M 
sau 82,35ml Na2HPO4 0,2M + 17,65ml citric acid 0,1MI ~ 8 96,9ml Na2HPO41/15M + 3,1ml KH2PO41/15M

9,18 0,3812g borax
10 0,84g NaHCO3 + 1,06g Na2CO3
11 0,168g NaHCOa + 1,908g Na2CO3
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RESULTS AND DISCUSSION

The compositions of the membranes are presented in Table 2. The 

calibration curves for the électrodes with these membranes are shown in the graphe 

of Fig. 1. The last line of Table 2 présents the calculated slopes of the calibration 

curves, on the linear domains in the concentration range shown above.

Table 2 - The compositions of the tested membranes and their characteristics

Componente; 

characteristics

Membranes

1 2 3 4 5 6

TDDA (%) 1 1 1 1 1 1

KTpCIPB (%) 0,7 0,7 0,7 0,7 0,7 0,7

PVC-COOH (%) 33 33 33 - - -

PVC-OH (%) - - - 33 33 33

DOS (%) 65,3 - - 65,3 - -

DOA (%) - 65,3 - - 65,3 -

o-NPOE(%) - - ■ 65,3 - - 65,3

Détection limit 
(PH)

10 10,5 11 10 10 11

Linear response 
range (pH)

3-10 3-10 4-11 3-10 3-10 1-11

Slope 
(mV/decade)

-53,61 -55,05 -54,23 -52,33 -54,74 -53,33

Fig. 1. Calibration curves of the électrodes based upon the membranes from table 1

We should notice that ail membranes have a linear response at pH 

values between 4 and 9, so that ail are able to be used as membranes for H+- 

selective électrodes. However, PVC-OH - based membranes can hardly be used 

because ot their bad mechanical properties, eventualy it is indicated a mixture with
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PVC-HMW. Besides, their characteristics are a little worse than those of PVC-COOH 

- based membranes, they have a lower sensitivlty and a shorter linear range. So, 

although the PVC-OH - based membranes have a little botter adhesion than PVC- 

COOH - based membranes, the other properties of these membranes make them 

less suitable as electrode membranes.

But the greatest influences on the membranes' characteristics are 

given by plasticizer. o-NPOE has the highest polarity and the highest dielectric 

constant of all used plasticizers (er=21), so It is expected that the characteristics of o- 

NPOE plasticlzed membranes be different. And indeed, It can be noticed that for 

both polymers the linear range is shorter at low pH values for o-NPOE plasticized 

membranes than for the other membranes, with at least a pH unit. That means a 

Donnán failure at rather high pH values and a strong anion Interférence in acldic 

solutions [5]. In compensation, the linear range Is extended In alcalin solutions tlll 

pH=11.

The selectivity of these membranes over alcalin ions, Na* șl K*, was 

tested by the fixed Interférence method. In the graphe of Fig. 2 are presented the 

responses of the PVC-COOH - based membrane electrodes in solutions with a 

constant concentration of Na* or K*, and in Fig. 3 the same tests for PVC-OH based

membrane electrodes.

FVC-COOH+DOS, N« lnt*rf«r*nc»

Fig. 2 Selectivity tests for PVC-COOH - based membrane electrodes
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PVC-OH+DOS, Na interférence PVC-OH+DOA, Na interférence PVC-OH* o-NPOE. Na interférence

PVC-OH+DOA, K interférence PVC-OH+o-NPOE, K interférence

Fig. 3. Selectivity tests for PVC-OH - based membrane électrodes

From the above graphs it can be seen that the response of the 

etectrodes is affected both in acidic and basic solutions, but the responses in 

acidic solutions are affected identically for both Na* and K* selectivity tests. 

That means that these déviations are due the anion (СГ) interférence, which 

the same concentration in ail solutions. Again, this interférence is stronger for 

o-NPOE plasticized membranes.

The potential of an ion-selective electrode is in accord with

Nikolski-Eisenmann équation:

E = E°
2,303 -R -T 

za F
lg(aA + KAB ZA/zB

B+ • a

So, the potential of the electrode in a solution is affected by the

presence of the determinând ion (A) and interfèrent ion (B) as well. The selectivity 

constants were determined by calculation and are summarised in the next table: 

Table 3 - Selectivity constants of the H*-selective etectrodes

Plasticizer
Poîyrfi&r^.

Na4 interférence K* interférence

DOS DOA o-NPOE DOS DOA o-NPOE

PVC-COOH 1,73x10'“ 1,35x10'“ 1,82x10'8 1,16x10'8 1,11x10'“ 1,23x10'“

PVC-OH 2,03x10'8 1,75x10'8 2,12x10y 1,66x10'8 1,41x10'7“ 1,73x10'“
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From these data it can be noticed that the selectivity is better over K* 

ions than over Na+ ions but ail values of selectivity constants are very small. These 

values are comparable with those for pH sensitive glass membrane electrodes, so 

the modified PVC based membrane electrodes can be used at least for the same 

purposes like glass membrane electrodes.

CONCLUSIONS

This paper outlined the main characteristics of modified PVC based 

membrane H+-selective electrodes. The electrodes exhibit a nearly nemstian slope 

and have a good selectivity over sodium and potassium. From our experiments we 

can conclude that PVC-COOH based membranes have good analytical and 

mechanical performances and can be used for ion-selective electrodes. O-NPOE is 

less indicated as plasticizer for H+-selective electrodes and DOS or DOA should be 

used for the best performances.
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ABSTRACT
Cyclic voltammetric measurements were performed in acidic media (0.5 M Na2SO< + H2SO<) 
in the pH range 1-3 and at different voltage scan rates for H<,fPWioV20<o] 24H?O, 
He[PMoioV20«)] 30H2O and H5(SiMowV204o] 25НгО on Pt electrodes. The features of the 
W/Mo охо-cage electrochemical activity were found in accordance with the previously 
reported data, in spițe of the deleterious effect of hydrogen évolution reaction on Pt 
electrode. An electrochemical reversible wave was observed for V. Its formal redox 
potential is shifted towards more negative potentials as compared with the VO2* / VO2‘ 
couple and is more influenced by the nature of the central heteroatom (P, Si) as by the 
transition metal (W, Mo) from the peripheral octahedra. Thus, changing the identity of the 
central heteroatom, (P with Si), a slight shift of the formai potential of the [XMoioV2vO«>]n’ 
/[XMowV2W04ol(n4)’ redox couple was observed. while the replacement of W from the host 
oxo-matrix with Mo, practically does not change the formal potential of the [PMi0V2V04o]S 
/(РМю^г^О^оЛ redox couple.

INTRODUCTION

Heteropolyaclds and their salts have been studied extensively owing to their 
interesting catalytic properties [1]. Several metal-substituted heteropolyoxometalates 
have been the subject of electrochemical studies in order to investigate their 
electrochemical [2-7] or electrocatalytlcal [8-16] behavior.

A dass of these compounds, presenting a Keggin structure with mixed 
addenda, is represented with the general formula [XMioV2040]m', where X is a 
tetrahedral coordinated heteroatom such as P or Si and M is a transition metal (W, 
MoJ.Taking into account that vanadium couid modify the redox activity of parent 
anions with single species addenda, [XM1204oF, it might be expected that this dass 
of polyoxometalates will offer new possibilities to perform electrocatalytical 
processes.

The alm of this paper Is to study the electrochemical behavior of three vanadium 
substituted heteropolyacids: H6[PW,0V2O4o]. 24H2O (I). He[PMOi0V204o]. 30H2O (II) 
and H5[SiMo10V204o]. 25H2O (III). Cydic voltammetric measurements, performed in 
different experimental conditions, allowed us to obtain information about the 
electrochemical reversibilty of the involved redox processes and the pH dependence 
of the corresponding formai potentials.
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EXPERIMENTAL
Reagents
Hs(PWioV2Oxol 24H?O, He[PMo10V204o] гонге and H^SiMomViOi,,] 25H.O were 

synthesized by a modification of the Kokorin’s method [17-21] using the following molar ratios 
between the reagents: for compound [I] NaH2POx/NaVOj/Na2WO4 - 1 10: 5, for compound [II) 
Na3PO4/NaVO;i/Na2MoO4 = 1:6: 10 and for compound (III) Na2StO3/NaVO3/Na2MoO4 1 15: 5 
The three heteropoliacids were separated by double ether extraction and recrystalised at room 
température in darkness.

All chemicals were reagent grade and used as received. 0.5 M buffer solutions (pH = 
1-3) were prepared from Na2SO4 (Reactivul București) and H2SO4 (Merck). All solutions were 
prepared with distilled water Their pH was measured with a combined glass electrode 
(Metrohm, Switzerland) and a digital pH-meter (MV-Präcitronic. GDR)

Electrochemical experiments
Electrochemical experiments were performed using a potentiostatic set-up consisting 

of a potentiostat (PS 3 Meinsberg, GDR), a signal generator (PV2 Meinsberg, GDR) and a XY- 
recorder (Endim 620.02, Meinsberg, GDR). A convențional three electrodes cell was used. 
The working electrode was a Pt disk (ф=5 mm). The reference electrode was a saturated 
calomel electrode (SCE). The Pt counter electrode was separated from the test solution by a 
glass frit. Ail measurements were performed at room temperatura.

RESULTS AND DISCUSSIONS

The voltammograms for the three vanadium containing heteropolyanions are 
presented in figures 1 and 2.

Figure 1. Cyclio voltammograms of 
0.5 mM H5[PW10V2O40] a) pH =1.2;
b) pH =2.4; Experimental conditions: 
supporting electrolyte, 0.5M Na2SO4; 
scan ratei00 mV/s

Figure 2. Cyclic voltammograms 
of 0.5 mM H5[PMo10V204o] (a, b) 
and of 0.5 mM H6[SiMoioV204o] 
(c, d); (a) and (c), pH -1.7; (b) 
and (d), pH =2.5. Experimental 
conditions as in figure 1.
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Irroopootivc of the oompound identity, at least two réduction waves and the 
corresponding reoxidation waves are observed. Thus, for compound (I), due to the 
low overpotential for the hydrogen évolution reaction (HER) on Pt electrode, the 
more negative potential wave, clearly visible at pH =2.5 (figure 1b), is not completely 
developed at pH 1.2 (figure 1a). The one electron wave (e0 = - 0.17 V/SCE) was 
identified with the most positive wave of the three waves set characterizing, as 
previously reported in [2,6,16], the oxidation/reduction of the tungsten-oxo cage. The 
wave with e°= 0.37 V/SCE was attributed to Vv/lv couple from (I). The negative shift 
of about 300 mV existlng between the formal redox potential corresponding to 
VO//VO2* couple [22] and that for [PW1oV204o]57[PWioV204o]6’ is due to its insertion 
in the tungsten-oxo cage [2].

The comparison of the redox behavior of compound (I) (fig. 1 ) and compound 
(II) (fig. 2a and b) shows that the replacement of W from the host oxo-matrix with 
Mo, does not change the formal potential of the [PM10V2v04o]5'/[PMi0V2 redox
couple (table 1), as was pointed out also for other Keggin-type anions [6]. In the 
same time, the réduction waves corresponding to molybden-oxo cage appear at 
more positive potentials than those ccrrespondlng to tungsten-oxo cage (figures 1 
and 2a, b) [6].

Table 1. Formal redox potentials for [XMi0V2v04o]m’/[XM10V2lv040](m+,>' couple
for the investigated compounds

Compound e0’, V/SCE
H5[PW10V204ol 0.35*
H5[PMowV2O4q] 0.41*
Hg[SiMoioV204ol 0.36*

•estimated from the recorded voltammograms (fig. 1, 2) as an average, for pH 1.2-2.4

However, changing the identity of the central heteroatom, (P with Si), a slight 
shift of the formal potential of the [XMo1oV2v04o]''7[XMoV2lv04o](n+',■ redox couple was 
observed (figure 2c and d compared with 2a and b). This effect was attributed to the 
différence between the overall ionic charge of the two corresponding anions [6,13].

Beside the [XM10V2v04o],n'/[XMV2^04o]<m+1)' wave, the other waves exlsting in 
the voltammograms for compounds (II) and (III), were attributed to oxldation- 
reduction of molybdenum-oxo cage, more or less overiapped with HER [16]. As 
expected, the position of these waves is influenced by the nature of the heteroatom, 
being shifted towards more negative potentials with the increase of the overall ionic 
charge [6].

The cyclic voltammograms recorded for the three compounds at different 
scan rates and constant pH, showed that the peak potentials (ep) for [XM1oV2v04o]m' 
/[XMioV2'v04o](m+1>‘ were independent of the voltage scan rate in the range 0.01-0.1 
V.s’1, suggesting reversible or quasi-reversible electron transfer. Taking into account 
that, Irrespective to the scan rate, Aep is slightly higher than 0.059/n V [18] and that 
ip.a/ Ip.c * 1, it is most probable that t îe rédox process corresponding to vanadium 
couple involves one electron and is qu isi-reversible.
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Ou the other hand, for all compounds, the Vv/lv current peaks are proportions 
to the square root of the voltage scan rate in the range 0.01-0.1 V.s', as can bt 
seen in figure 3 for compound (I), indicating that the electrode process is diffusior 
controlled

The compounds (l)-(lll) are stable in aqueous media in the investigated pF 
range [4]. As previously teported [5-7, 24], protons are involved in Vv/Iv redo> 
process for all investigated compounds. The e° value for Vväv couple is linear^ 
dependent on pH as can be seen in figure 4 for compound (III). The slopes of t° vs 
pH plots (table 2) show a H+/e ratio of about 1.5/1, in the investigated pH range. It li 
interesting to note that the slopes of e° vs. pH plots are, in the limit of experimenta 
errors, almost identical and are corresponding to parallel lines. This shows once 
again, that the oxo cage has an influence upon the e° for Vvâv couple.

Figure 3. Anodic (lp,a) and cathodic 
(lpc) peak currents vs. square root 
of scan rate (v1Z2) corresponding to 
Vv/lv redox couple in HsfPWioVaO«]

Figure 4. pH dependence of 
formal redox potential for 
(Vvnv) couple in H6[SiMowV204o].

Table 2. Dependence on pH of the formal redox potentials for Vvflv 
couple in the investigated compounds

Compound As0'/ ApH (V/pH) Corrélation coefficient 
no, of points

Hs[PW,0V2O40] 0.074 0.940
4

Hs[PMo10V2O40l 0.084 0.969
4

He[SIMo,0V2O40] 0.093 0.990
4
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CONCLUSIONS

Cyclic voitammetric measurements were performed in acidic media (0.5 M 
Na2SO4 + H2SO4) in the pH range 1-3 and at different voltage scan rates for 
H5[PW10V2O4 24H2O, H6[PMoioV204o] 30H2O and H5[SiMotoV2Ü4o] 25H2O, on Pt 
électrodes. The features of the W/Mo-oxo cage electrochemicai behavior were found 
In accordance wfth the previotisly reported data, in spite of the deleterious effect of 
hydrogen évolution reaction on Pt electrode. An electrochemical reversible wave was 
observed for V. Its formal redox potential is shifted towards more negative potentials 
as compared with the VO2+ / VO2+ couple and is more influenced by the nature of the 
central heteroatom (P, Si) as by the transition metal (W, Mo) from the peripheral 
octahedra.
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ABSTRACT

The copper-selective electrode based on Cu<sPSsI stable in H2SO4-medium was developed. The Nernslian responst 
of electrode remains in the range of concentration 10'1 - W5 M CuSO< at pH=O. The détection limit, sélectivité 
coefficients and lo.ig-time stability were deterniined. Electrochemical investigation demonstrated, that CuePSjI 
electrode behaved as the semiconductor of p-type

INTRODUCTION.

Binary chalcogenides are widely used as materials of the ion-selective électrodes [1]. Th 

chemical stability of common chalcogenides in the acidic media is limited because of decompositioi 

in it. The chemical stability of complex chalcogenides is higher then of common one, especially fc 

the complex chalcogenides containing éléments with covalent bonds. Recent time we have bee 

investigated the electrochemical properties of "argyrodite"-family materials with general formula [2 

A(i2-n.m)BX(6-x)Yx ( A-Cu,Ag,Cd,Hg, B - Si, Ge, Sn; X - S, Se, Te; Y- Cl, Br, I; 0 < x < 1 ). Resull 

of these investigation [3 -5] opened the possibility of using argyrodite-family materials as 

membrane of ion-selective etectrodes The electrochemical properties of the copper-selectiv 

electrode based on Cu6PS5I will be discussed.

RESULTS AND DISCUSSION.

Electrode characteristics were investigated m the 0. IM H^SOi-medium. The Nernstian respon: 

of the electrode remaind in the range of the concentration 10’1 - 10’’ M CuSO4 at pH=0 and slof 

was 28±2 mV/decade ( Fig. 1 ).
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Fig. 1. Calibration curve of Cu6PS5I - 

electrode in the CuSO4 solutions at pH=O 

( 0.5 M H2SO4 ).

The détection limit of Cu (II) was 

вхЮ^'М. Selectivity coefficients of 

electrodes were determined by two- 

solution method. The results of measures 

are presented in table 1.

The experiments demonstrated that 

monocrystalline membrane was not 

corroded in the H2SO4-medium and only 

oxidants destroyed the electrode response. 

Investigations of long-term stability of 

copper-selective electrode in this medium 

showed that the slope of Nemstian 

response slightly decreased within time 

( 1000 hours ).

