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SOMMAIRE 

La cinCtique d'adsorption du MeOH sur Pt lisse a CtC CtudiCe en utilisant des donnCes 

tirCes par la mCthode de la voltammetrie cyclique programmCe. La capacitk des modbles 

Langmuir et Temkin h dCcrire le phCnombne a CtC testCe. Il est mis en evidence que le modble 

Langmuir est en gCnCral insuffisant pour dCcrire l'adsorption du methanol. En revanche, le 

modble Temkin a et6 prouvC trbs adequat dans le cas oa = 0,lM et jusqu'h 0 = 0,5. 

L'application du modble Temkin aux concentrations 0,01 et 1 ,OM en MeOH montre 

que dam ces conditions ce modble est insuffisant B dCcrire le phCnombne global. 

Key words: adsorption, adsorption of methanol on Pt, adsorption isotherms, adsorp- 

tion kinetics. 

INTRODUCTION 

L'oxydation Clectrocatalytique du MeOH sur des Clectrodes mCtalliques a CtC CtudiCe 

exhaustivement par plusieurs chercheurs les vingt derniBres annCes puisque il s'agit d'un 

combustible, utilisC aux piles h combustible, trbs attractif pour des raisons diverses 

(rendement d'Cnergie ClevC, bas prix, produit de combustion non polluant [l]). Le mCca- 

nisme de la rCaction d'oxydation du MeOH reste encore un object de recherche et de contro- 

verses. Parmi les obstacles les plus importants h 1'Clucidation du phCnombne global est la 

connaissance de l'identit6 des espbces intermediaires, qui se forment h l'Ctape de la chimi- 

sorption dissociative du MeOH. Certains espkes s'adsorbent trbs fortement et empoisonnent 
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la surface de l'electrode. Les espbces interm6diaires possibles provenantes de la chimi- 

sorption dissociative du MeOH sont les suivantes: 

Par ailleurs, il est evident que des informations int6ressantes peuvent Ctre tides d'une 

Btude de la cinetique d'adsorption du MeOH sur la surface de l'klectrode, surtout en ce qui 

concerne l'isotherme d'adsorption suivie et, par constquence, la nature des forces entre les 

esp6ces adsorb6es. 

M. Breiter etait le premier qui a Btudit5 la cinktique d'adsorption du MeOH sur Pt lisse 

[21. Cependant, ses conclusions concemant la vitesse d'adsorption sont tires h partir de don- 

n6es indirectes obtenues dans des conditions non stationnaires. 

Bagotsky et ses coll. ont Btudie plus systtmatiquement l'adsorption du MeOH et sa 

cinetique, en milieu acide (1M H2SO4). sur Pt lisse ainsi que sur Rh et Ir [3,4,5] en utilisant 

une mkthode de pulses cathodiques et anodiques. Ils ont montr6 que pour des concentrations 

de MeOH supCrieures 2I 10-3M la vitesse d'adsorption est consid6rablement plus basse que la 

vitesse de la diffusion vers la surface de l'electrode. Par consequent, l'adsorption constitue 

l'ktape dkterminante de la vitesse de la reaction. Ils ont aussi constate que l'adsorption du 

MeOH, dans le cas oh l'adsorption est d6j2I arrivee h l'etat d'equilibre (&at de saturation), 

peut Etre representee par l'isotherme de Temkin connue comme isotherme d'gquilibre: 

oh a designe une constante, 0 le degr6 de recouvrement de la surface de l'electrode par les 

intermediaires adsorbt5es du methanol et fun facteur associt? ?I la h6tdrog6neit6 de la surface 

exprimant la difference entre la valeur maximum (AG,,) et minimum (AGmin) de l'knergie 

libre d' adsorption: 

f =  AGmax- AGmin 
RT 

I1 est 2I noter que AGmin represente l'energie libre d'adsorption quand 0+0, tandis que 

AGma est l'energie libre d'adsorption quand 0 atteint sa valeur de saturation. 