Table 1. Selectivity coefficients of CuePSjI-electrode

Ion Me T7 2*Fe Coi+ Nii+ Zn2+ Cd2' Mn2+ Al3* Fe3+

log К -3.00 -4.04 -4.14 -4.82 -4.10 -4.80 -3.89 0.70

Current-voltage investigation in the solution of different concentration of Cu(Il) demonsrated that 

the Cu6PS3I-electrode behaved as the p-type semiconductor.

The anodic current did not limited by electrocemical procces and the electrode in this case 

showed a property of simple resistor. Specific resistivity was measured on linear segment of current- 

voltage curve ( Fig. 2 ).
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In the catodic region of the cyclic voltammogram the current suturation was observed, that 

transformed intő catodic maximum when concentration of Cu(II) in the solution was increascd 

( Fig. 2 ). Potential of this maximum move into cathodic direction with increasing of the scanning 

rate ( Fig. 3 ) and of the concentration of Cu(II) ( Fig. 2 ).

-900-600-300 0 300 600 900
E, mV

-900-600-300 0 300 600 900 
E, mV

Fig. 2. Current-voltage curves of Cu6PS5I- 

electrode in the solutions contained IO’3 M 

Cu(II) (1), 102 M Cu(II) (2), 10'1 M Cu(II) 

(3) at the H2SO4-niedium.

Fig. 3. Current-voltage curves of Cu6PS5I- 

electrode with 20 mV/s (1), 40 mV/s (2), 

80 mV/s (3) scaning rates. The electrolyte is 

0.01 M CuSO^O.S M H2SO4.

On the basis of the experimental results we can conclude that the Cu6PS5I-electrode is the 

copper-selective electrode and is stabile in FhSO^medium. Equilibrium between CuôPSsI and 

solution containing Cu(II) is reversible. Ciclic voltammograms demonstrate, that electrochemical 

reaction is not the limiting process. The electrode behaves the semiconductor of p-type. These 

results are in accordance with the investigations in organic solution [6].
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EXPERIMENTAL

CuüPSaI single crystals nerc greu by chemical vapor transport method in a closcd silica tube. The transporting 
agent was copper iodilc. The température of the transport and gronth zones nerc, respectivei}', 670-750 and 600- 
700°C. Red and dark-red crystals ( 3x5.\5 mm2 ) were obtained. Chemical and phase composition of the obtained 
crystals were controlled by chemical and X-ray analyses. The ion-selective électrodes were constructed by inounting ol 
single crystals on the top of PVC-tube by means of epoxy resin. The crystals used in the experiments were plates with 
an area 3-5 mm2.

Potential of the ion-selective electrode was measured using silver-chloride double-junction reference electrode. 
Electrochemical experiments were performed in a three-electrode cell with silver-chloride double-junction electrode as 
a reference electrode and platinum counterelectrode. Current-voltage characterictics were obtained with a potentiostat 
P-5827M and registered on a XY-Rccorder-A3 Electrochemical cell was thermostated by water thermostat UTU-4.
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ABSTRACT
The results of cyclic voltammetry experiments concemlng the electrochemical behaviour of 

galena, pyrite and chalcopyrite powders in the flotation solutions are presented. The suliidé ore partides 
were immobilized in a paraffin film onto the electrode surface of PIGE (paraffin Impregnated graphite 
electrodes). The presence of xanthate ion in these alkaline solutions has required a distinct voltammetric 
study using various cathodic limits of potentials. The corresponding mechanisms for electrochemical 
dissolution of sulflde ores are proposed in agreement with previous literatura data for acid dissolution. 
The occurrence of several current peaks on both anodic and cathodic branches was also dlscussed.

INTRODUCTION

The main interest in electrochemical studies of sulfide minerais under conditions 

similar to those used in flotation arises from the information such studies provide 

concerning the mechanism of séparation and dissolution (leaching). The oxidative 

leachmg of galena, pyrite and chalcopyrite is an important step in the 

hydrometallurgical extraction of metals from their ores. Moreover, pyrite, FeS2, is 

frequently present in coal, so that the wet cleaning of coal ieaves behind aqueous 

slurries of refuse containing millions tons of pyrite per year. The recent application of 

Stripping voltammetry for analysis of solid Sulfides used as pigments (sulfides of 

mercury, cadmium, silver, arsen, etc.) showed the importance of knowing their 

electrochemical spectra for archeologists, art restores, criminologists and other 

researchers.

In mining industry the sulfide minerai flotation is performed in a solution with 

complex composition, each component having a specific role in this process. An 

example of the usual content in flotation reagents is given in Table 1.
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Table. 1 Composition of the flotation solution used in the treatment of roumanian 

sulfide ores (mainly, galena, pyrite and chalcopyrite ores).

Substance Concentration (M) PbS FeS2 CuFeS2
Na ethylxanthate 2.3 к 10 4 X X X
Са(ОН)? 1.3 X 10 2 X X X
CuSO« 2 X 10 ’ X
Na2SOa 9.4 X 10 4 X
NajSjOj 1 X 103 X X
NaCN 9.4 X 10 4 X X X
К2СГ2О7 2.3 X 10 3 X X X
ZnSO4 4.1 X 10’ X
Na2S 8.6 X 10’’ X X
Na2COs 9.4 X 10 3 X

Because powder materiale are always involved in the flotation processes a 

variety of électrodes were developed. Among these, the paste électrodes (especially 

carbon paste électrodes) were employed in many electrochemical investigations [1]. 

Other approach to study the electrochemical behaviour of powder solids included the 

immobilization of small solid partíciós in a paraffin film onto the electrode surface. The 

most satisfying results were obtained using PIGE electrodes [2,3] (paraffin - 

impregnated graphite electrodes) where even traces of solid samples (less than 1 pg, 

for example) couid be transferred. The paraffin is an electric insulator which does not 

alter the shape of voltammograms; it is also an easily handled and cheap material, so 

that an advantage of PIGE electrodes is the low cost of manufacture.

In this paper we present the cyclic voltammetry investigation of galena, pyrite 

and chalcopyrite dissolution in various compositions of the flotation solution. Both 

anodic and cathodic processes in these alkaline media are investigated and 

qualitatively interpreted.

EXPERIMENTAL
PIGE electrodes were prepared as previously described in literaturo [2,3). A spectral graphite rod 

(S mm in diameter) was dipped for several seconds in molten paraffin in order to obtain an adhèrent non- 
conductive film. Separately, small amount of powder ore was distributed on a glass plate with a spatula 
to produce a finely dlspersed spot. The bottom dise surface of PIGE was rubbed and pressed gently onto 
that spot to transfer the sulfide particles (about 0.5 -1 mg) in the paraffin film and to contact the graphite 
body; a supplementary shaking or wlping on a clean filter paper provided the removal of non-adherent 
particles. The electrode surface can easily renewed after each experiment by vigorously rubbing on 
emery paper to remove the remaining sample or reaction products. The procedure of paraffin film 
déposition on the fresh graphite surface was taken again.

Cyclic Voltammetrie experimente were performed at 25’C using convențional instrumentation 
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(PAR Model 173 potentiostat, pulse generator, X - Y recorder). The reference electrode was a saturated 
calomel electrode (SCE) whereas the counterelectrode was a cylindrical Pt sieve around PIGE. Because 
the surface area of adhèrent powder grains on PIGE electrode is difficult to be established, the cyclic 
voltammograms have on the ordinate axis an arbitrary current.

The electrolytes used contained various components of flotation solution depending on the 
nature of minerai. The pH value measured using a pH - meter was usually 12.5.

RESULTS AND DISCUSSION

The use of xanthate as flotation collectors for sulfide minerais is due to their 

surface - active properties and capacity of oxidation on a hydrophobie surface. Firstly, 

we have performed a sériés of cyclic voltammetric experiments with simple graphite 

etectrodes in the absence of paraffin film and without mechanically attached minerai. 

Figure 1 shows several obtained voltammograms using a simple component solution of 

ethylxanthate, i.e. a 2.34x1 О'4 M solution of Na ethylxanthate (pH = 7.5). Starting from 

low negative values of cathodic limit, a distinct oxidation peak (Ai) is observed during 

the forward scan in the positive potential direction. No peak was registered at the 

reverse scan in cathodic direction.

The oxidation peak at 0.52 - 0.58 V on these voltammograms may be attributed 

to the electrochemical dimerization of xanthate ion according to the process:

g g___ g
2R-°-<s -2e_---------► R-O-cC Jc~°-R

(1) 
(dixanthogene)

The presence of this peak at about the same value as the potential scan is 

changed from 30 to 100 mV/s suggested a predominantly diffusion control.

However, a large anodic shift (of about 600 mV), in the oxidation peak occurs 

when the cathodic limit of potential scan is extended at potentials where H2 évolution 

takes place (Figure 2). The anodic overpotential of xanthate discharge is surely 

explained in terms of partial blocking, of the graphite porous surface due to adsorbed 

H2 molécules.
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+0.5 -0.5 Electrode potential,0+1.0
V/SCE

\ A, Ep,. = 0.57 V 
v = 36 mV/s

10pA/cm2 C. L. = -0.33 V

г——----------------------- 1------------------------------------Г’ ------------------г

+0.5 О+1.0 _0 § Electrode potential, 
V/SCE

Fig. 1. Cyclic voltammograms of xanthate solution (2.34 x 10"4 M, pH = 7.5)

Fig 2. Cyclic voltammograms of xanthate solution (2.34 x 1СГ* M, pH = 7.5)
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Figure 3 p ’esents comparatively two voltammograms obtained using the flotation 

solution in the ibsence (curve 1) and presence (curve 2) of xanthate ions. The 

measured pH value (of 12.5) was not significantly influenced by the change in 

composition but remarkable différences both on anodic and cathodic branches of 

voltammograms were noticed.

Fig. 3. Cyclic voltammograms of solutions containing 

flotation reagents without (1) and with(2) xanthate

So, in the absence of ethylxanthate the current rises gradually as the potential ii 

anodically changed until the peak of O2 évolution was reached. A pre-peak c 

adsorption of resulted oxygen was sometimes obtained. In a flotation solutioi 

containing ethylxanthate the corresponding oxidation peak, above discussed, occurs г 

about the same potential values as in single xanthate solutions, being followed by th 

increasing of current due to oxygen évolution.

On the other hand, a reverse situation is conceming about the cathodi 

branches: the curve for solution without xanthate (curve 1 ) exhibits clearly one peak C 
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(or a couple of peaks Ci and C2) whereas the formation of dixanthogene in the second 

solution impedes the occurrence of any cathodic processes until hydrogen discharge at 

very negative potential. The lack of cathodic peaks on curve 2 suggests a strong 

adsorption of dixanthogene on graphite surface.

In the following the results of using PIGE electrodes with small amounts of 

galena, pyrite or chalcopyrite will be discussed. The interprétation of electrochemical 

processes will be done in agreement with the mechanisms described in literature 

(usually for the behaviour in acid media).

Behaviour of galena electrode

A number of authors have studied the electrochemical behaviour of galena 

electrode, in acid media [4-7]. A detailed investigation in alkaline media was 

undertaken by Lamache et al. [8-11 ].

Fig. 4 Cyclic voltammogram of galena electrode in the flotation solution (see Table 1 )

In the voltammogram presented in Figure 4 the electrochemical behaviour of 

galena partíciós was investigated within “the window of potentials” between oxygen and 

hydrogen évolution. Starting from stationary potential in anodic direction two peaks
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were recorded The first peak (A,) clearly represents the anodic dissolution of galena

A,. PbS 2e -> Pb2++ S (2)

and its mechanism contains a step of xanthate chemisorption, as has been 

demonstrated by Richardson and O'Dell [12]. These authors showed that ethylxanthate 

can be chemisorbed on galena and complexed over a narrow potential range between 

-0.4 and -0.2 V This is in excellent agreement with the position of peak A5 in our 

records.

The second peaks (A2) correspond to a transition at a high oxidation state of 

lead, described either by équation:

A2: Pb2+ + 4OH - 2e -y PbO2 + 2H2O (3)

(équivalent to reaction: Pb(OH)2 + 2OH" - 2e" -> PbO2 + 2H2O)

or by directly oxidation:

A2: PbS + 4OH" - 4e" -> PbO2 + 2H2O + S (4)

The electrochemical production of PbO2 (probably in a hydrated form of 

PbO2 • nH2O) may favour its solubilization by a chemical reaction with calcium 

hydroxide present in solution in high concentration; a solution of calcium plumbate, 

CaPb(OH)6, may occur.

In the cathodic direction, after the O2 réduction peak (Ci) and a small peak of 

xanthate desorption (C2), the next two cathodic processes are attributed to the following 

reactions: sulfur réduction

C3: S + H2O + 2e" -> OH" + HS" (5)

and galena réduction at cathodic limit of voltammogram:

C< PbS + H2O + 2e" -> Pb + HS" + OH" (6)
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So, in the proposed mechanism both anodic and cathodic electrochemical 

décomposition of galena was presumed.

During the second scan the appearance of two new anodic peaks was related to 

the electrochemical formation of Pb(OH)2 (peak A3) and polysulfides (peak A4). The 

occurrence of Pb(OH)2 may be described by the reaction.

Аэ: Pb + 2OH~- 2e-> Pb(OH)2 (7)

Systematic studies of the influence of scan rate and pH changes has 

demonstrated a relatively high irreversibility of the main peaks Ai and C2: the peak 

potentials are shifted when the scan rate increases from 60 mV/s to 300 mV/s, whereas 

the decreasing of pH from 12.6 at 7.2 and even 2.5 produced a drastic réduction in the 

intensity of peak current (especially for C2). The repetitive deposition/dissolution of 

metallic lead according to the processes proposed for the peaks C4 and A3 has been 

demonstrated by performing the voltammograms in a narrower range, of negative 

Potentials (Figure 5).

Fig. 5. Cyclic voltammogram of galena electrode in a narrower range of potential 

The characteristic features of the voltammogram from this figure suggest a 

rcj ’t vely reversible deposition/dissolution process, although the cathodic and anodic 

. ictions are not exactly the same.
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Behaviour of pyrite electrode

Ths pyrite is the most common of the sulfide minerais and its electrochemical 

oxidation is frequently studied in acid media [13]. Therefore, by using the alkaline 

flotation solution our study extends the existing knowledge of pyrite anodic behaviour 

From typical voltammogram illustrated by Figùre 6 it can be seen that the first scan 

starting Gither anodically or cathodically from the steady state potential shows the 

absence of any peak; only an abruptly increasing of cathodic current occurs, due to the 

pyrite electrochemical dissolution:

FeS2 + H2O + 2e" -> Fe(OH)2 + 2HS" (8)

Fig. 6. Cyclic voltammograms of pyrite electrode 

(a) first scan anodically, (b) first scan cathodically

At subséquent scanning, other two anodic peaks were observed in the region of 

negative potentials. The following electrochemical reactions were proposed:

A< Fe(OH)2 + OH"-e“ Fe(OH)j at-0.95 V (9)
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Az. FeSz + ЗОН* -Зе* -> Fe(OH)3 + 2S at -0.55 + -0.65 V (W)

The peak A2 may be also described in terms of electrochemical corrosion 

mechanism given in literatura [13].

FeS2 + 19OH* - 15e* -> Fe(OH)3 + 2SO?* + 8H2O (11)

Nevertheless, we consider that the first équation is more plausible, because it 

requires a transfer of less number of électrons (3e~ instead of 15e*). Furthermore, the 

diffusion control of the anodic process was demonstrated by using the 

Chronoamperometrie technique and obtaining the i - Г1Й straightlines passing through 

origin.

On the cathodic branch of voltammogram from Figura 6 a new peak is also 

evidenced at -0.8 V, which may be assumed ;o the process:

Fe(OH)3 + e*-> Fe(OH)2 + OH* (12)

It is supposed that in the presence of basic médium of flotation the ferrous hydroxide is 

easily converted into soluble hydroxide iron compounds (ferrâtes) according to 

reaction:

Fe(OH)2 + 2NaOH -> Na2[Fe(OH)4] (13)

Behaviour of chalcopyrite eleetrodes

Since chalcopyrite dissolution is the primary step in many hydrometallurgical 

processes for copper extraction it is important to establish which processes take places 

in alkaline media. In spite of previous results that indicated a slow dissolution rate and 

even a passivation of chalcopyrite particles [14], the typical voltammogram showed in 

Figura 7 exhibits relative high values of both anodic and cathodic current responses. 

The electrochemical process attributed is as follows:

C, 2CuFeS2 + 6H2O + 2e* -> Cu2S + 3H2S + 2Fe(OH)2 + 2OH* ( 14)
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Fig. 7. Cyclic voltammogram of chalcopyrite electrode

By returning in anodic direction the two peaks (denoted by and A3, respectively) 

correspond to the processes:

A, Cu2S + 2OFF - 2e CuS + Cu(OH)2 at -0.9 V (15)

Аз 4CuFeS2 + 10OH' - 10e' -> 3CuS + Cu(OH)2 + 4Fe(OH)2 + 5S at О V (16)

The intermediate peak A2 represents an oxidation reaction of Fe(OH)2 to Fe(OH)3 at - 

0.55 V potential.

During the second scan a suppiementary cathodic peak appears indicating the 

réduction:

C2 CuS + Cu(OH)2 + 2e -> Cu2S + 2OH at-1.2V (17) 

and the process Ci may proceed with Cu(OH)2 participation according to the reaction:
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CuFeSz + 3Cu(OH)2 + 4e~ -> 2Cu2S + Fe(OH)2 + 40H’ (18)

It seems that a couple of peaks referring to the oxidation/reduction of copper 

sulfides (CuS and Cu2S) occurs reversibly.