En ce qui conceme la cinetique d'adsorption du MeOH ils ont constatt que 0 varie 

lin6airement en fonction du logarithme du temps d'adsorption, c'est 21 dire 

A &ant une constante et a un parambtre dont les valeurs se trouvent dans l'intervalle Oax<l. 

Cette equation est connue comme isotherme cinetique d'adsorption. La vitesse d' adsorption 



pour 0 = constant est directement proportionelle $ la concentration (molaritt) du MeOH a3 

sein de la solution et le logarithme de la vitesse d'adsorption diminue lin6airement avec 

l'augmentation du degrk de recouvrement de la surface 0. Ainsi, la vitesse d'adsorption Va& 

du MeOH sur platine lisse Bun potentiel constant est representke par l'tquation de Roginskii- 

Zel'dovich 
49 vads = dt = kadsC exp(-af0) (3) 

oh la vitesse specifique de la rkaction d'adsorption k,h reste constante. 

Plus recement Sokolova et coll. [7] ont examint l'adsorption du MeOH en utilisant les 

mod8les de Ternkin et Langmuir; en admettant que le methanol chimisorW occupe 1 , 2  ou 3 

sites d'adsorption ils ont constatt que leurs rtsultats exptrimentaux s'adaptent aux Cquations 

respectives. I1 est toutefois h noter que ces rtsultats expkrimentaux n'ktaient pas suffisam- 

ment nombreux et par conskquent il est tr&s difficile d'affirmer si les equations utilisees de- 

crivent en rtalitk le phknomhe. En plus, les temps d'adsorption t utilises sont assez longs (t 

> 10 sec), de sorte que le recouvrement de la surface de l'6lectrode arrive, dam tout les cas, 

pratiquement B l'ktat de saturation. 

Peu de travail a ktk fait B l'tgard d'une approche absolument thkorique concernant le 

probEme de la cinttique d'adsorption des substances organiques sur des tlectrodes solides 

W ] .  

Les valeurs de 0 utilistes dans ce travail ont Ctt obtenues en utilisant la m6thode de la 

voltammetrie cyclique programmte dtj2 dtcrite [10,1 l]. Toutes les mesures experimentales 

ont tt6 rtaliste5 au laboratoire de Chimie I (~lectrochimie et Interactions) de l' Universitk de 

Poitiers B l'aide d'un montage tlectronique totalement control6 (pilott) par un micro- 

ordinateur. Dans la figure 1 nous donnons h titre d'exemple un couple de voltammograms 

cycliques en presence et en absence du MeOH. Dans cette figure les corrections effectuks 

concernant la couche double sont schematiquement indiqu6es. Mais les d6tails de la deter- 

mination de 0 ont t t t  dkjh dtcrits [ l  l]. 

Le montage utilisk prksente deux avantages importants: 

1) Possibilitt de dtterminer le paramhe 0 h des temps tr&s courts (t < 10 sec). 

2) Absence d'intervention d'expkrimentateur lors de la rkalisation d'une expkrience d'adsor- 

ption, un avantage qui augmente la prkcision et la reproductibilit6 des rksultats. 

Ces avantages nous ont donnk la possibilitt d'ajuster des tquations polynSmiales avec 

les courbes d'adsorption exptrimentales de sorte que la cinktique d'adsorption soit quantati- 

vement suivie. 
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(an pr .wnb du &OH) 

Fig. 1 .  Voltammogrammes cycliques de l'adsorption du MeOH sur Pt lisse en milieu HC1O4 

0,5M. Vitesse de balayage 50V/s. Potentiel d'adsorption O,4V/RHE. a) C M ~ O H  = 0,lM tads 

= 60s b) CMeOH = 0,lM tads = 0.0s (cyclage continu) C) C M ~ O H  = 0,OM tads = 0,Os. Les 

parties ombrbes, QH1, Qdl, Q2, Qb sont les differentes quantitds d'dlectricitd utilisdes pour la 

rgalisation de corrections n6cessaires impliqu6es par les conditions exp6rimentales (haute 

vitesse de balayage, tads courts). 