CONCLUSIONS

In solutions of pH higher than 10, galena, pyrite and chalcopyrite haave given 

reproducible (in shape) cyclic voltammetry curves. The occurrence of an anodic peak 

for dimerization of xanthate ion was avidenced, although its position on the potential 

axis dépends on cathodic H2 formation. The proposed mechanisms have taken into 

account both anodic and cathodic dissolution of sulfide ores. No attempts were made 

quantitatively to analyse the experimental data.
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ABSTRACT: Anodic behaviour of zinc is studied in cyanide electrolytes, using classical 
electrochemical experiments: voltammetry, chronoamperometry and chronopotentiometry. The results 
show two anodic processes for low cyanide content and only one for high cyanide content; in high cyanide 
content, solutions periodic cwrent oscillations occur, In a narrow potential region, when using a relatively 
large Zn electrode (0.84 cm2). A dissolution mechanism Is proposed, taken irrto account the voltametric 
data, and the current oscillations are discussed by means of a simple osdllator model that uses as a 
criticai paraméter for onseting current oscillation: the product between the uncompensated cell résistance 
(RJ and the double layer capacity (Ca).

INTRODUCTION

Although the anodic behaviour of zinc has been extensively studied, especially in 

alkaline [1-4], its anodic behaviour in cyanide solutions «as far less paid attention.

The anodic behaviour of zinc in cyanide solutions might be useful in plating 

processing, even if ine general tendency is to abandon, for ecological reasons, the 

plating baths using cyanides. On the other hand, this study öfter a large field of 

theoretical investigation of the complex processes that take place in such electrolytes: 

dissolution-précipitation, current oscillations, metal ion complexing, passivation, etc. 

The presence in large concentrations of a strong complexing agent, that may also 

adsorb strongly on the zinc electrode, can affect the processes that take place on the 

zinc anode.

EXPERIMENTAL
We nerformed classical electrochemical experiments: potentiodynamic polarization curves (at 500 

mV min'1), cyclic votiammetry, chronoamperometry and chronopotentiometry in cyanide solutions, with 
and without Zn(CN)4 content. The electrolytes were prepared using NaCN and Zn(CN)2 of analytical 
grade according to the fbllowing reaction:

1 Aurhor to whom correspondance should be addressed.

Zn(CN)2 «■ 2NaCN -» Na^CN)«]
Thus, at the NaCN quantity needed for totally complexing the Zn(CN)2, the exact excess amount 

was added to glve the deslred CN* concentration: in the followlng, the CN* concentrations are referred to 
the free CN* and the “Zn” concentrations are referred to the complex Na2ÍZn(CN)J. The NaCN amount 
added for totally complexing the Zn(CN)2 was calculated according to the above reaction, and from 
stability constants of zinc-cyanide complexes we fpund that, practlcally, only the Na2{Zn(CN)J complex Is 
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present for the studied electrolytes.
The concentration and température range tor which potentlodynamic polarization curves were faken 

is given in ТаЫе 1. The voltametric. Chronoamperometrie and Chronopotentiometrie experiments were 
performed only on some of the mentioned electrolytes at 20 ± 1°C.

Because we have used only cyanide electrolytes, without any supporting electrolyte, the ohmic drop 
for this set of experiments can be significant, especially for high current values. For this reason we 
performed two sets of voltammograms. using either a 0,64 or 0.032 cm2 99.99% working zinc electrode. 
Prior to each détermination the zinc electrode was polished with emery paper (600) and 1 pm dțamond 
powder until ‘mirror* surface was attained. The counterelectrode was a platinum mesh (- 10 cm2), and 
the reference electrode was a saturated calomel electrode (all potentials are referred to the SCE). The 
electrochemical measurements were performed using a PAR 173 potenstiotat-galvanostat, a wave 
generator and an X-Y recorder.
Table 1. Experimental parameters for studying the anodic behaviour of zinc in cyanide solutions (t = 20, 
40,60°C).__________ _______________________________________________________

NaCN(mol/L) 0 0.1 0.25 0.5 1 2
(Zn(CN)4j (mol/L) 0 0.1 0.25 0.5 0.75 1

RESULTS AND DISCUSSIONS

Potentiodynamic polarization curves

The shape of the potentiodynamic polarization curves are practically the same for 

all studied températures and concentrations; in the figure below are presented three 

polarization curves (for one CN’ and "Zn" concentration) at three different températures 

(Fig. 1).

Fig. 1. Potentiodynamic polarization curves for Zn in cyanide electrolytes at 20, 40 and 
60°C S = 0.64 cm2, 500 mV min’1.

The polarization curves show three main régions: the first one is the dissolution 

region (where the dissolution peak occurs), the second one (just after the dissolution 

peak) is the “passive-like" region, where the current drops significantly (but not to a zero 

value) and the electrode Starts covering with a layer (probably an oxide layer) and the 

third one is the “oxidation region" (when the current is rising again), where two
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simultaneous processes teke place: the oxide précipitation and Its dissolution In the 

cyanide electrolyte

me main experimental values obtained from the polarization curves for the studied 

electrolytes are presented below (Table 2)

This set of results is also published elsewhere [5J, in our attempt to find an 

empirical corrélation between the anodic current (mA cm’2), température (T/К), freo (L), 

total (s = L + 4c) cyanide and ‘Zn” (c) concentration. These équations are given below.
( 18311 ( 2587 .Л '( 58946 ___.,/1 . 32228 ,3

_ + 7539 xL + —-— + 2.1.733 x c + I - “—h 272.535 x L + -------— + 98.672к T ) 4 T J < T J ' T )

i = 10 v 1 1 v T ; x sv T ' T J
However, here we want to complete the study of the anodic behaviour of zinc* 

cyanide System and for a better interprétation of the résulta we preferred to epltt them 

into two major categories:

1 .Electrolytes with low cyanide content (0.1,0.25,0.5 M).

For a given concentration of CN* the current peak Increases with température and 

Na[Zn(CN)2]4 content. For the electrolyte containing 0.5M CN* the current peak is 

somehow not correlated with temperatura and NalZnțCN),]« content.

2. Electrolytes with high cyanide content (1 and 2M).

For a given CN* concentration the first current peak decreases with the 

Na[Zn(CN)2)4 content and increases with temperatura.

For ail the studied solutions the current peak increases with CN' content (at 

constant “Zn” concentration), the increase being proportional to the CN* concentration; 

this fact indicates that the dissolution process is strictly related to the CN* concentration 

and is drffusion-controlled.

The different behaviour of the electrolytes with low and high cyanide concentration 

can be ascribed to a very large non-ideality for the high cyanide content electrolytes, 

since we correlated the current peaks with the concentrations. The case of the 0.5M 

solution, where the data are not so well correlated with the CN* and “Zn’ concentration, 

is somewhere just at the limit between the low and high cyanide contents.
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Table 2. Data for the anodic dissolution of zinc In cyanide electrolytes,

0.10M 
NaCN

20^0 40°C 60°C

"Zn" (mol/l) Inwx (mA) Em«(V) (mA) Em.x(V) im« (mA) Em«(V)
0 2.7 -0.92 4.4 -0.78 3.9 -0.75

0.1 4.0 -0.94 5.6 -0.95 9.3 -0.89
0.25 4.3 -0.91 5.1 -0.8 9.0 -1.04
0.5 4.4/ -0.78 6.0 -1.09 12.2 -1.12
0.75 4.9/ -1.04 6.6/ -0.81 13.9 -1.2

1 5.4/ -1.15 6.0 -0.9 13.0 -1.12
0.25M “2Ö®C 40°C ”eösc
NaCN

Zn (mol/l) im« (mA) E™x(V) im« (mA) Em«00 i«« (mA) Em«(V)
0.1 6.7/ -0.9 8.3/ -0.84 14/ 14/

0.25 7.4 -0.7 8.5 -0.95
0.5 7.7 -1.01 9.8 -1 04 18.8 -1.04

0.75 7.6 -0.9 11.8 -1.06 2.0 -1.07
1 8.1 -1.09 10 -1.1 14.6 -1.14

0.50M 20àC 404C "бсРс
NaCN

Zn (mol/l) im« (mA) Em«) (V) im« (mA) IEm« (7) im« (mA) IEm«(V)
0.1 16.0 -0.90 20.8 -0.74 27.7 •0.74

0.25 16.4 -0.94 24.0 -0.94 27.0 -1.00
0.5 11.1 -1.20 16.6 -1.04 22.0 -1.08
0.75 16.6 -1.00 18.4 -1.02 26.0 -1.18

1 11.4 -1.08 14.2 -1.10 26.2 -1.00
1.0M 20°C 40°C 6O“C

NaCN
Zn (mol/l) 'm« (mA) Emax (V) •m« (mA) Em« (7) im« (mA) Em«(V)

0.1 34.4 -0.9 44.0 -0.80 62.0 -0.8
0.25 31.6 •0.92 43.0 ■0.94 58.0 -0.96
0.5 23.4 -0.9 38.0 -0.95 56.0 -1.04
0.75 22.0 -1.06 27.0 -1.00 54.0 -0.98

1 21.2 -1.0 23.2 -0.90 51.0 -1.50
2.0 M 20°C 40°C 60°C
NaCN

Zn (mol/l) im« (mA) I=n«x(V) im« (mA) Em« (V) im« (mA) Em«(V)
0.1 88 -0.90 112 -0.90 134 -0.80
025 74 -0.92 88 -0.90 106 -0.90
0.5 63 -1.00 71 -0.92 94 -0.91
0.75 49 -1.12 65 -1.00 87 -0.90

1 32 -1.04 52 -1.00 72 -0.94
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Cyclic voltammetry

Using the same electrode (S = 0.64 cm2) we performed voltammograms for 0.1, 0.5 

and 1M NaCN electrolytes (“Zn” free) for 20°C and different scan rates (Fig. 2, a, b,c).

ab c

-1.5 -1.2 -0.9 -0.6 -0.3 -1.5 -1.2 -0.9 -0.6 -0.3 -1.5 -1.2 -0.9 -0.6 -0.3

E(V/SCE)
Fig. 2. Voltammograms for 0.64 cm2 Zn electrode in (a) 0.1M NaCN; (b) 0.5M NaCN and 

(c) 1M NaCN at different scan rates.

The voltammograms show two anodic peaks: the first peak in the -1.15 - -0.65 V 

potential range and the second one, which is observable only for 0.1M and 0.5M 

electrolytes, in the -0.92 - -0.45 V potential range. The cathodic sweep shows no 

réduction peak and therefore we did not present as well the cathodic branch of the 

voltammograms. However, a peak may be observable at suffidently negative potentiale, 

but the contribution of hydrogen évolution to this current peak is significant. Because we 

wanted to study only the anodic behaviour of the zinc electrode, trying to simplify the 

processes that occur on the zinc electrode, we avoided hydrogen évolution on the zinc 

electrode and thus we did not sweep the cathodic potential in this potential range.

Fig. 3 présents the ip - v,/2 and the Eprln(v) dependencies for the first current peak. 

One can see that the ip - v’a dependence is linear, but the y intercept differs 

significantly from the zero value; this y intercept is proportional with the CN’ 

concentration; the slopes of these dependencies are also proportional with the CN’ 

concentration. The first peak potential shifts towards positive values as the scan rate 
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increases; the Eprln(v) dependence is linear only for low scan rates, and relatively low 

cyanide contents (0.1 and 0.5M), indicating that for higher scan rates and cyanide 

contents the uncompensated ohmic drop can affect the voltammogram’s shape.

Fig. 3.FirBt cunrent peak voltammetric plots for 0.64 cm2 Zn electrode.

For very low scan rates and relatively high CN* concentrations (0.5 and 1M), 

reproducible current oscillations occurs in a narrow potential range. As the scan rate is 

lowered, the potential range in which oscillations occurs widens and their amplitude 

increases; an exemple is shown in fig. 4. After this potential region, irregulär and small 

amplitude current oscillations occurs.

The second current peak, as it can be seen from fig. 2, appears only for 0.1 and 

0.5M NaCN solutions; for 1M NaCN this second peak cannot be observed. At 0.1M 

NaCN this second current peak increases with increasing scan rate and it can be 

observed in a wide scan rate domain; the peak potential is also shifting towards positive 

values as the scan rate increases. At 0.5M NaCN the second current peak decreases 

as the scan rate increases and it can be observed only for relatively low scan rates.

We performed cyclic voltammetry experiments for 2M NaCN solutions having either 

1M or 0.5M “Zn’; the typical voltammograms are shown in fig. 6. The voltammograms 

show a single current peak and they look like “polarization curves’, even for relatively 

high scan rates, with a limiting current. Therefore, the peak current and potential can be 
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observed only for high scan rates. The voltammograms show the same two oscillation 

potential régions. The ipl vs. v1c and Ep1 vs. In(v) dependencies are shown in fig. 7.

Fig. 4. Potentiodynamic polarization curves for 0.64 cm2 Zn at very low scan rates for 
0.5 and 1M NaCN; the régions where current oscillations occurs are denoted with an 

oval.

The voltametric data for the 0.64 cm2 Zn electrode are summarized in Table 3.

Table 3. Voltammetric data for the 0.64 cm2 Zn electrode. The paramétere A and B are 

for ip = A + Bv1Z2 and for Ep = A + Bln(v), with v in Vs'1.

XM NaCN + YM
Na2[Zn(CN)4]

ip1 (mA cm'2) Epi (V) EpîfV)

X Y A 3 A B A B
0.1 0.0 1.84 32.2 -0.63 0.096 -0.45 0.085
0.5 0.0 18.2 128.5 -0.51 0.131 — —
1.0 0.0 43.4 215.7 -0.49 0.146 — —
2.0 0.5 17.6 286.3 -0.60 0.118 —
2.0 1.0 44.8 186.5 -0.74 0.069 — —

For high CN' concentrations, where the currents involved are very high, the 

uncompensated ohmic drop influences strongly the process on the electrode surface. 

For this reason we performed cyclic voltammograms experiments using a Zn electrode 

with a smaller surface area (0.032 cm2), trying to avoid the effect of uncompensated 

ohmic drop.
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Fig. 5. The Ep2 - ln(v) plots for the 0.64 and 0.032 cm2 Zn electrode.
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Fig. 6. Voltammograms for 0.64 cm2 Zn electrode in 2M cyanide electrolytes.
The voltammograms“ shape is qualitatively the same, but, as it was expected, the 

peak potentials are shifted towards negative values (at the same scan rate). At the 

same time, the slopes for the Ep vs. In(v) are considerably smaller and the slopes of ip 

vs. v’c ar e larger than those obtained with the 0.64 cm2 Zn electrode. For example, for 

the 0.1M NaCN solution, the Ep1 - ln(v) slope is 0.04 (compared to 0.096 for the 0.64 

cm- electrode) and is practically the same as for the 0.5M (0.032 cm2) case.
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Fig. 7. Epi - ln(v) and ipi - v1® dependencies for the 0.64 cm2 electrolytes in 2M cyanide 
solutions.

Fig. 8. Voltammograms for the 0.032 cm2 in 1M NaCN + 1M NaafZnCCN)^.

The Ep vs. In(v) slope is greater for 1M NaCN solution than those for 0.1 and 0.5M

NaCN, which indicates that, even for this case, the uncompensated ohmic drop still 

plays an important role at high CN" concentrations. For NaCN 1M with 1M "Zn", the Ep 

vs. In(v) slope is lower (0.027); in this case the presence of the highly dissociated 

Na2[Zn(CN)4] complex may improve the electrolyte conductivlty and, therefore, 

diminishing the influence of the uncompensated ohmic drop. It is very interesting that 
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the second anodic peak can be observed (fig. 8) for 1M NaCN + 1M *Zn” solution, with 

a current peak decreasing as the scan rate increases (the second current peak is 

measured from the base line of the first current peak). In this case no current 

oj cillations can be observed in the potential range where those oscillations occurred 

when using the 0.64 cm2 Zn electrode, but the region where irregulär and small 

amplitude current oscillations occurs still exists. Therefore, the ohmic drop plays a very 

important role in onseting high amplitude current oscillations (this fact is also revealed 

by other authors, see e.g. Kleinke [6]). In fig. 9 are presented the Epi - ln(v) and ip1 - vic

Fig. 9. Epl - ln(v) and ip1 - v,z2 plots for 0.032 cm2 Zn electrode.

The voltametric data for the 0.032 cm^ Zn electrode are summarized in Table 4.

Table 4, Voltammetric data for the 0.032 cm2 Zn electrode. The paramétere A and B are 

fOT îp ~ A ínr C — A _x_ DfnAA m îm

XM NaCN + YM 
Na2fZn(CN)4]

io1 (mA cm"2) Eoi (V) E₽2(V)

X Y A B A B A B
0.1 0.0 3.06 56.9 -0.97 0.040 -0.68 0.059
0.5 0.0 33.6 242.2 -1.03 0.038 — —
1.0 0.0 71.5 446.6 -0.94 0.068 — —
1.0 1.0 52.8 550.5 -1.19 0.027 -0.84 0.057

From the Ep vs. In(v) slopes we calculated [7] the an producte for both anodic 
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peaks, only in the case of the 0.032 cm2 electrode, trying to avoid the influence of tht 

uncompensated cell résistance upon these slopes; one can see that the first anodit 

process can be considered as a two-electron charge transfer and the second one as í 

one-electron charge transfer (table 5).

Table 5. Calculated an values for the two anodic processes occurring on Zn in cyanidt 

solutions. __________
Electrolyte (an). (on)2
NaCN 0.1M 0.31 0.21
NaCN 0.5M 0.33 —
NaCN 1.0M 0.20 —

NaCN 1.0M + Na2[Zn(CN)4] 1.0M 0.46 0.18

Therefore, the two main processes that may take place onto the Zn electrode ir 

cyanide solutions can be:
Zn + 2CN" ■■ Zn(CN)2 ——-> Zn(CN)2’

CN~—>CN.

For dilute cyanide electrolytes, both processes can take place, which might explair 

the two anodic peaks observed for 0.1 M NaCN voltammograms. In more concentratec 

solutions (0.5M NaCN) the first process becomes more important, consuming thus the 

CN' ions, so the second process cannot be observed for high scan rates (where 

diffusion cannot bring enough CN' near the electrode surface). In even more 

concentrated solutions (1M NaCN), the Zn dissolution is very substanțial and consumes 

probably all the CN' ions, so the second anodic process cannot take place any more. 

For the 1M NaCN + 1M Na2[Zn(CN)4] solution, the presence of the zinc complex in high 

concentration may determine the first reaction to occur at some equilibrium state, so the 

second process is allowed to take place.

The second process could be considered as the oxidation of CN' adsorbed onto Zn 

electrode surface; the data found in literatura shows that CN' is strongly and specifically 

adsorbed onto Au [8], Ag [9] and Ni [10] electrodes, metals that form very stable 

complexes with CN' ions. We assumed that CN' is also strongly adsorbed onto the Zn 

electrode, and that this adsorption plays a very important role in the anodic behaviour of 

Zn in cyanide solutions. The non-zero value of the y intercept of ip1 vs. v,/2 

dependencies can be attributed to a very large limiting current in such concentrated 
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electrolytes.

Chronopotentíometry

We performed several Chronopotentiometrie experiments, using the 0.032 cm2 

electrode in NaCN 0.1, 0.5 and 1M (zinc free) and NaCN 1M + Na2[Zn(CN)4] 1M. The 

curves are shown in fig. 9. The chronopotentiograms' shapes show two clear processes 

for 0.1 and 0.5 M solutions and only one for the 1M solution, in accordance with the

NaCNO.lM

2i “08mA
3i "0,6 mA
4i "0.4 mA

18
t(s)

Fig. 10. Chronopotentiograms for 0.032 cm2 Zn electrode in 0.1M, 0.5M, 1M NaCN 
electrolytes.

Chmnoempefümetry

We performed several Chronoamperometrie experiments for 2M NaCN solutions, in 

the potential range where current oscillations appears. For determlning the potential 

régions where current oscillations occurs we performed polarization curves (taken at 1 

mV s'1). shown in fig. 11. One can see that the potential region where current oscillation 

occur is narrowing as the "Zn“ concentration increases, probably due to an increase of 

the electrolyte conductivity. The current oscillation are very large (amplitude of about 90 

mA) and very reproducible.
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Fig. 11. Polarization curves for 0.64 cm2 Zn electrode in 2M NaCN solutions; the région

where current oscillations occurs is denoted with an oval.

We have taken cronoamperograms; two of them, for 2M NaCN, are shown in fig.

12. The oscillations' shape is very similar to those found in literatura for Zn in KOH 

solutions [11] and for Au in acidic solutions [12]. We saw that the ohmic drop is very 

important for onseting current oscillations: the current oscillations occur only when 

using the 0.64 cm2 Zn electrode and only for relatively high CN' concentrations (0.5, 1 

and 2M), where the currents involved are relatively large. In our opinion, the CN' and 

Zn(CN)42' concentrations effect upon the electrolyte’s conductivity, and the resulting 

current, are the determining factor that onsets current oscillations. The oscillation shape 

(and amplitude) changes with changing the potential: as the potential is more anodic, 

the oscillation’s frequency lowers and the amplitude is slightly increasing (this fact is 

valid for oscillations observed for all 2M NaCN solutions). As the potential increases, 

the oscillations’ shape becomes more and more similar to those simulated with the 

model described below (at paramétere value shown in the following). The oscillations 

are periodic and last for at least 20 minutes. If the model holds, then the adsorption and 

oxidation of CN' plays an important rote in this osdllator behaviour. We intend to pay 

attention, in detail, to the current oscillation of zinc in cyanide solutions in another paper [13].
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Fig. 12. Cronoamperograms for 0.64 cm2 Zn at two potential values in the oscillation 
region for 2M NaCN (‘Zn’ free).

The theoretical description of current oscillations seems to be very difficult, but the 

simple model proposed by Köper and Gaspard [14] gives current oscillations very 

similar to those obtained in our case. This model takes into account the ohmic drop (in 

fact, the “time constant” - the product between the uncompensated cell résistance К, 

and the double layer capacity Cd) as a criticai paraméter for onseting current 

oscillations. Even if this model was created starting from the current oscillations 

observed for the réduction of In3* catalyzed by the specific adsorption of SCN ions, its 

generality makes it suitable for other processes too, and it proves to give satisfactory 

results in our case. The single problem remains that the adsorption isotherm can hardly 

be extrapolated in our case, since we studied an anodic process and not a cathodic 

one. The model is briefly described below (14]
de v-e ,,
«=-Т-тк(е)и

— - -k(e)u + dțw - u)

^-^16-25w + 9u>
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where e is the dimensionless electrode potential, v is the circuit potential, r the serios 

résistance (ohmic solution résistance .ncluded), m a dimensionless paraméter 

proportional to the bulk concentration, d is a paraméter proportional to the diffusion 

coefficient, and k(e) is the dimensionless heterogeneous rate constant:

k(e) = kp2 + k2exp[an(e - e0)],

e Í1 fore<ed
|exp(-b(e-ed)2] fore>ed’

assuming that Zn(CN>2 intermediate can also be formed via the CN species. The 

simulated current oscillations are given in ftg. 13. One can see a good agreement 

between the experimental and simulated chronoamperograms. The corrélation between 

the experimental data and the simulation paramétere is however not yet well 

establi8hed; this will be the subject of another paper [13].

Fig. 13. Simulated cronoamperograms for different potential values (v); d = 1, m = 120, 
k, = 2.5, k2 = 0.01, ed = 35, b = 0.5, <xn = 0.5, e° = 30, r = 0.01774.

CONCLUSIONS

We found general relationships that links the dissolution current, temperatura and 

free and total cyanide concentration for anodic dissolution of zinc in cyanide 

electrolytes, with and without Na[Zn(CN)4] content. The voltametric show that in dilute 

cyanide electrolytes (up to 0.5M) two anodic processes occurs, the first with two- 
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électrons charge transfer and the second with one-electron charge transfer, while for 

concentrated cyanide electrolytes (1 and 2M) only the first process is observable. For 

concentrated cyanide electrolytes, high amplitude current oscillations occurs in a 

narrow potential region; this potential region is dependent on the Na[Zn(CN)4] content. 

The current oscillations can be explained, with certain limitations, by the general model 

proposed by Koper and Gaspard [14].
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ABSTRACT. Metal-phtalocyanlnes are square planar complexes and show electrocatalytic activity, 
especially in aqueous media. Next we explored the electrocatalytic activity of the obtained electrodes for 
the oxygen discharge reaction. Experiments were performed in aqueous solution, (0.1 M ЫаСЮ« ; 0.1M 
KCl ; 0.25 M H2SO4 ; 1 M KCl + 0.01 M KOH ) in the pH range from 2 to 10.

A comparative study of the electrocathalytic activity of carbon paste electrode (CPE) with cobalt 
phtalocyanine (Pc-Со) and lead phtalocyanine films (Pc-Pb) deposited in vacuum on indium or bronze 
(Cu/Sn) supports was made. Given the large volume of the Pb ions the lead phtalocyanine complex 
was prepared by performing the ring closure reaction of the ligand in the presence of lead ions. Disk 
electrodes with In or Cu/Sn, with a surface area of 12 mm , were coated with phtalocyanine films. 
Typically, phtalocyanine films were deposited in vacuum (6x 10’3 torr) under argon atmosphère, to yield 
uniform, 300-400 pm thick coatings.

The magnitude of the redox potential and the electrocatalytic activity of metal phtalocyanines 
dépends on the pH, the composition of the supporting electrolyte and the identity of the conductive 
support.

Therefore, the Pc-Pb and the Pc-Со complexes can act as a redox mediator and the electrodes 
may be useful in mediated electrochemical réductions of oxygen molécules and of various organic 
substrates

Key words: electroreduction, phtalocyanine film, cyclic voltammetry, chemical 
modified electrodes.

INTRODUCTION. The metal chelates, especially phtalocyanines complex, which is 

similar in structure to the heme in the blood pigment, hemoglobin, Figure 1, has been 

found to be active in electrocatalysis [1]. Organic N4 macrocycles have been used in 

the réduction of oxygen since 1964, when Jasinski [2] introduced phtalocyanines in 

the electroreduction of oxygen in alkaline medium. Later a vast
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number of papers has been published on this subject, mainly because of the possible

applications of these materials as catalysts for fuel cell cathode materials. The topic

R

R

Figure 1. Phtalocyanine cycle.

has been reviewed by various 

authors [3,4]. The relation between 

redox properties and catalytic 

activity was first pointed out by 

Randin [5]. According to the 

concept of redox catalysis [6,7] the 

metal in the macrocycle is 

oxydized upon interaction with 

oxygen, which is partially reduced, 

and in this way the catalytic cycle 

is started.

As catalysts in oxygen réduction have been used the phtalocyanines of cobalt 

[8-11], iron [8], rhodium [12], in acid [9,10] and alkaline [1,8-11] medium.

In this paper we have studied comparatively the carbon paste electrode with 

phtalocyanines of cobalt and lead and the phtalocyanine films [13] deposited in 

vacuum on indium or bronze (Cu/Sn) supports. The influence of the photoexcitation 

was also reported.

EXPERIMENTAL. Pc-Pb and Pc-Со film déposition on indium and bronze is carried out and 
has been reported previously -vacuum (6x 10'3 torr) under Ar atmosphère, to yield uniform, 300-400 pm 
thick coatings [13].
Chemicals and solutions. For the polarographic and cyclic voltammetric measurements ail 
chemicals were obtained from Fluka Chemical Company.AII the solutions were deoxygenated 
(Ar 99.9%) for 4 min., before the recording of the current-voltage curves.
Cyclic voltammetry. The voltammetric curves were recorded with a Taccussel Potentiostat with X-Y 
Recorder BD 90 Kipp and Zonen. An electrolytic cell (Kalousek cell) with a liquid junction was used, 
with a hélix made of platine counter electrode and a saturated calomel reference electrode. Two types 
of the working électrodes were utilized: carbon paste electrode with metal phtalocyanines, CPE/Me-Pc, 
and the phtalocyanine films deposited in vacuum on indium or bronze disk supports (conditions: 6.10 ' 
torr; Ar 99.97%; disk surface 4.52 mm2; I = 50 A for 5 mn and I = 100 A for 5 mn.)
Microphotographs ofthe etectrodes were taken before and after their utilization by using a Tesla type 
BS 340 scanning electronic microscope with a resolution of 4 nm.
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RESULTS AND DISCUSSIONS.

The potentiodynamic response of the metal - phtalocyanine and of the H2 Pc, 

dépends on the metal-ligands interactions, electronic structure of metal ions, 

supporting electrolyte, chemical nature of the support, and photoexcitation, Table 1.

Tablei. Electroreduction potentials of the oxygen for the metal phtalocyanines of 

cobalt and lead on Pb/bronze in KCl 1M, in Ar ; S = 30 mA; vx = 0.5-100 mV/s;

vy = 5 mV/s.

* in the presence of the photoexcitation, the process is intensified.

Electrode
V 

[mV/s] [mV/SCE] [mV/SCE]

Pc-Pb/bronze

0.66 -0.542 -0.525

1.70 -0.560 -0.500

3.33 -0.582 -0.480

10.00 -0.640 -0.450

Pc-Pb/bronze* 0.66 -0.645 -0.460

Pc-Co/bronze

0.66 -0.812 -0.775

1.70 -0.500 -0.420

3.33 -0.560 -0.510

10.00 -0.570 -0.520

Pc-Co/bronze* 0.66 -0.575 -0.530

Carbon electrodes were used because not only binds Pc-Me, but also exert 

an influence upon their redox potential. The electrochemical response of the H2Pc, 

Figure 2, curve a) présents a reversible current peak at -0.912 V SCE, attributed to a 

reversible redox process taking place on the phtalocyanine ring, according to Lever 

[14]. The carbon paste electrodes with Pc-Со (Figure 2, curve b) and Pc-Pb 

(Figure 2, curve c) present a similar peak at more positive potentials, which has 

been assigned to the metal ion in the macrocycle.
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Figure 2.
Cyclic voltammograms for carbon paste 
électrodes with: Pc (curve a);
PcCo (curve b); Pc-Pb (curve c);
0.25 M H2 SO4; v=10 mV/sec ;

The presence of the O2 molécules modifies the redox potential of the 

interacting via axial coordination to the metal ion and/or via peripheral

to the macrocycle ring, Figure 3 .

Figure 3.

Voltammogram of the réduction of oxygen 
on carbon paste + 10% Pc-Со electrode in 
1MKCI + 0.01 MKOH and
3% H2O2 ; V = 300 mV/sec.

and bronze are not very stables in time;

pores and cracks are developed during polarization, Figure 4.

Figure 4.
SE photomicrograph of the
Pc-Со film on Indiu
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CONCLUSIONS
The metal phtalocyanines of cobalt and lead are both active in the réduction 

of the oxygen molecue. The différence between their electrocatalytic activity 

(appreciated by the potential at the constant current) should be correlated with the 

ability of the complex to bind extraplanar ligands (O2.CO2 and other molécules); 

these charge-transfer intermediates dépend on the electronic structure of the metal 

and are obviously relatec* to the redox potential.
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ABSTRACT

Composite coatings obtained by metal, Codeposition of various disperse phases during 

electrocrystallization have been given special attention in recent years. Advanced results have 

been reported both from the fundamental research and industrial application implémentation.

The paper reviews the information from literature on the disperse phase electrochemical 

déposition in metals and also outlines the author‘s own experimental results in this field.

The study is focused on the composite system in nickel matrix with zirconium oxide and 

silicon carbide disperse particles. The cathodic polarization curves in electrolytes have been 

determined and plotted both in the presence and absence of insoluble disperse particles by means 

of a computer controlled potentiostat galvanostat type PAR 273 (USA). The electrochemical 

impédance spectroscopy method was used to obtain additional information on the early Steps of 

nickel and nickel matrix composite electrodeposition. Measurement of impédance data were 

performed with Solartron type electrochemical interface and frequency response analyzer. A 

codeposition mechanism with its influencing to the disperse phase concentration in the composite 

layer is studied too.

The electrochemical cell of cylindrical shape with the anode and cathode cylindrically 

shaped too have provided good uniformity to the composite layers, enabling a proper structural 

analysis.

The effect of the operating Parameters (current density , concentration of the disperse 

phase in the electrolyte) on the concentration of the disperse phase in the composite layer is 

correlated by means of simple mathematical équations.

A comparative study of the pure metal and the composite electrodeposits with the help of 

an electronic microscope revealed important morphological différences.



1. INTRODUCTION

Composite layer electrodeposition makes it possible for new materials to be obtained by 

incorporating different disperse particles into a metallic matrix reducing at the same time with the 

metal during the electrolyses [1].

The electrochemical Codeposition (ECC) is one of the most important methods of 

providing composites with metallic or non-netallic compounds, as a second phase, inside metallic 

matrix (ECCM) or non-metallic matrix (ECCP).

Little research was carried out in this field, although Fink and Prince investigated the use 

of electrochemical déposition to obtain self lubricating copper graphite coatings in 1928 [2], until 

30 years ago. In the last years the researches and interests in electrochemical Codeposition have 

increased resulting in a better understanding of the process itself and in finding new industrial 

applications [3-19]. Materials are tasted for résistance to wear, corrosion, fabrication, a longer 

service life of the materials in contact while moving [20] and even electrocatalysis [21].

The literature refers to composite coatings obtained through electrodeposition, 

characterised in terms of their mechanical properties. There is however a lack of comparative data 

with respect to the properties and influence of different disperse phases on the metallic matrix 

electrocrystallization.

Composite layer electrodeposition essentially consiste in codeposition (inclusions) of solid 

disperse particles, which aie in suspension in an electrodeposition bath, into the metal being 

deposited and which représente the really metallic matrix. Theee particles are generally considered 

insoluble The electrochemical codeposition cannot be regarded as an electrochemical process 

separate from the metal itself eiectrocristallysation [22].
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Various metals were used as matrix , such as nickel considered an inert metal, copper for being an 

intermediate metal and zinc considered a normal metal from the electrocrystallization point of 

view.

2. EXPERIMENTAL CONDITIONS

For the investigation of particles codeposition with metals in order to obtain composite 

layers in metal matrix we have used two types of disperse particles: zirconium oxide (ZrO2) and 

silicon carbide (SiC) for comparison purpose, both types of particles are semiconductors.