Dans la littkrature, diffdrents modbles d'adsorption sont admis pour analyser le 

ph6nomBne d'adsorption, mais les mod2les Langmuir [12,13] et Temkin [14,15,16] sont le 

plus souvent adopt&. 

Cependant, ces mod8les conduisent souvent 2 des conclusions contradictoires. 

L'origine de ces contradictions est g6nCralement associde B la prkhistoire de l'dlectrode, cet 

argument n16tant pas le seul facteur affectant le phdnom8ne. Par ailleurs, il nous semble que 

cette situation ne pourrait pas dtre ClucidCe par l'utilsation d'autres modbles d'adsorption, 

plus complexes, qui compliqueraient le phenombne global. C'est pour cette raison que nous 

avons essay6 d'examiner dans quelle mesure nos rdsultats exp6rimentaux peuvent dtre decrits 

par les mod&les Langmuir et Ternkin. 



CINETIQUE DE L'ADSORPTION DU METHANOL 

Figure 2. Variation de 8 en fonction du temps d'adsorption t h 25•‹C. (a) C M ~ O H  = 1,OM; 

(b) CMeOH = 031 M; (C) CM~OH = 0.01 M (0,5M HClO4. Eads = 0,4 V/ERH). 

Figure 3. Isothermes cinktiques d'adsorption du MeOH sur Pt lisse h Eads = 0,4 V/ERH. 

(a) CMeCJH = 1 ,OM; (b) C M ~ O H  = 0,lM; (C) CM~OH = 0,OlM. 

L'Btude a CtC effectuke aux concentrations 0,01M, 0 , lM et 1M en MeOH oh les 

courbes correspondantes 8 = f(t) presentent une forme typique (fig.2). Par ailleurs, les 

diagrammes de la figure 3 montrent que la relation 2 est insuffisante pour dBcrire le 

phCnom5ne global. I1 est h noter que tous les calculs de 8 sont rBalisCs en considerant le 
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pourcentage de la surface couvert, par les esptces adsorwes, par rapport B la surface dispo- 

nible, 8 = ~ouvert/~disp(sdisp = surface accesive B l'adsorption de l'hydrogtne). Les details 

de ces dkterminations ont 6t6 d6jB dCcrits [l l]. 

Tout d'abord, nous pr6sentons en d6tail l'6tude d'adsorption du MeOH B partir des 

solutions de 0.1 M en MeOH. 

Mod&le de Langmuir 

Dans ce modtle, on admet qu'il n'y a pas des interactions entre les esptces adsorMes et 

tous les sites d'adsorption sont Cquivalents. La vitesse de la r6action d'adsorption B chaque 

moment est une fonction de la surface libre de l'6lectrode et la cinttique d'adsorption se 
dCcrit par 1'Cquation: 

2 = C(1 - (4) 

oh C est la concentration du MeOH qui reste pratiquement stable au cours d'une expkrience, 

a le nombre de sites occupts par une molCcule du MeOH adsorbee et ko la constante de 

vitesse de la rCaction d'adsorption quand 8+0. 

Dans le but de determiner le paramttres a et k' de 1'6quation 4, la courbe expCrimentale 

8 = f(t) a 6tC ajustCe B un polyn6me de n degr6. Nous avons constat6 que pour 8 c 0,6 cet 

ajustement conduit B un polyndme de 6e degr6: 
6 

En consCquence la relation 4 se transforme: 

lnb = in ((g) = In (i = Ink' + a l n  l - I (7) 
1=0 i=O 

Les coefficients du polyn6me 5 dCterminCs au moyen de la mCthode des moindres 

carrCs sont rCsum6s dans le Tableau 1. 