To ensure an even current distribution during the electrodeposition process, a 300 cm3 

cylindrical electrochemical cell was used having the cylindrically- shaped anode 20 mm 

from the cathode surface [22]. The cell provides a good uniformity to the metallic and 

composite coating , which is necessary for a better study of electrodeposition. The disperse 

particles have uniform access to the cathode surface and the effects of the different densities and 

therefore different coating compositions existing in the edges are thus eliminated. Holes of 5 mm 

diameter are drilled in the anodes 10 mm part to ensure uniformity of the suspension in the 

electrolyte and reduce the effective anode surface. This electrochemical cell excludes any forced 

codeposition by sédimentation and the influence of the particles on the metal electrodeposition as 

well as the influence of the operating parameters on codeposition can be properly ii vestigated.

Electrodeposition was made on carbon steel, stainless steel, copper and nickel as 

supports (cathodes) having cylindrical shape and an effective area of 6 to 10 cm2.

The electrochemical cell used to obtain composite coatings is schematically ilustrated in 

Hg.l

Cathodic polarisation experiments were performed on a potentiometer-galvanostate type

i.Áj  &G PAR model 273 (USA), at the Physical Chemistry Department at Budapest University by 

291



means of a computer program of cyclic voltametry for current voltage diagram plotting. The 

value of the metal reducing voltage (E) is given in connection with the calomel satui ated 

electrode (ESC).

The particles were kept in suspension by mechanical or magnetic stirring at a speed 100- 

1500 rot/ min. A saturated calomel electrode was used as reference electrode (SCE) only to 

determine the influence of the disperse phase on polarisation curves. Nickel matrix codeposition 

were made in common nickel plating electrolytes, only the effect of dilution on the amount of 

disperse phase included in the coating was studied. The electrolytes were prepared from reactive 

p.a. and distilled water which provided the required purity for the potentiodynamic investigations 

and characterisations of the coatings obtained.

To determine the influence of the working paramétere (electrolyte concentration, disperse 

phase concentration, current density ) on the inclusion of the disperse phase into the composite 

layer, electrodeposition was performed on platinum cathodes, thus eliminating the possibility for 

the support to dissolve and errors to occur, when determining the disperse phase concentration.

To plot the curves of cathodic polarisation in electrolytes, with and without disperse 

phase and to characterise the composite layers obtained, electrodepositions were carried out on 

supports made from steel, nickel and copper.

To analyse the layer thickness and partide concentrations inside the composite layer, the 

layers were dissolved and subsequently weighed in an analytical microbalance of 10"’ accuracy. 

After dissolving the layers, the particles were separated on a filter type ME24-0.2pm. After 

rinsing and drying in vacuum at 80°C (10'2torr), the particles were weighed again. The weight 

percentage of the particles in the composite déposition was calculated by the formula:

p% = ^P-100 (I)

ms 
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where: p% - stands for the weight percentage of the particles in the composite layer; mp - is the 

partide weight, in grams; ms - is the dissolved composite layer mass, in grams

The following solutions were used to dissolve the metallic and composite layers:

- 15% nitric acid and composites in nickel matrix (for chemical dissolution),

-10% sulphuric acid (for electrochemical anodic dissolution). In this latter case, platinum 

was used as cathode. Electrochemical dissolution is more favourable since it takes less time 

(approximate 1/4) than the chemical dissolution.

3. RESULTS AND DISCUSSION

3.1. Cathodic polarisation curves

To investigate the disperse phase influence on the metal electrodeposition, the curves of 

cathodic polarisation, with and without disperse phase, were plotted, i.e. the variation of the 

cunent density with the metal reducing overvoltage was studied in the presence and absence of 

the disperse phases. No such measurements couid be found in the literature for comparison 

purpose and diagram interprétations are based on exiting théories about metal and alloy 

électrocrystallisation [23, 24, 25 ].

From the analysis of cathode polarisation in the presence and absence of disperse phases 

the following remarks can be made:

* Hydrophilie particles (zirconium oxide) and hydrophobie particles (silicon carbide ) have 

different effects on the cathodic polarisation curves in nickel electrodeposition.

* Disperse phases do not alter the shape of the cathodic polarisation curves in nickel 

electrodeposition they are only slightly shifted to lower values of the metal reducing voltage for 

zirconium oxide (Fig.2) and to higher values in the case of silicon carbide (Fig.3)

* Zirconium oxide as disperse phase in the nickel déposition electrolyte, does not change 

the electrocrystallization of nickel, but it does take part in the process by increasing the metal 
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déposition rate. For the saine current density, métal reducing overvoltage is lower in the presence 

of oxides in electrolytes

The larger amount of metal being deposited in the presence of oxides as disperse phases, 

can also be due to the electroactive metal species which are absorbed or formed on the partide 

surface to be subsequently reduced on the cathode.

In increasing the layer thickness of metal being deposited, and which is the resuit of a 

compétition between the nucléation steps and crystal growth, the oxides act as catalysts of metal 

reducing leading to an increase in the number of active nucléation sites.

As is well known, an increase in the current density leads to an increase in the nucléation 

centres so that the crystal size gets smaller within the electrodeposited metal structure. At the 

same current density the effect of the oxides involved in electrochemical metal déposition induces 

the same growth of the active nucléation sites. This conclusion further suggests that the oxides 

involved in the metal electrodeposition will change their structure towards lower crystallite 

sizes. The modification in the size of crystallites during composite oxide electrodeposition was 

checked by investigating the surfaces with respect to the pure metals electrodeposited at the same 

current density by means of the electronic microscope j. The decrease in the crystallite size will

’y 
have a different influence on the reactivity of phase composite surfaces for the three types of 

metals directly related to their surface tension and the corrosive environment.

* Silicon carbide, a hydrophobie material, has an opposite effect on the nickel 

electrodeposition acting like an inhibitor. For the same current density, the metal déposition 

overvoltage increases which means that the silicon carbide particles blocks the cathode surface 

and needs an extra amount of energy to activate the electrodeposition.

The zirconium oxide as disperse phase in the metal electrodeposition electrolyte does not 

induce modifications to their electrocrystallization mechanism; it only influences the increase of 

the metal déposition speed. In the presence of zirconium oxide, the layer arnount of metal 
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deposited as due to the electroactive metal species which are adsorbed or accumulate on the 

partide surface to be further reduced on the cathode

The electrochemical spectroscopy impédance method was used to obtain additional 

information on the early steps of nickel electrodeposition (ESI) [26].

The electrodepositions of pure nickel in the presence of zirconium oxide have taken place 

at the same overvoltage, -1150 mV (ESC). For the same cathode surface, the current was 50 mA 

in the case of pure nickel electrodeposition and it subsequently increased to 87 mA in the case of 

zirconium oxide electrolyte. This is in good agreement with the cathode polarisation oiagrams 

showing the increase in the déposition current at the same overvoltage in the case of zirconium 

oxide Codeposition in a nickel matrix

This method allows for the calculations of the équivalent circuit for the intermediate steps 

with electron transfer during electrodeposition and therefore the estimation of the time constant

The complex plane impédance diagrams for nickel matrix with zirconium oxide composite 

coatings and pure nickel electrodeposition are illustrated in Fig. 4. In Fig. 5(A) and 5(B) are 

presented the capacitance and conductance curves vs. frequency , plotted in the same conditions. 

Füll circles on the capacitance vs. frequency curves represent its negative values.

3.2. Estimation of the équivalent circuit

As it can be seen, the impédance diagrams for the pure nickel and composite 

electrodeposition have the same shape while the time constants for the intermediate steps take the 

same values as shown in Table 1. This confirms that the disperse particles do not modify the 

metal electrocrystallization mechanism.
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Table 1. Impédance data calculated for intermediate steps for 
pure nickel electrodeposition and and composite coating with ZrO2, 

from the same electrolyte and the same reducing overvoltage

Type of coating=> 
Calculated data

V
Pure Ni ZrO2/Ni-AC

Double layer capacity
Cdi [ pFcrn-2 ]

59 53

Charge transfer résistance
RTS[Qcm2] 5.2 33

CJpFcm-2] 13 5,2

Rj[Qctn2] 40 40

Tj[s] 6,2x10-4 2x10-4

CJpFcm-2] 1200 857

R2[Qcm2] 58 30,3

t2[s] 6,9x10-2 2,6x10*2

C3[mFcnT2] 249 74

R3[ncm2] 19.8 27

T3[s] 4,9 1,9

From the conductance vs. frequency curves and capacitance vs. frequency curves, three 

steps of intermediate electronic transfer were of interest with their time constants shown in the 

Table 1. The curves were estimated after the electrolyte résistance had been removed. The charge 

transfer résistance is R.Ts=3.8Qcm2 for composite coating, and higher for pure nickel 

electrocrystallization, Rts = 5.2 Í2cm2 respectively. The équivalent circuit proposed is presented 

in Fig. 6. Reaction paths for the dissolution of divalent species involving univalent intermediates 

must exhibit pseudo capacitance effects in transient or ac phenomena. This is due to the fact that 

the change in potential must be accompanied by a corresponding change in the concentration of 
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the intermediate. This can be done only by exchanging charge with the electrode The metod of 

evaluating of the impédance spectra was described in the works [27, 28, 29]

Further experiments during composite electrodeposition can be done in the low frequency 

range for obtaining information about structural aspects and grain sizes of metal matrix in 

presence of disperse phase

J. 2. Codeposition mechanism and steps

In the absence of an electric field, on the cathod surface there is a layer absorbed by ion 

species which include hydrated metal ions and ions from the partide adsorption area. Particles are 

absorbed on the cathode surface due to the ions absorbed at. their surface

Bivalent metal transition from ion state to metal state takes places in two steps of ion 

transfer which call for a lower energy barrier than only one step of two ion changing.

In poor acid or neutral solutions they form chemical species with the hydroxyl ions (OH") 

of type (MOH+) and M(OH)2 which exist in enough concentration on the cathode surface to 

compete with the free metal ion during the mass transfer

Nickel electodeposition is strongly influenced by hydrogen discharge and can take place 

according to the fooling intermediate formulas [30, 31]:

Ni2+ + e----->Ni^. (2 a)

N1sds+e---- >Ni (2 b)

Ni2+ + Ni^ + 2e----->Ni+Ni^ (2 c)

2(н++е)---- >H2 (2 d)

Adion Ni',ds, more or less solvated or complexed, in the surface species, NiOH^, 

proposed as intermediate element in the nickel dissolution and déposition mechanism [32] 
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Hydrogen, H’ads, can be much adsorbed on the deposited nickel surface due to the presence of

Ni'ads which may be born by recombination or inclusion intő the electrodeposition , according 

with the reactions:

М1^ + Н++е——*Niads + H.lds (2 e)

2H^---- >Н2 (2f)

+ Hads + е > Ni + Hinein (2 g)

Hydrogen adsorption and inclusion intő the déposition inhibits hydrogen development 

according to reaction (2 d). The effect of zirconium oxide and silicon carbide particles on the 

cathodic polarisation curves (Fig. 2 and 3) reveals the différence between the two types of 

particles during the nickel electrocrystallization, the silicon carbide acting as inhibitor of the 

cathodic nickel reducing reaction and decreasing the current efficiency.

It is possible that reaction (2e) should be catalysed due to the hydrogen adsorbed into the 

silicon carbide particles and therefore the hydrogen included into the composite déposition should 

be catalysed as well. The analyses revealed a hydrogen content 10 times higher in the silicon 

carbide composite layers as compared with the pure nickel [33]. The first step, having the fastest 

time constant can be related to the hydrogen évolution on the nickel deposit surfaces, the charge 

transfer for its réduction being known as a fast process.

The other two time constants belong to reactions (2a) and (2b) of the nickel 

electrodeposition mechanism. During the electrochemical Codeposition the zirconium oxide 

particles catalyses the adsorbed intermediate element according to reaction (2a) , thus decreasing 

the influence of charge transfer for the final reaction (2b ). This can be easily noticed on the 

impédance diagrams plotted in the complex plane ( Fig. 4) and in Table 1.

The oxide acts as catalyst for the metal réduction , resulting in a larger number of active 

nucléation sites The oxide codeposited during the metal electrodeposition process will induce 
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structura! modifications in these metals, i.e. smaller crysta! grains. Modification of crystal size in 

zirconium oxide composite coating as compărea with pure metals electrodeposited in the same 

conditions were checked with the electronic microscope (Fig. 7 a and b).

The silicon carbide, a hydrophobe material, has an Opposite effect on nickel 

electrodeposition, acting like inhibitor. For the same current density, the metal déposition 

overvoltage increases which indicates that the silicon carbide particles block the cathode surface 

requiring on extra amount of energy to activate the electrodeposition ( Fig. 7 c)

Metal electrodeposition rate and crystallite growth is a function of the overvoltage 

(déposition potential) just like other electrode processes The basic éléments of their relation were 

found by Erdey- Gruz and Volmer [23] who determined the way in which the rate of the entire 

process of incorporating the hydrated metal ion into the metal network affects the shape of the 

current-potential curve. In general, far enough from the equilibrium potential where metal 

electrocrystallzation usually takes place, the essential step of metal electrodeposition rate is the 

neutralisation of the metal ion by transferring the electron from the cathodic to the metal ion.

Many interdependent experimental factors affect the codeposition process. The models 

able to predict the amount of particles included into the composite layer under experimental 

conditions are promising but still require a lot of study and corrélation for each individual 

composite system.

Codeposition of disperse particles in the metal electrodeposition can be schematised in the 

following steps:

(1) a double layer of adsorbed species is formed round each partide after their introducing 

in the electrolyte,

(2) particles are carried , by stirring, to the limit of the hydrodynamic layer;
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(3) under the influence of an electric field, only the positively charged particles will be 

diffused to the cathode surface The adsorbed particles above all negative ions will be diffused 

back in the electrolyte solution.

(4) free or adsorbed electroactive species are reduced at the cathode;

(5) the partiele is included into the déposition when the adsorbed ion species on it are 

reduced at the cathode surface.

Partide codeposition through the five steps occurring on parallel with the pure metal 

electrodeposition is schematically ilustratcd in Fig. 8.

Experimental data demonstrated a strong dependence of partide codeposition on solution 

composition, type and concentration of disperse phases, current density and another influencing 

factors in electrocrystallization of metals. Ail of these influencing factors will be presented in 

further papers.

5. CONCLUSIONS

Electrochemical codeposition of inert disperse particles into a metal matrix is a 

favourable technique for providing composite materials. Codeposition represents a good 

alternative above all in terms of coatings as compared with other techniques and provides 

composite layers of unique properties.

The experiments have shown the possibility of obtaining composite layers in nickel, 

copper and zinc matrix by metal electrodeposition with inert particles of oxides and silicon 

carbide, featuring different effects in the intermediate steps of electrocrystallization which are 

further to be found in the different structures and properties .
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The various effects during codeposition showed a gond corrélation with various 

structures and different properties of the corresponding composite layers.

The experimente carried out for the codeposition of oxides and silicon carbide disperse 

phase in nickel matrix lead to the following conclusions.

• the electrodeposition was carried out to see the influence of the disperse phase on 

metal electrodeposition process on the cathodic polarisation curves, since no référencés 

were found in the literature

• corrélations were made between the working Parameters and the electrolyte 

composition and the disperse phase concentration for the composite layers in nickel, 

copper and zinc matrix.

• the SEM morphologies of nickel matrix composite coatings comparative with pure 

nickel electrodeposition were in agreement with the influences of the disperses phases 

in the nicel plating.
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FIGURES CAP HON

Fig. 1. Scheme of the experimental set-up for the electrodeposition of composite 

coatings : ( 1 ) electrolytic cell, (2) electrolyte and disperse phase suspension, 

(3) anode; (3 ) anode surface cross-section; (4) cathode, 5) copper electrica! 

contact with taper inside the cathode, 6) reference electrode; 7) insulating System 

for maintaining the cathode; 8) stirring device.

Fig. 2. Cathodic polarisation curves for obtaining composite layers in a nickel matrix;

(a) nickel-plating electrolyte; b) nickel-plating electrolyte + 100g/l zirconium oxide

Fig. 3. Cathodic polarisation curves for obtaining composite layers with silicon carbide 

in a nickel matrix; a) Chloride sulphate nickel-plating electrolyte, 

b) nickel-plating electrolyte + 100g/l silicon carbide

Fig. 4. Complex plane représentation of the impédance diagrams at the same reduced 

overvoltage: (NiD-7) composite coating codeposition with ZrO^ particles in a 

nickel matrix; (NiD-1) pure nickel dépositions

Fig. 5 (A) Impédance data for the composite layer electrodeposition ZrO? /Ni-AC:

[b] (D) 1 /Rp depending on frequency , [c] (o) Cp. depending on frequency

Fig 5 (B) Impédance data for pure Ni electrodeposition; [b] (A) l/Rp depending on 

frequency ; [c] (o) Cp depending on frequency

Fig 6. Equivalent circuit for the nickel and nickel matrix composite electrodeposition

Fig 7 SEM morphology of coatings: (a) pure nickel electrodeposited; (b) composite 

coating with ZrOî particles, (c ) composite coating with SiC particles

Fig 8. The five steps of disperse partide codeposition in metal matrix for obtaining 

composite layers by electrolysis
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Fig 2. Cathodic polarisation curves for obtaining composite layers in a nickel matrix; 
(a) nickel-plating electrolyte; b) nickel-plating electrolyte + ÎOOg/1 zirconium oxide
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Fig. 3. Cathodic polarisation curves for obtaining composite loyers with silicon carbide 
in a nickel matrix; a) nkkei-plaiing electrolyte. b) nickel-plating electrolyte * lOl.g/I silicon carbide
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Fig. 4 Complex plane représentation of the impédance diagrams at the same reduced overvoltage: 
(NiD-7) composite coating codeposition ZrOî ! Ni-CC; (NiD-1) pure nickel déposition
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Fig. 5 (a) Impédance data for composite coating codeposition ZrO2 /Ni-CC
[b] (Д) 1/Rp vs. frequency ; [cj (0) Cp vs. frequency



1/
R

p /
 Q

‘1c
m

f/Hz

Fig. 5 (b) Impédance data for pure Ni electrodeposition: 
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Figure 7. SEM morphology of coating: (a) Electrodeposited pure Ni; (b) ZrO2 /

(b)
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Figure 7 (d). SEM morphology of coating: (c) SiC / Ni-CC,
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ROUMANIA

ABSTRACT

Cyclic voltammetry, under rigurosly controled conditions (scan rates, 
positive and negative reversai potentials, polarizations at definite potentials 
and times) has been used to obtain more details on the effect of antimony 
presence upon the electrochemical properties of lead-antimony alloys in 
lead-acid battery grids. The composite lead sulfate-oxide passive layer 
produced anodically in the potential range 0 to 800 mV, on pure Pb and 
Pb with 1.7, 3.0, 8.5 and 11.27 wt% Sb alloys respectively in 3 83 and 
2 32 M H2SO4 solutions have been investigated. The effects of antimony 
on the electrochemical behaviour of the alloys has been found to be 
bénéficiai only at Sb contents lower than 11.27wt%.

INTRODUCTION

Althuogh, the influence of antimony within the acid battery grids upon its 
operation has been extensively invastigated, it's role has not been totally clarified in the 
speciality literature, some contradictory opinions stil! exist [1-10]. The presence of Sb in 
the alloys of battery grids was proved to significantiy influence both the mechanical 
properties and the electrochemical behaviour of electrodes [11-15].

The antimony is considered to strengthen the cohésion between the grid and the 
inner corossion layer which is formed at the positive plates on charging. and it improves, 
at the same time, its integrity implicitely the integrity of the PbO2 layer [5].

Through their high résistance to passivation the Pb-Sb alloys confer a high 
charge acceptance and a high structural stability to plates on deep charge-discharge 
cycles. Pavlov and coworkers suggest a cathalitical effect of antimony on the oxidation 
process of PbO--»PbOn, demonstrating that it causes a potential range between 0 8 
and 1.3V/Hg, Hg2SO4 to be set up, wherein nonstoichiometric oxides of PblKSb,On 
would be formed[1], The mixt oxides are structurally cristalline or amorphous, similar to 
those formed on pure lead [11]. Nevertheless, the formation of mixt oxides as a resuit of 
the high affinity of antimony ions for water, changes the hydrating degree of PbO_> which 
was found to be 20- 30% on alloys against only 10% on pure Pb.
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The increased discharging capacity of Pb-Sb grid batteries Is at somé extent, 
determined by this high hydrating degree which confers also a remarkable integrity and 
elasticity to the corrosion layer against the stress induced by volume variation 
accompanying oxides products formation.

It has been found that the multl-phase structure layer which is forrnod on lead 
below 0.8 V/ Hg, Hg2SO4, between the PbSO4 passive membrane and metallic lead, 
consista mainly of tetra-PbO and contains a few basic lead sulfates (3PbO.PbSO4.H2O 
and PbO.PbSO4)[1,9,12], The electrochemical behaviour of the tetra-PbO film plays an 
important role in the performances of lead acid battery. Both the formation and the 
réduction of the tetra-PbO and of the basic lead sulfates, according to Guo, occur via a 
dissolution-déposition mechanism and are controlled by HO ion diffusion through the 
PbSO4 membrane[9,12].

On the Pb-Sb électrodes a smaller amount of tetra- PbO and a thicker layer of 
basic lead sulfates are formed compared with Pb électrodes. This fact was explained by 
the more microporous structure PbSO4 membrane formed by dissolution of Sb into 
HaSO< solution [1,12, 13]. According to Guo the greater diffusion rates of ions (H’ and 
SO4? from the bulk of the solution to the Inner layer of PbSO4 membrane and HO ion in 
the opposite direction) cause a drop of the pH in inner layer and promote the basic lead 
sulfates to be formed.

Once formed, these thick layers of basic lead sulfates reduce the migration rate 
of H*, SO42’ and HO’ ions and prevent the formation of consistent tetra-PbO layers. In 
these conditions the corrosion layers formed in alloys become less sensitive to stresses 
caused by the formation of anodic products[l6J.

The present paper compares the resutts of investigation by cyclic voltammetry in 
stricly controlled conditios on the electrochemical behaviour of lead and some Pb-Sb 
alloys, in various concentrations of sulfuric acid.

EXPERIMENTAL CONDITIONS

The disk-shaped 1cm2 area test électrodes were 99 998wt% Pb(A) and Pb-Sb alloys with a 
content of 1.7(B), 3.0(C), 8.5(D) and 11.3wt% Sb(E). The counter electrode was a Pt spiral 5cm2 in 
area. All potential values were measured and expressed in this paper, versus the Hg/Hg2SO4, 
K2SO4 (sat.) référencé electrode. Prior to each test, the electrode surface was mechanichally 
cleaned with emery paper, washed with distilled water and polarized for a determined lime at 
Potentials below -1.3V in order to provide a totally oxide-free surface. In view of résulte 
reproductibility, ail experiments were started aller maintaining the électrodes for 5 minutes at the 
stationary installed potential, after imerssion in electrolyre The 2.32 and 3.83 M H2SO4 solutions 
were prepared of concentrated p.a. H?SO4.

The cyclic vottammograms and the potentiodynamic cathodic curves were recorded at room 
température using a PCA-72H Wenking potentiostat, a PV-2 Meinsberg voltage Scan generator, an 
MV-87 multiméter and a X-Y 7911 NE 230 reccrder
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RESULTS AND DISCUSSIONS

1, Cyclic Voltammetry on Pure Lead
The recorded voltammograms, within the potential of hydrogen évolution and 

that of oxygen évolution range, in 2.3 M and 3.83 M H2SO4 solutions on pure lead 
electrode presented the peak A. in anodic sweep, at -980mV, corresponding to PbSO> 
formation (Fig. 1 ).

Fig 1. Cyclic voltammograms of Pb in 2.32 (- - -)and3.83M(—)H2SOsolutions;v=20mV/s

A passive range up to approximately 1600mV follows after this peak, where the 
appearence of peak A2 is attributed to the oxidation of tetra-PbO and PbSO4 to a- and 
ß-PbO2 concomitlantly with the oxygen évolution. In cathodic potential sweep a mixt 
cathodic and anodic activity is recorded within 1000^900 mV. which is due, one hand, 
to the réduction of a- and ß-PbO2 to PbSO4 (peak C2) and, on the other hand, to 
further oxidation of lead and/or some incompletely oxidized compounds of lead (peak A) 
[16.17].
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E(V)

Fig.2.Cathodic potential sweep ctirves of Pb in 3.83M H2SO4 
Çd =0 5 min.; : 0V (— ), 0.2V(- - - ), 0.4V(- ■ -), 
0.6V( )and0.8V(- ); v = 20 ntV/s.
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As the oxidation products associated with this peak(A) is concerned, theliterature is still 
contradictory. It was suggested to be a divalent[18,19), trivalent[20] or even tetravalent 
[21] product of lead. The évolution of such processes is favoured by the decrease of 
thickness or partial destruction (cracks appearance) of inner layer as a resuit of PbO; 
réduction.

On more negative potentials. in cathodic sweep the peak С/was recorded at 
-850mV subséquent to reducing the tetra-PbO, a fact recently confirmed by Guo and 

со. by X-rays diffractlon[22], At -1150mV, the peak C, sets into evidence the réduction 
of PbSOa to Pb, a process followed by hydrogen évolution.In order to obtam more 
information about the composition of anodic layer formed on lead at potentials below 
0.8V, the negative potential sweep curves, after polarisation at different potentials and 
times, with different sweep rates were recorded. Fig. 2 shows the cathodic sweep 
curves after the Pb electrode has been polarized for 0.5 minute at 0. 0.2, 0.4, 0.6 and 
0.8 V respectively.

At polarisation potentials up to 0V only two réduction peaks (Ci at -850mV and 
C,at -1150mV) and an oxidation peak (A, at -1000mV)in the potentiodynamic curves 
between the polarisation potential(r.paf) and -2000mV are clearly visble

We can say that if during the anodic polarisation basic lead sulfates are formed, 
their amount is so small that their réduction peak current cannot appear in this curves. 
The anodic peak A» which appears in cathodic potential sweep corresponds to the 
oxidation of the freshly formed metallic lead on the réduction of tetra-PbO (peak C/) 
underneath the PbSO4 layer[9,12]. On the polarisation of 0V, a small cathodic peak C/', 
at approximately -900mV corresponding to the réduction of an basic lead sulfate was 
recorded[6]. The potentiodynamic curves dennote that the height of peak С/ 
significantly increases with the increase of polarisation potential value and concomkantly 
the réduction potential (of C,') shifts in the negative direction increasing the réduction of 
tetra-PbO overpotential. The more negative the С/ peak potential, the greater the 
amount of the tetra-PbO formed in the anodic layer. It seems that on pure lead, in our 
experimental conditions at anodic polarisation potential above 0V, the growth of tetra- 
PbO is the main process.

Great changes of peak С/ current and potential take place when after the 
electrode was polarized at 0.4V for 0.5 minute, the cathodic potentiodynamic curves at 
different sweep rates were recorded. Fig. 3a.

The fester the sweep rate is, the higher the peak current and the more negative 
the réduction peak potential of tetra-PbO. Although the duration of the potentiostatic 
oxidation is the same in each case the charge contained in peak С / is smaller at slower 
cathodic potential sweep rates It is possible that, a major part of tetra-PbO has been 
transformed underneath the PbSO4 membrane into lead sulfate in the slower potential 
sweep Stronger C,‘ cathodic currents were recorded after longer anodic polarisation at 
the same potential values (Fig 3b), but no basic lead sulfates were recorded.
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Fig.4, Cyclic voltammograms of Pb - 3%Sb electrode. v = 20 niV/s; 2.32MH2SO4(—) 
3.83 MH2SO4 (---).
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2 Cvclic Voltarnmetrv on Anlimcnv-Lead Allovs
On Pb Sb alloys, in anodic potential sweep. the évolution of an oxidation process at 
aproximately -360mV is notlced (peak B in ail figure) which stops the passivation inttiated 
after the formation of PbSO.t (peak A,) In conformity with data from literature peak B is 
associated with the dissolution of Sb at the electrode/electrolyte Interface [8,13]. With 
the increase of the number of cycles and of the electrolyte concentration peak B 
becomes more proeminent enabllng us to suppose that the passage of antlmony from 
alloy into electrolyte is quicker. The existence of an appréciable current almost constant 
in the passivation range indicates the presence of some electrochemical processes 
which do not occur on pure lead, and which are conspicuous for anodic layer structure 
being formed in the passivation range. The growth of electrolyte concentration visibly 
affects the behaviour of C-type électrodes (Pb-3wt% Sb), Fig.4. Thus, the forming 
overpotential of PbO2 end oxygen évolution (peak A2) is higher than on pure lead. In 
concentrated electrolyte the réduction peak current of PbO, Is higher (peak C?) the 
same as the tetra-PbO réduction current peak (peak Cj. In cathodic potential sweep 
the front and rear position of peak C2 Is to be remarked with respect to peak A. If in 
conformity with Sha'pe's point of view [18] peak C2 is the resuit of two cathodic 
processes; ß- PbO2 -■» PbSO4 ( at more noble potential) and a-PbO2- » PbSO4 ( at less 
noble potential) we can assert that on this alloy. in the concentred solution, the 
predominant species is ß-РЬО? formed by the oxidation of PbSO4. The peak D recorded 
in cathodic sweep at -650mV Is associated with the réduction of the oxidized species of 
antlmony formed in anodic sweep [7,11].

The essential changes, both concernlng the forms of the vottammograms and 
peak currents helght were on alloys with high Sb contents; electrode D (Pb-Sb 8.5wt%, 
Fig.5) and electrode E (Pb-11.3 wt%Sb,Flg,6).

Thus: I. The dissolution of antimony occurs at much higher rates reaching a 
statlonary value after approximately 6 cycles (peak B, Fig.5). The greater area of the 
anodic peak B as compared with than of the corresponding cathodic peak D Is a resuit 
of the formation of some soluble antimony complexes or ions which passing through the 
PbSO4 membrane pores leave the electrode remalnlng in the electrolyte and are not 
reduced.

il. The passivation current is appréciable and nearty constant on alloy D 
(Fig.5) and variable on E (Fig. 6) suggesting a better ionic conductivity of corrosion 
anodic film as compared with that formed on pure lead. The constance of this eu ent 
may be due to setting up an equillibrium between the rate of anodic layer formație at 
alloy/layer interface and that of rts dissolution at layer/H2SO4 solution interface [13]. Ve 
cannot tell too much about the composition, but it is obvious that it influences the fun. ,er 
behaviour of the interface. On repeated cyclings, the height of peak B decreases but 
extending to more positive values the passivation range is further characterized by a 
stronger current. It is evident that the anodic layer formed after antimony dissolution on 
alloy D in a much less degree pasivates the surface of the electrode than that formed on 
alloy E. We believe that it is due to the less porous corrosion layer which is formed on 
alloy E, and which is not totally reduced in cathodic sweep. Thus it covers quite a major 
part of electrode surface.
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fii; ’ fotentiodynamic curvcs; v = 20mV/s, = 2 min., e^O.ŐV; Pb (—)J>b - 8.5%Sb
( ) and Pb - 11.27% Sb (------).
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il! The formation piocesses of species a- and [< PbO, as well as the évolution of 
oxygen occur at much higher Potentials ( 1 8V) on alloys as compared with puie lead

IV On both alloys. the réduction rate of PbO, (peak C,) is lower (quite 
very low on electrode E) in more concentrated solutions

V. The current of peak D. associated with a réduction process in which species 
of antimony (more probably SbO’ ions in solution [14]) are implied is higher in 
concentrated solutions

VI The C.'and C, peak Potentials are more positive on alloys than on pure lead 
and their exact values dépende on experimental conditions. The réduction peak 
C,"which appears between peak С/ and C, indicates the presence of some basic lead 
sulfates whose formation is aided by the presence of antimony in alloys.

On the cathodic potentiodynamic curves recorded on Pb-Sb alloys after the 
électrodes were polarized at 600 mV for 0.5 minute the réduction peak C- also 
appears. at -780mV, Fig. 7. This potential value corresponds to the réduction of PbO. 
PbSO.; which is formed between PbSO4 and tetra-PbO during the polarization [7, 12. 
13J We hâve found that more basic lead sulfate is formed on Pb-8 5 wt% Sb alloys on 
longer polarization times while the amount of tetra-PbO was unchanged. It seems that 
the tetra-PbO > PbO PbSO4 transformation occurs at a high enough rate which 
prevents the deep passivation of electrode.

A different behaviour was observed with Pb-11.27wt% Sb alloy, where the 
amount of tetra-PbO, formed in different conditions, was greater than with the other 
alloys. It is supposed that the porosity of the anodic layer formed on this alloy at 
Potentials lower than 800mV is, for certain reasons, smaller and prevents an appréciable 
amount of tetra-PbO to be converted into basic lead sulfates. The formation of some 
more compact oxidation layers on this alloy is also aided by the lower more variable 
value of the current in the passivation range, Fig. 6.

CONCLUSIONS

In the oxidation of pure lead in H2SO4 solutions at potentiels above 0V, 
underneath the PbSO4 membrane, tetra-PbO rather than basic lead sulfates is formed. 
At polarization potentiels below 0V a small part of tetra-PbO is converted intő lead sulfat, 
at slower sweep potentiels.
The réduction tetra-PbO - > Pb peak potential and current dépend on the polarization 
potential and time and on the electrotyte concentration.
The longer the anodic polarization time the more negative the réduction of tetra-PbO 
peak potential is and the higher the peak becomes.

The presence of Sb in the alloys can greatiy reduce the amount of tetra-PbO 
which is in anodic corrosion layer and at the same time decreases the réduction 
overpotential. The existen of a greater anodic passive state current on Pb-Sb alloys as 
compared with that on pure lead is explained by a greater layer porosity which promûtes 
the conversion of a majore part of tetra-PbO into PbSO4.

Generaly, the amount of tetra-PbO which is formed on Pb-Sb alloys decreases 
when the antimony content of the alloy increases, excepting the Pb-11.27wt% Sb.

Taking into account the results of our investigations we think that alloys with Sb 
contents lower from 11,27wt% are recommendable to use in acid battery grids.
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ABSTRACT

The electrochemical behaviour of sintered cadmium electrode in 6N KOH 
electrolyte has been investigated by cyclic voltammetry. The anodic and cathodic 
curves were recorded at different sweep rates and the peaks were assodated with 
the electrooxidation and electroreductlon processes which occurred. The 
performances of sintered cadmium électrodes (70 x 35 x 1 mm) were investigated in 
a half-cell by charge-discharge curves. The different forme of active material 
(uncyied, charged and discharged) were characterized by X-ray diffraction.

INTRODUCTION

The electrochemical behaviour of cadmium électrodes in alkaline solutions has 
been the object of many studies because of their wide applications in nlckel-cattnium 
and silver-cadmium batteries [1-8].