La valeur de a = 5 ,040-~(  a = 6cart quadratique moyen entre les valeurs calculkes et 

expbimentalement determinkes de 8 ) montre une excellente aptitude de ce polyn8me A 
representer les donnCes expCrimentales. Le diagramme de la figure 4 repr6sente la variation 

de lnb en fonction de ln(1-8) pour 8 < 0,60. On constate que cette variation est pratiquement 

linkaire ( R ~  = 0,999). A l'aide de ce diagramme nous avons calculCes la valeur de a trouvCe 



Bgale B 4,46. I1 en resulte de cette valeur que chaque espBce adsorb6e occupe B peu pres 

quatre sites d' adsorption. 

Tableau 1.Valeurs des coefficients du polynSme 5. 

Cependant, en partant de cette valeur de a, le calcul de k' en fonction de t (B l'aide de la 

relation 4) ne conduit pas B des valeurs de k' indgpendentes du temps. Nous avons ainsi 

constat6 que k' varie sensiblement en fonction du t, un fait qui pourrait Etre expliquB en 

admettant que a et k' n'ont aucune signification physique, mais au contraire ils sont deux 

paramttres ajustables. On est ainsi amen6 B la conclusion que le'mod&le de Langmuir ne p u t  

pas reprksenter l'adsorption du MeOH sur Pt lisse. C'est pourquoi nous avons decidC 

d'examiner ces phBnomenes d'adsorption en nous servant le modtle Temkin, modBle connu 

pour dtre efficace dans le cas d'adsorption des molBcules simples organiques sur des 

Blectrodes de Pt [5,16,18]. 

Figure 4. Variation de In(de/dt) en fonction de h(1-0). C M ~ ~ H  = 0,lM 

Modele de Temkin. 

Dans ce modtle, on suppose que la surface d'adsorption est uniformement inho- 
mogtne, tandis que la variation de AGLs en fonction de 0 soit lintaire [19]: 
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On considbre aussi que la vitesse d'adsorption depend de la concentration C du 

MeOH, de la surface libre (1-0) et d'un facteur exponentiel exp(-go) qui est liC a l'inhomoge- 

neitC de la surface. L'Cquation cingtique est: 

f Ctant le facteur de I'hCtCrogCneitC de la surface, a le facteur de symCtrie, g = af et k' = k&. 

L'equation 3 constitue une forme simplifite de l'Cquation 8 et elle sedkduit facilement 

de celle-ci si on admet que (1-0) vane trks peu dans la region 0,2 < 0 0,8 . 
En tenat compte que la courbe experimentale 0 = f(t) peut Ctre exprimCe par un polyn6- 

me de ne degrC, la relation 8 prend la forme: 

Dans le Tableau 2, nous avons confront6 les valeurs exp6rimentales du degrC de 

recouvrement 0 avec celles interpolBes ?i partir de la courbe expCrimentale 0 = f(t) en utili- 

sant la methode d'interpolation de Lagrange. 

Au but d'examiner dam quelle mesure 1'Cquation 9 est valable dans toute la gamme de 

0 examinee dans cette Ctude, la partie de la courbe 0 = f(t) correspondant ?i 0,5 < 0 < 0,7 a 

CtC aussi ajustCe h un polyn6me de 6e degrC. Nous avons constat6 que ce polyn6me 

represente parfaitement les rksultats expCrimentaux Ctant don& que a = 4,9' 10-4. Les valeurs 

obtenues de ses coefficients Ai sont rapportks dans le Tableau 1. 

A l'aide de la relation 9 et des coefficients Ai consign& dans le Tableau 1, nous avons 

calculC les valeurs de Y en fonction du temps t. La courbe de la figure 5 reprksente la 

variation de lnY en fonction de 0. La relation 10 prCvoit une dCpendance linCaire entre lnY et 

0; ce que l'on a observe jusqu'i 0 = 0,5 . Dans cette rCgion, le coefficient de dCtermination 

lineaire R2, Ctant Cgale h 0,9994, dCmontre que 1'Cquation 9 est parfaitement valable. En 

revanche, pour 8 > 0,5 on observe des Ccarts importants de la 1inCaritC. I1 est donc possible 



de dtterminer les parambtres k' et g de l'Cquation 8 dans la partie linCaire de la courbe InY = 

f(t). Les valeurs de ces parambtres ont CtC trouvCes respectivement Cgales ii 7,74 S-' et 6,32 

Tableau 2. Valeurs de 8 interpolkes et expkrimentalement dCtermin6es. CMeoH = 0.1M 

* Valeurs expCrimentales 

I1 est B noter que la valeur de g (=6,32) co'incide pratiquement avec celle trouvte par 

Bagotsky et coll. (g=6,25) [6] et Loucka (g=6,4) [20]. I1 est B souligner que la valeur 6,25 

proposCe par Bagotsky et coll. a CtC determinte B l'aide des isothermes d'adsorption B 1'Btat 

d'tquilibre. Cependant, les mCmes auteurs ont dCtermin6 g B l'aide des donntes cinttiques et 

ils ont trouvt la valeur g = 6,5. 

Dans le but d'examiner la variation de k' en fonction de t, dans toute la gamme des 

temps, les valeurs de k' ont Ctt calculCes B l'aide de la relation 
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en utilisant 1a valeur g = 6,32. L'tvolution de k' en fonction de t est illustrte dans le dia- 

gramme de la figure 6. On constate que jusqu'h t = 0.8sec (8 = 0.5), le paramkre k' reste 

pratiquement constant. 

Figure 5. Variation de InY en fonction de 8. = 0, l  M 

On pourrait interpreter ces rtsultats si  l'on tient compte du fait que Stquation Temkin 

est une formule limite, rigoureusement valable dans des regions des valeurs relativement 

faibles de 8, oh les interactions entre les espkces adsorbtes ne sont pas encore assez impo- 

rtantes. 

En outre, il a Ctt postult dans la litttrature [211 que chaque moltcule du  MeOH, 

adsorwe sur Pt lisse, occupe deux sites d'adsorption. ~ t a n t  donnte cette situation, on peut 

supposer que pour des valeurs 8 I 0 , s  le phtnomkne d'adsorption Cvolue de  mani5re 

presque idtale sur une surface uniformtment htttrogtne. S i  ceci ttait  vrai, on aurait dB 

s'attendre 3 ce que la relation Temkin soit valable jusqu' 3 8 = 0,5, ce qu'a et6 effectivement 

constatk. A partir de 8 = 0,s on peut supposer que des interactions importantes ont lieu entre 

les esptces adsorb6es et le systtme s'kcarte sensiblement de la dite allure "Ternkin". Quant 3 

la relation cinttique 8, elle perd son aptitude h dtcrire le phtnomtne global. 

Ces resultats, concernant l a  concentration 0 , l M  en MeOH, nous permettent d e  

conclure que pour 8 I 0,5 l'gquation Temkin s'applique rigoureusement dans le cas du 

methanol. 

En revanche, dans le cas d'une cinttique d'adsorption plus rapide, oh 0,dBpasse 

rapidement la valeur 0,5, on pourrait supposer que la relation Temkin devient insuffisante 

pour dkcrire la situation globale. C'est effectivement ce que nous avons observe dam le cas 



oil CM~OH = 1 .OM. On a constate que la linearit6 prevue par la relation 9 n'est pas observte, 

m&me pour de tr&s faibles durCes' d'adsorption. 

Dans le CiiS ou CM~OH = 0,01M, en admetant les dites conditions Temkin, on constate 

que la dCpendance 1nY = f(0) n'est paslinCaire. 

Figure 6. Variation de la constante k' (modkle Temkin) en fonction de t. CM~OH= 0,lM 

D'autre part, en examinant les donnkes h l'aide de l'isothenne Langmuir (relation 4) on 

trouve que, pour differentes valeurs de a, k' ne demeure pas stable en fonction de 0. 
Cependant, dans les cas ob a = 2 ou 3 et 8 c 0,3 on constate que k' tend vers des valeurs 

plus ou moins constantes. NBanmoins, sous de telles conditions (8 c 0,3), la possibilitk de 

realiser des experiences cinetiques fiables est limitee par la mCthode experimentale utilisCe 

dans cette etude. 