Cadmium can be reversbly charged and discharged through the reaction 
formally written as:

Cd + 2OH" cd(OH)2 + 2e, 6° =-0.809V/NHE [1]
charge

Two different mechanisms hâve been proposed: the dissolution-précipitation 
mechanism involving solution phases [9,10] and the solid state mechanism involving 
ionic transport through the Cd(OH)2 active material film [11,12].

In this paper are presented the results obtained by electrochemical and 
structural investigations of cadmium électrodes, prepared by cathodical déposition of 
active material on sintered nickel supports.

EXPERIMENTAL

Cadmium électrodes were prepared by cathodical polarization, in 25% KOH solution, of 
sintered nickel supports impregnated with Cd(NO3h .4 H2O [13]. The sintered nickel plates were 
realised from nickel powder obtained by thermotysis of Ni(NO3)3.6 H2O (14].
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The cyclic voltammetry was applied to study the electrochemical behaviour of sintered cadmium 
electrodes in 6N KOH electrolyte The measurements were made in a convențional three-electrodes 
cell üsing SCE as reference, connected through a Luggin capillary, and a platinum wire as counter 
electrode. All the potentials given in this paper are refered to SCE. The apparent surface area of the 
working electrode was 1cm’. The 6N KOH electrolyte was prepared from analytical grade KOH 
and distilled water. The experimenta were performed by means of an Wenking HP 72 potentiostat, a 
PV 2 programmer and an Endlm 620.02 X-Y recorder.

Before the investigations, the cadmium electrode was polarized in the net hydrogen 
évolution reaction (HER) region, at -1.75 V/SCE, for 5 minutes, to eliminate the impurities from its 
surface.

The charge-discharge curves were performed in a half-ceU consisting of the sintered 
cadmium electrode (70 x 35 x 1 mm) as working electrode, a SCE as référencé and a nickel plate as 
counter electrode. All experiments were conducted at room temperatura.

X-ray diffractograms were obtained with a Dron 3 powder diffractometer, using CuK> 
radiation.

RESULTS AND DISCUSSION

CvcIlcVottammetrv

The stabilized form of voltammograms for sintered cadmium electrode was 
attained after 6 oxidatlon-reduction cycles, in 6N KOH electrolyte, at v = 20 mV/s, 
corresponding to the formation of active material.

The potential was scaned between anodic value 0.440 V/SCE, at which oxygen 
évolution reaction (OER) occurs, and cathodic value -1.400 V/SCE, corresponding to 
hydrogen évolution reaction (HER).

Fig. 1 shows the voltammograms of sintered cadmium electrode In 6N KOH, at 
three potential sweep rates: 20,6.66 and 3.33mV/s, respectrvely.

In the negative potentials range, two current peaks were recorded. The anodic 
peak A was associated with the oxidation of Cd to Cd(OH)2 (discharge process) and the 
peak B with the réduction of Cd(OH)2 to Cd (charge process). At extreme cathodic 
Potentials, HER represents an overcharge process.

In the positive potentials range, before OER, a corrosion process of the sintered 
nickel support, in which NiOOH is formed, (anodic peak C) occurred. These processes 
(OER and corrosion) take place only at overdischarge of the electrode, which must be 
avoided by constructive and operation measures.

The cathodic peak D represents the réduction of NiOOH to Ni(OHh.
From anodic and cathodic peak potential values were calculated the average 

potential, e‘, and the différence of peak positions, Деал [15]:

327



f HE ELEC TROCHEMiCAL BEHAVIOUR OE SINTERED CAùMiUM

Fig. 1 Cyclic voltarnmograms of sintered cadmium electrode in 6N KOH at
v = 20 mV/s (1), v = 6.66 niV/s (2) and v = 3.33 mV/s (3)
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Fig. 2. The dependence of the anodic (1 ) and catodic (2) peak current intensitiy of v1/2

Fig 3.Voltanimograms of cadmium sintered electrode in 6N KOH, 
at V = 1.66 mV/s, in unstirred (1) and in stirred (2) electrolyte
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Де.,с= в,,- есл (3)

The results of cyclic voltammetry measurements of sintered cadmium electrode, 
related to the peaks A and B, are tabulated in Table I.

Table I. Cyclic voltammetry measurements of sintered cadmium electrode, in 6N 
KOH.

Sweep rate 
(mV/s)

e«.p(A) 
(V/SCE)

8« (B) 
(V/SCE)

ÁSp,«
(V)

8*
(V/SCE)

U 
(A) 

(mA)
(B) 

(mA)
20 -0.980 -1.320 0.340 -1.150 2000 1760 0.88

6.66 -0.990 -1.260 0.270 -1.125 1820 1760 0.96
3.33 -1.010 -1.210 0.200 -1.115 1275 1220 0.96
1.11 -1.050 -1.170 0.120 -1.110 840 820 0.98

The average potential, a, is taken as an estimation of the reversble potential. 
The theoretical value of the reversble potential, calculated for 6N KOH electrolyte and t 
= 20°C Is e, = -1.088 V/SCE [16].

If the différence in the anodic and cathodic positions, Ae,.e taken as an 
estrnation of the reversbllity of the reaction, It is evident that the reversbülty of process 
increases with decreasing of sweep rates.

The ratio of the cathodic to anodic peak currents tends to value 1 with 
decreasing of sweep rates. This demonstrates that the charge recovered on the 
cathodic sweep was very close with that of the previous anode sweep, suggesting the 
high efficiency of processes on sintered cadmium electrode.

The current Intensifies of the peaks were plotted agalnst the square root of 
sweep rates (Fig.2).

The linear dependence suggests that the Involved reactions behave as diffusion 
controlled electrochemical processes for v i 6.66 mV/s, according to Randles-Sevcik 
équation :

lp = 2.69 xltfxf5 xAxDM x C x via (4)

where: lp = current intensity of the peak;
z = the number of électrons exchanged;
A = area of the electrode;
D = diffusion coefficient;
c = concentration;
v = sweep rate.

The voltammograms depicted in Fig.3 were recorded in order to investigate th< 
effect of solution stirring on the mechanisms of processes.
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Under stirring, the helght of peaks is changed, suggesting the involvement of 
précipitation-dissolution mechanism in the formation of Cd(OHh and its réduction.

According to Will’s Investigations (17) the oxidation of Cd to Cd(OH)2 occurs 
through a complex mechanism Involving 2 Steps:

- the dissolution of Cd with the formation of complex cadmiate Ions, at the 
electrode surface:

Cd + ЗОН -> [Cd(OH)3I * 2a' (5)

- the précipitation of Cd(OH)2 after saturation with [CdfOH^J :

ÍCdfOHhT -» Cd(OH)2 + OH (6)

The réduction of Cd(OH)2 durlng the cathodic sweep occurs by eq. (5) and (6) 
in reverse Order.

From the slopes of the plots presented in Flg.2 were determined the diffusion 
coefficients of cadmiate Ions for oxidation process, Do = 8.985 x10'9 cm2/s, and for 
réduction process, Dr = 8.046 x105 cm:/s. The considered solubility of cadmium in 6N 
KOH, at t « 25° C, Is 1 x104 mol/liter [18J.

For v > 6.66 mV/s, the plots suggest a modification of reaction mechanism, 
beeing very probabty the Involvement of solid state processes:

-oxidation: Cd + 2OH -»CdfOHfe + 2e' (7)

- réduction: Cd(OHh + 2e' -> Cd + 2OH (8)

Çalvanostatiç ÇïwflfrPIsçhar« Çytvw

The electrochemlcal processes that occur on sintered cadmium electrode were 
also investigated by charge-discharge curves.

The cadmium électrodes (70 x 35 x 1 mm) were charged and discharged in 
galvanostatic régime (1=100,400 and 500 mA), in 6N KOH electrolyte.

In Fig.4 are shown the different régions exhbited by charge-discharge curves, in 
cathodic and anodic processes. These régions were corroborated with voltammetric 
findings.

The anodic curve 2 présents three régions:
♦ the plateau A corresponds to discharge process (oxidation of Cd to CdiOHfe);
♦ the region B indicates the end of discharge process by an abrupt modification of 
potential, which arrives in positive range;
♦ the region C corresponds to overdischarge of électrodes, manifested by corrosion of 
sintered support and OER.

The cathodic curve 1 présents four distinct régions:
♦ the region D corresponds to réduction of NiOOH, formed by corrosion of nickel 

support;
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♦ the region E représente an abrupt modification of potential to negative values, when 
the réduction process of NiOOH to Ni(OH)j Is flnlshed;
♦ the plateau F Indicate« the réduction of discharged active material CdfOHh, to 
charged form, Cd;
the region G Is related to HER (overcharge).

From galvanostatic charge-discharge curves were determlned the discharge 
capaclties and the coulomblc efflciencles of the sintered cadmium électrodes (Table II)

Table II. Coulomblc efflciencles of sintered cadmium électrodes.

Uer». 
(mA)

tchwg. 
(h)

Cchwfl. 
(mAh)

Ufctero* 
(mA)

bichwn. 
(h)

Cdhchwn. 
(mAh)

Coulomblc 
effldency 

(%)
100 5.50 550 100 5 500 90.91
400 1.32 528 400 1.16 464 87.88
500 0.930 465 500 0.80 400 86.02

It is ciearly that sintered cadmium électrodes funcüon with hlgh coulomblc 
efflciencies even for great charge-dlschage rates.

Х-Rav Characterizatlon

The different forms of active material (uncycled, charged and discharged) were 
characterized by X-ray diffraction (Fig.5).

The X-ray diffraction patterns In the 28 ■ 4 - 63° range, obtained on the powder 
scraped from the electrod surface, show two characteristic Nnes for nickel, (111) and 
(200), proceeded from sintered support

The active material of uncycled electrode consiste largerly of Cd(OHh, but there 
are some Unes of smaN Intenslty correspondlng to CdCOj (curve a). It should be polnted 
out that the active material was Impregnated in sintered support, by cathodical 
polarlzation, In discharge form.

The charge active material consiste largerty of Cd, but there are a smal number 
of Unes correspondlng to uncharged Cd(OHh and traces of CdO (curve b).

In the discharged active material CcKOHja, there are Cd undlscharged and 
CdCO3, (curve c).

The presence of Cd(OH)2 remained unreduced In charged active material and of 
Cd remained unoxldlzed in discharged active material сап be explalned by the higher 
capaclty of sintered cadmium electrode than of nickel plate electrode, used as counter 
electrode. The presence of CdCO3 In active materiál is a resuit of the action of CO2 from 
air on KOH electrolyte solution and of the pronounced tendency of substitution of NO3' 
ions, remained from the préparation step, by CO3* ions.
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Fig,4. Charge-discharge curves of sintered cadmium electrode, in 6N KOH 
electrolyte, at I = 400 mA

Fig. 5. X-ray difiractograms of sintered cadmium electrode : a) uncycled, 
b) charged and c) discharged
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CONCLUSIONS

The uncycled active material, impregnated In sintered support by cathodica 
polarization, is in discharged form, Cd(OH)2. Six oxidation-reduction cycles wer« 
necessary for the formation of active material.

By cyclic voltammetry has been demonstrated that the oxidation-reductior 
processes of active material сап occur by different mechanisms :

- at low sweep rates, the processes take place by cadmiate solublt 
specie, [Cd(OH)3], and are controlled by diffusion;

- at higher sweep rates, it is very probably the involvement of solide statt 
processes.

At the overdischarge of sintered cadmium electrode, before OER, a corrosior 
process of nickel support occured.

The sintered cadmium électrodes functioned with high coulomblc efficiencies.
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ABSTRACT

Cathodes based on CuO and MnOj were prepared and characterized by XRD 
and cyclic voltammetry. To improve the behaviour of these cathodes, we tried to 
establish the most propitious ratio between the components of cathode mixture 
(active matériels, teflon and graphite).

INTRODUCTION

The rapid development of sophisticated, small-size electronic devices and 
portable equipment such as: video caméras, cordless téléphonés, watches, calculators, 
toys, peace-makers, electric vehicles 8nd so on, has favoured the study and the 
characterization of new types of electrochemical power sources with high power, high 
energy density, and long cycle Me. Among these, lithium batteries based on the lightest 
and most electropositive metal, have received particular attention [1]. This has resulted 
in the development of lithium celte using various non-aqueous electrolyte media and 
various kinds of active cathode matériels.

The technology of primary lithium batteries production was accomplished more 
than 15 years ago, and presentiy lithium batteries are used for many applications [2], but 
their mechanism has not yet been satisfactorily elucidated. Various types of reaction 
mechanisms were therefore proposed in the literature [3,4] invohring chemical, 
electrochemical and intercalation reactions and diffusion in the solid state. However, it 
remains to be decided which te the rate controlling step.

Recent studies [5,6], suggest that the cathodic reaction involves intercalation of 
LT ions into the CuO lattice. PODHAJECKY and SCROSATI [7] wrote the cathodic 
reaction in the form:

x U* +xe + CuO = Li,CuO

foilowed by further reactions:

(2-x) LT + (2-x) e + ЦСиО = Cu + U2O

(2-x) LT + (2-x) e' + ЦСиО + CuO = Li2O + Cu2O
Cu2O + 2LT + 2e = Li2O + 2Cu

(D

(2)

(3a)

(3b)
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Both reaction Steps are electrochemical in nature, since complete discharge of the 
cathode gives almost 100% of the theoretlcal charge necessary for a two-electron 
réduction of CuO[8],

Primary lithium batteries has reached a wide commercial market beeing 
produced In different stzes and capaclties In Europe, Japan, and In the United States.

EXPERIMENTAL

Amorphous MnOj synthesized electrolytically, was heat-treated at 400° C for 0.5,2.5, and 5 
hours to obtain the р-MnOj crystalline structure (9). The structure was confirmed by X-ray 
diffraction. Powder X-ray diffraction profiles were collected uslng a Dron diffractometer with CuK. 
radiation. The X-ray spectra for the MnO2 heat-treated at 400°C for 0.5, 2.5, and 5h are shown In 
Fig. la, b, and c. From the figure it can be seen that only the structure of MnO2 treated at 400°C for 
5h is favorable for the intercalation process.

Fig. 1. X-ray spcctra for MnCh heat-treated at 400* C fora) 0.5 h; b) 2.5 h; c) 5h.

CuO was prepared from Cu(NO3)2 by rising the température slowfy to 400° C and 
maintaining this température for another 2h on air [10]. The product was then calcinated at 800° C 
for 8h. The purity of prepared CuO was conflrmed by X-ray diffraction showed in Fig. 2.

To estimate the influence of the different componente, we prepared cathode mixtures 
containing different weight per cent (w/o) of active materiale, teflon (as binder), and graphite (as 
electronic conductor). We prepared 35 samples based on MnOj containing 4 to 12% binder, and 6 
to 40% graphite, and 20 samples based on CuO with 6 to 14% binder, and 10 to 40% graphite. In 
each case, the différence until 100% was active material (MnO2 or CuO).

Samples were sieved under 71pm, mixed with binder and graphite and pressed into 
pellets(| = 20 mm) and 0.8-1 mm thick.
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Electrochemical measurements were done in a three electrode glass cell at room 
température. A large Pt counter-electrode was placed near the working electrode. The potential of 
the working electrode was measured against a Li référencé electrode. The electrolyte, 1 M L1CIO4 in 
propyiene carbonate, was in excess, and contained less than 50 ppm H/). The cell was assembled 
in a dry box in argon atmosphère containing less than 20 ppm H2O(11]. The cell was evacuated for 
several hours prior tothe measurements to remove gases from electrolyte [12].

Electrodes prepared only from teflonized graphite (94% graphite and 6% teflon) were tested 
in the same way for comparison.

The cyclic voltammetry experiments were performed by means of a classical potentiostatic 
circuit.

RESULTS AND DISCUSSION

The aim of this work is to estimate the influence of different components from the 
cathode mixture on the performances of batteries. We tried to estabiish the most 
propitious ratio between the components of cathode mixtures (active materials, teflon, 
and graphite), and to estimate how they interfère in the discharge mechanism. The 
optimum composition needs to be determined since too much binder will lead to lower 
specific energy, poor rate capability and inadequate Li intercalation later, and insufficient 
binder cannot hold the carbon particies together. Fürther, low porosity and nonuniform 
loading of active material in the electrode will also reduce the rate capability and 
intercalatable Li capacity.

a)CuO: from the cyclic voltammograms, it can be seen that the discharge 
reaction is irreversible. There are three peaks on the cyclic voltammograms for CuO:

- the main peak, close to 1.15 V vs. Li/Lr (see Fig.3), corresponds to réduction 
of CuO (intercalation of Li* into the crystal lattice), according with [7]:
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Fig.3. Cyclic voltammograms for cathode containing: 75% CuO. 20% graphite, 5% teflon; 
— cycle 1; - - - cycle 2; electrolyte IM LiCKD« in propylene carbonate; sweep rate v = 20mV/s.

Fig.4. Cyclic voltammograms for cathode containing: 72% CuO, 20% graphite. 8% teflon;
— cycle 1; - - - cycle 2; electrolyte IM LiClO« in propylene carbonate; sweep rate v = 20mV/s.
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(4)CuO + xLi’ + xe = Li,CuO 0<x<2

- there is another peak, close to 2.15 V vs. Li/Li’ (see Fig.4). We believe that this 
peak is due to traces of adsorbed oxygen and H?O [13]. The participation of O2 and 
H2O cannot be excluded, since these species are known to be strongly adsorbed on the 
CuO surface;

- for samples containing too much graphite(>30%), there is only a peak at 0 75 V 
vs. Li/Li* that corresponds to the reaction of lithium with graphite (see Fig.5);

- from the values of l,„„ it can be seen that électrodes containing 72% CuO, 20% 
graphite, and 8% teflon are more appropriate as cathodic depolarisants based on CuO.