Conclusions 

En conclusion, l'ensemble des calculs effectues et la discussion precCdante nous 

permenent de fonnuler les remarques suivantes: 

L'adsorption du MeOH sur Pt lisse se dCroule dans des conditions "Temkin" dans le 

cas oh CM~OH = 0,lM et jusqu'i des valeurs de 8 proches de 0,5. Pour 0 > 0,5 les intera- 

ctions entre les molCcules "prCadsorbtes" deviennent plus importantes et par consCquent on 

observe des Ccarts par rapport au comportement "Temkin" qui croissent en fonction de 0. 
Le fait que les Ccarts font leur apparition B 0 = 0,5 constitue une indication supplt- 

mentaire que la moltcule du MeOH a besoin deux sites d'adsorption pour qu'elle soit 

adsorbCe. 
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Dans le cas oh CM~OH = 1 ,OM on ne peut visualiser un domaine de validit6 de la 

relation (modkle) de Temkin parce que m&me pour des temps d'adsorption tr2s courts on 

arrive B des valeurs de 0 Cgales oh plus ClevCes de 0,5, c'est B dire on arrive trks rapidement 

B Etat  de saturation. Dam le cas oil C M ~ O H  = 0,OlM la situation semble plus compliquCe et 

les deux modkles utilisCs sont insuffisants pour dCcrire le phCnomkne global. En plus, la 

concentration 0,OlM est consid6rC assez basse permettant Cventuellement 1' interventions de 

divers effets contaminants. 

I1 est B souligner que les rBsultats de cette Btude sont en accord avec les conclusions 

d'autres Ctudes [6,20]. Les Ccarts observ6s entre nos rdsultats et ces de Wieckowski [23] et 

Kazarinov 1241 peuvent etre attribu6s au fait que ces recherches ont et6 effectutes sous de 

conditions sensiblement differentes (adsorption sur Pt platin.6). 
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Summary 

KINETIC STUDY OF THE ADSORPTION OF METHANOL ON A SMOOTH POLY- 

CRYSTALLINE Pt ELECTRODE 

The kinetic of the adsorption of methanol on a smooth Pt electrode has been studied by 

using data derived from a programmed cyclic voltammetry technique. The data is treated by 

means of Langmuir and Temkin equations, the validity of which is discussed. The results 

obtained show that the Langmuir equation is insufficient to describe the whole phenomenon. 

On the contrary, Temkin's equation is quite applicable to the solutions where CM~OH = 

0,lM. This treatment also shows that both these equations are insufficients to describe the 

adsorption of methanol from solutions of 1.,0 and 0,OlM MeOH. 

n&eiltlWll 
MEAETH THZ KINHTIKH THZ IIPO2PODHZ:ESZH THE M E Q A N O A F  IIANSZ 

Z E  AEIA LIOAYKPYZTAAAIKA HAEKTPOAIA AE Y K O X P Y Z O Y  \ 

Xtqv Eeyaoia autq pEhEtdlta1 q x ~ w p c f i  t q ~  rceooeocpqaeo~ t q ~  p~0avohq~ rcavw 

U E  l ~ i a  xohux~uotahh~na qhext~66~a Pt. Ztq p~hktq autq X Q ~ O L ~ O Z O ~ O - ~ ~ V ~ ~ L  ZELQa- 

pat~xix 6~60phTt xou n e o b w a v  pe tq poq0~ia tq5 T E X V L ~ T ~ S  t q ~  ~@oy@appat~&~vrg  

xulthixfi~ pohtap~teias. Ta 6~6opbva auta avahljovta~ FE paoq t a  ~ E W Q ~ T L X ~  n@o- 

tuna twv Langmuir xai Temkin xaL E E , E ~ ~ Z , E ~ ~ L  q aE~on~atia twv n~otljnwv autwv ato 

va ~ ~ ~ i y @ a Q o u v  t a  ~~i@apatLxa  6~6opkva t q ~  Eeyaoia~ autflc,. A~aZ~o~(;)vEtal 6tt  TO 
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x ~ 6 t v x o  Langmuir UE x a k ~ a  xe@imwoq 6 ~ v  pxoeei va x ~ ~ i y e a q ~ i  t o  oho cpa~voyevo 

tq s  xeoaeocpflo~os rqs p ~ 0 a v o h q ~  x a v o  UE h d a  q h ~ x t ~ o 6 1 a  Pt. Avtieeta, t o  JGQOTIJ~O 