Fig.5. Cyclic vottammograms for cathode containing: 54% CuO, 40% graphite, 6% teflon; 
— cycle 1; — cycle 2; electrolyte IM LiCIO, in propylene carbonate; sweep rate v = 20mV/s.

b)MnO2: the behaviour of MnO2 cathode is irreversible, too;
- the main peak for réduction of MnO2 lies close to 2.2 V vs. Li/Li*;
- for samples with high content of teflon (>9%), the intercalation is inhibited 

because the binder fill many gaps of the crystallographic structure, and the intercalation 
process is blocked (see Fig.6);

- because the conductivity of MnO2 is not so good, a content above 15% 
graphite in the cathode mixture is necessary;
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Fig.6. Cyclic voltammograms for cathode containing: 60% CuO, 30% graphite, 10% teflon; 
— cycle 3; — cycle 5;—cycle 7; electrolyte IM LiClO« in propylene carbonate; sweep rate 

v = 20mV/s.

Fig.7. Cyclic voltammograms for cathode containing: 52% CuO, 40% graphite, 8% teflon;
... cycle 20; — cycle 30; —cycle 55; cyde85; electrolyte IM LiCiO« in propylene
carbonate; sweep rate v = 20mV/s.
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Fig.8. Cyclic vcltammograms for cathode containing: 74% CuO, 15% graphite, 11% teflon; 
—cycle 1 ; - - - cycle 5;...... cycle 10;-------cyclel 5;--------- cycle 20;—cycle 35; electrode
IM LiClO« in propylene carbonate; sweep rate v = 20m V/s.

- after 30-35 cycles, the peak corresponding to the intercalation of LE into 
graphite disappear (see Fig. 7). For the cathodes with high content of binder, relative to 
graphite content, this peak quickfy disappear (see Fig. 8).

- from the peak heigh we establish the most appropriate composition for cathode 
mixture: 70% MnO?, 20% graphite, 10% teflon

CONCLUSIONS

- only after a heat-treatment of electrolyticalfy MnO2 it is posstole to achieve a 
structure close to that which is favourable to intercalation process;

- the discharge reaction is irreversible foi both CuO and MnO2 cathodes;
- the intercalation of Li‘ into the lattice (CuO or MnO?) is high during the first 

cycle and decreases with following cycles.
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Abstract

A potentiodynamic study of electrochemical behaviour of zinc in alkalyne solutions under 
controlled hydrodinamic condition was carried out. A rotating disk electrode (RDE) was used in 
order to elucidate some aspects related to behaviour of zinc anodes in Ni-Zn batteries.

The voltamograms recorder on zinc RDE in KOH solution (with and without LiOH) exhibit 
several current variations situated in the région corresponding to the transition from active 
dissolution to passivation.

The failure of curves was attribute to the diffusion of OH ~ ions through these more or less 
soluble compounds, specially in conditions of slow agitation. The mechanism changes in KOH 
6N.

A bénéficiai catalytic effect of LiOH was put on evidence which justifies its use in alkaline 
Ni-Zn batteries in order to improve their performances.

1. Introduction

The electrochemical behavior of zinc in alcalyne media continues to be a 
field of considérable importance because of its interest in batteries and its 
potential application in advanced energy storage devices.

The mecanism of zinc dissolution into zincate has been studied previously 
using the galvanostatic, potentiostatic, potentiodynamic, RDE and impédance 
techniques [1-8]. Recent work agréés with the mechanism proposed already by 
Bockris et ail [1,2,4,7]:

Zn + OH " о ZnOH + e ( 1 )
ZnOH + OH oZn(OH)2 (2)

Zn(OH)' +OH- Zn(OH); + ë (3)

Zn(OH)" +OH’ о Zn(OH)’- (4)
Under potentiodynamic conditions mass transport effects have been invoked 

to Gxplain the déviation of the exponențial dependence of current with potential 
in the anodic dissolution of the metal [4,7,9,-14].

The aim of our work was to study the electrochemical behaviour of zinc in 
alcalyne solutions under controlled potentiodynamic and hydrodynamic
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conditions, using a rotating disk electrode (RDE) in order to elucidate some 
aspects related to working of zinc anodes in Ni-Zn batteries.

The influence of RDE rotation speed, of KOH concentration and of Li* ions, 
on zinc electrochemical behaviour, was studied.

2-Experimental

Ail reagents used in the experiments were of analytical degree and the solutions were 
prerared using bidisti lied water.

Electrochemical experiments were performeri using a potentiostatic set-up consisting of a 
potentiostat (PS 3, Meinsberg), a signal generator (Polarograph LP 7e, Praha) and an X-Y 
recorder (Endim 620.02, Meinsberg).The potential was scanned between -2 and -1 V/SCE.

A convențional trree electrode cell was used. The woridng elecrode was a rotating disk 
electrode made of Zn 99,99% (S=0,07065 cm1). The référencé electrode was a saturated 
calomel electrode (SCE). The Pt counterelectrode was separated from the test solution by a 
glass frit.

Before each experiment, the woridng electrode was polished on emery paper and rinsed 
with distilled water.

3.Results  and discussion

The voltammograms recorded in a 1N KOH solution on stationnary zinc 
electrode(ù) = 0) using a scan rate of 60 mV/s (v) exhibit four anodic and one 
cathodic peak. (Figure 1).

Peaks 1 and 2 appeared during the anodic scan, while the others during the 
cathodic scan.

After the first peak (1), which appears at -1,4 V/ECS, the current decreases 
to a value of about 2,5 mA and then increases again forming another peak at - 
1,25 V/ECS, followed by a strong decrease of the current to a residual value of 
0,1 mA suggesting a passivation of the electrode.

Peaks 3 and 4, which appear during the cathodic scan, indicate the 
presence of some non-electrochemical processes, while peak 5 coresponds to 
cathodic réduction ofZn1+ ionstoZn.

1

Figure 1 The voltammograme in 1N KOH solution at <a = 0 and v = 60 mV/s
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Influence of RDE rotaUoruiied
As the anodic currente Increaee with the rotation speed, <o, one can conclude 

that these are controlled by the diffusion of OH ' Ions, because accumulation of 
zlncate Ions of Zn(OH),, or of zinc oxydes (which resuit by zinc dissolution) 
near the electrode surface, Is dlmlnlshed by electrode rotation and thus, the 
local concentration of OH ' ions Increases.

Three main reaction mechanlsms were proposed In the literaturo for zinc 
passivation procesa: This could take place by:

a) dissolution ■ précipitation processes [4,9,15,16]
b) adsorbtlon - processes [17,18]
c) nucléation-growth processes [19,20]

The shape of potentlodynamic curves recorded by us in 1N KOH solutions, 
uslng RDE technique, suggest the appllcablllty of mechanism proposed by 
Sabater and Victori [21] Involvlng the followlng steps:

- Phase I (active dissolution):
Zn +OH- -♦ ZnOH + ë (5)
ZnOH + OH* -> Zn(OH); (6)

Zn(OH)j +OH- -> Zn(OH); + ë (7}

Zn(OH); +OH- -> Zn(OH)f (8)

* Phase II (prepa8sive dissolution):
Zn +OH- -+ Zn(OH) + ë (9)
ZnOH +OH" -> Zn(OH); (10)

Zn(OH); +OH- -> Zn(OH); + ë ( 11 )

Zn(OH); +OH- -> Zn(OH)J- (12)
Zn(OH)J’ = Zn(OH)1(leW) + 2OH " (on the electrode)( 13 )

- Phase III (passivation)
Zn(OH)’" = Zn(OH) 2(joM) +2OH" (on the electrode)( 14)

Zn +OH- ->Zn(OH)"+2e (15)
Zn(OH)++OH- -> Zn(OH) 2(wW) (16)

- Phase IV (oxide growth)
Zn + 2OH- -> Zn(OH)+ + 2 ê ( 17 )
Zn(OH)++ OH’ -> ZnO + H2O (18)

Prentice and Chang [22] consider reaction ( 7 ) as rate determining step for 
initial dissolution phase. Applaying Langmuir’s treatment, they proposed a model 
for zinc dissolution in KOH solutions, based on coupled elementary steps that 
partially cover the electrode surface with soluble species. Chang and Prentice 
consider that the most important are the following reactions:

Zn + OH' -> Zn(OH) +ë (9).
Zn(OH) +2OH- -> Zn(OH); + ë (19)
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Zn(OH), + ОН -> Zn(OH)2~ 

Zn(OH) + OH -> Zn(OH)2 + e

(12)
(20)

The curves registered during our experiments suggest that the first anodi< 
peak corresponds to the formation of a porous, less soluble film of Zn(OH) , 
(zinc oxide of first type after Powers and Breiter [23]) corresponding to th< 
second phase of Sabater and Victori mechanism. This film ensures a parțialii 
passivation of Zn, illustrated by the slight decrease of the current. The secon< 
anodic peak (corresponding to phase IV Sabater - Victori) appears because о 
ZnO formation (zinc oxyde of second type after Powers and Breiter) which leads 
to electrode passivation. ZnO is less porrous and more adhèrent than Zn(OH) 2 
and thus leads to better passivation. We consider that beside ZnO, othe 
superior nonstoichiometric oxydes may appear, contributing to the passivation 
involving following reactions [ 22 ]:

Zn + Zn(OH)2 + 2OH -> 2ZnO + 2H2O + 2e'; e* = -0.900V (21)

Zn+Zn(OH)2+(2+2y) OH- -> (2-y)ZnO+(2+y) H2O+yZnO2+(2+2y)e', 
ff°=-0.890 V (22)

Reactions ( 22 ) shows that the Zn(OH) 2 film generated on the electrode 

may react with OH" ions that penetrate the pores, generating oxides anc 
peroxidés combinations. Generally, the nonstoichiometric compounds ma\ 
appear following similar reaction schémas.

The existence of zinc peroxyde (ZnO2 ) is pointed out in Pourbaix diagrarr
[24] and in the works of Popova et ail [25]. Reaction ( 22 ) is valid also in the 
absence of peroxydes. For y = 0, one retrieves ecuation ( 21 ). The apparition oi 
peroxydes couid be suggested also by the shift of the second anodic peak 
potential towards more positive values (Tabele 1) at higher rotation speeds, 
when OH * transport is favoured.

The experiments carried out at varions rotation speeds of the RDE, showed 
an increase of the height of peaks 1,2,3 and 4 with the rotation speed and the 
transformation of peak 5 in a plateau. The maintenance of peaks 1-4 even in 
stirring conditions couid be explained by the formation on the electrode surface 
of adhèrent, less soluble products which limit the diffùsion of electroactive 
species towards and from the electrode.

The déviation of the exponențial dependence of current with potential under 
potentiodynamic conditions in the anodic dissolution of Zn was generally 
attributed to mass transport effects [4, 7, 9-11].

The dependences of peak currents, 1 and 2 on to1/2 are linear, as well as the 
(I) 1 vs. со"1'2 plots.

The 1/1, = f(co 1/2 ) plot, (Figure 2a) intersects the origin, denoting diffusion 

control of process when the 1/12 = f(a>_,/2) plot not intercepting the origin, a 
mixed control of charge transfer and diffusion in the case of the second anodic 
process is denoting (Figure 2b).
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So, it seems that the second peak coresponds to the formation of a film on 
electrode surface is controlled both by diffusion and charge transfer.

With increase of the rotation speed, the relative height and the shape of the 
peaks 1 and 2 changes; peak 2 becomes dominant at rotation speeds © > 400 
rpm and at © > 2000 rpm, peak 1 changes into a shoulder. (Figure 3).

а)ю = 100 rpm
c)© = 500 rpm
e)© = 1000 rpm
g)© = 2000 rpm

b)© = 300 rpm
d)©  = 700 rpm
f)© = 1500 rpm
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At the same time with the Increase of peak 1 and 2 at hlgher rotation 
speeds, a correspondlng Increase of peak 3 and 4 takes place, suggestlng a 
corrélation between processes 1 and 2 and the non-electrochemlcal ones, 
correspondlng to peaks 3 and 4. It le plausible that processes 3 and 4 
correspond to an arrachement from the electrode surface of less soluble 
producte formed during the anodic scan.

In Table 1, the current and potential values correspondlng to the peaks 
recorded at different rotation speeds of RDE, are presented.

The values of currents and potentiels for peaks 1,2, 3,4,5, at varlouses 0 In 
1N KOH solution.

Table 1

0 li 81 h 83 h 83 U
••

84 le 8e
(rpm) (mA) (V/

SCE)
(mA) (V/

SCE)
(mA) (v/ 

SCE)
(mA) (V/

SCE)
(mA) (V/ 

SCE)
0 3.70 -1.38 2.70 -1.25 3.70 -1.27 1.10 -1.42 1.05 -1.55

100 4.20 -1.37 3.80 -1.23 5.20 -1.27 2.60 -1.41 0.90 -1.54
200 4.50 -1.37 4.60 -1.22 5.80 -1.25 3.40 -1.40 0.30 -1.55
300 4.80 -1.35 5.32 -1.20 6.00 -1.23 4.00 -1.36
400 5.50 -1.36 6.20 -1.20 6.70 -1.23 4.90 -1.38
500 5.30 -1.36 6.20 -1.23 6.50 -1.27 4.80 -1.40
600 5.70 -1.36 6.75 -1.22 6.80 -1.27 5.30 -1.39
700 5.75 -1.32 6.75 -1.19 6.70 -1.24 5.30 -1.36
800 6.00 -1.32 7.20 -1.18 6.90 -1.23 5.65 -1.35
900 6.05 -1.33 7.20 -1.19 6.90 -1.24 5.70 -1.36
1000 6.10 -1.33 7.45 -1.18 7.05 -1.23 5.80 -1.36
1500 6.80 -1.33 8.20 -1.18 7.70 -1.25 6.60 -1.36
2000 7.45 -1.32 9.00 -1.18 8.00 -1.24 7.35 -1.34

l '■ U

Influence of (LP,ions) additives

The addition of 35 g/l LiOH to 1N KOH solutions résulte in significant 
charges of the I - s curves registred by RDE. Thus, the first anodic peak is no 
more clearly delimitated and the area of the anodic peaks is much more higher 
than in absence of Li* ions, while the peak potential values are slightly shifted 
towards more positive values (figure 4 and table 2). During the cathodic sweep 
only one anodic peak appears also higher than in the absence of Li* ions.

The important increase of anodic currents in the presence of LiOH shows 
that this has a strong influence upon the anodic oxidation of zinp. It seems that 
Li * ions exert a catalytical effect on zinc oxidation, which coud be bénéficiai in 
Ni - Zi alkaline batteries, because the LiOH addition improve their performances. 
It is posibile that some intercalation of Li in nonstoichiometric ZnO lattice takes
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place, leading to more conductive oxyde layer, 
reacționai mechanism.

leading to changes in the

Figure 4. Vottammograms of Zn electrode in KOH 1N + 35 g/l KOH 
a) о = 500 rpm; b) и = 1000 rpm

Table 2. The values of currents and potentials for peaks 2 and 3 at <o = 500 rpm, 
V = 60 mV/sec.

Nr. cri. Electrolyte l2 (mA) e2(V/SCE) l3(mA) e3(V/SCE)

1 KOH 1N 6.20 -1.23 6.50 -1.27

2
KOH 1N 
+35 g/l 
LiOH

18.30 -1.105 15.50 „ -1.22

It is of interest to mention that the curves recorded in KOH 6N (the same 
concentration as in the batteries) in the presence of various concentrations of 
LiOH (Figure 5) exhibit only one anodic peak with different shape during the 
anodic scan and another during the cathodic one, showing that Zn 
electrooxidation takes place differently as in KOH 1 N. The residual current after 
passivation decreases with increasing Li+ concentration and the distance 
between the two peaks increases, showing that the arrachement of the oxidation 
products from the electrode surface becomes more difficult while passivation is 
better.

As a slight increase of anodic peak potential with LiOH concentration takes 
place, a too high concentration of LiOH in electrolyte is hot recorçmended. At the 
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same time an increase of solution viscosity with Li* ions concentration i 
mentionod [26].

Thereforce, an optimum concentration of 35 g /1 Li * ions is recommande 
for use in alkalyne batteries.

Figure 5. Voltammograms in KOH 6N and various LiOH concentration

a) KOH 6N; b) KOH 6N + 10g/I LiOH; c) KOH 6N + 20 g/l LiOH
d) KOH 6N + 35 g/l LiOH; e) KOH 6N + 50 g/l LiOH;
f) KOH 6N + 70 g/l LiOH

4, Conclusions

The voltammograms recorded on zinc RDE in KOH solutions exhibit severi 
current variations situated in the region corresponding to the transition fror 
active dissolution to passivation.

Four anodic peaks were registered in KOH 1N, two during anodic and tw 
during cathodic scan, and one cathodic peak visible only at © = 0, whic 
dissappears in presence of stirring. The two first anodic peaks were attributed t 
less soluble oxydation products formation, such as Zn(OH) 2 and ZnO, on th 

electrode surface. The diffusion of OH ' ions through these move ore les 
soluble compounds especially in conditions of slow stirring, becomes rat 
determining step and leads to the apparition of above mentionod peaks in th 
voltammograms. The mechanism changes in KOH 6N.

A bénéficiai catalytic effect of LiOH was put on evidence which justifies, it 
use in alkaline Ni - Zn batteries in oder to impove their performances.
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