Temkin x e i v ~ t a i  xarahhqho o t o  va X E Q L Y Q ~ ~ E L  tqv X Q U Q O ~ ~ ~ U ~  t q ~  p~Ouvohq< a n 6  

G ~ a l 6 p a t a  0,lM @avohqg xa i  yLa h o p 6  ucixahljyr~ws 0 < 0,5. Tkhos 6 i an io rhv~ ta l  
6 t ~  OL EELOC;)UELS Langmuir xa i  Temkin &v pxoeobv va n~eiygaqouv ta n ~ i p p u t i x a  

pas  6~60pkva 6aav = 1,O fl 0,OlM xai  0 > 0,3. 
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CATALYTIC PROPERTIES OF x-A1-.0~ ELECTROLYTICALLY PREPARED 

1 1 1 .  EFFECT OF ANODIC OXIDATION BATH TEMPERATURE ON ITS 
CATALYTIC PROPERTIES 

(Received January 31, 1990) 

SUMMARY 

The catalytic effect. of porous anodic alumina films 
prepared in &-SO4 15% W/V, at constant current density 3.5 
A 1 dm'2 , different bath temperatures 20-5OC1C and anodization 
time intervals, was investigated in the HCOOH dehydration 
reaction. For bath temperatures 25, 30 and 40•‹C it was 
verified that kinetic parameters such as activation energy, 
frequency factor., total activity of films having constant 
geometric surface as well as specific activity displayed a 
maximum at a particular anodization time interval, for each 
bath temperature employed, around which the maximum limiting 
mass, thickness and porosity at first appear. For films 
prepared at the same anodization time, with identical 
thickness or pore lenght, all the above parameters increase 
with increasing bath temperature. The sequence is reversed 
when their maximum values, except those of specific activity, 
are compared. Specific activity, on the contrary, increases 
significantly as bath temperature increases when films having 
the same thickness values or those displaying maximum values 
of kinetic parameters are compared. This--q.atalytic behaviour 
of anodic Ala& films is partially due to the variation of 
film porosity which increases with thickness and bath 
temperature either with regard to films of the same thickness 
or films with limiting maximum thickness and also to the 
significant increase of limiting mass, thickness and total 
real surface of films on decreasing bath temper'ature. The 
main reason for the observed catalytic effect of porous 
anodic aluminas in the HCOOH dehydration is the change in 
structural characteristics such as the size of 
microcrystallites and the stoichiometric deviation of the 
oxide across the compact pore wall A1aO-r which are 
differently affected by bath temperature. 

Key words: Catalysis, anodic alumina, formic acid 
decomposition. 



INTRODUCTION 

Alumlnlum oxlde rllms on A1 metal surrace can be prepared 

electrolyt~cally by the anodlc nxldatlon of Al metal and are 

usually called anodlc alumlna rllms These fllms are of 

cel lular structure and the cholse or electrolyte determines 

the product fllm: belnq elther non-porous (barrler type), 

formed In electrolytes whlch do not dlssolve the Al..& 

produced (borlc acld. borate salts. cltrlc acld etc), or 

porous, formed In electrolytes dlssolvlns the produced Alz>0- 

(sulfurlc, phosphoric, oxallc aclds  et^)^-^. The thickness of 

non-porous fllms 1s approxlmately analogous to the Imposed 

voltage and can reach up to 1 um whlle that of porous ones can 

reach UP to many tens of um. The structure of porous fllms 1s 

characterized by a close packed array of approxlmately 

hexagonal. columnar cells each of whlch contalns an elongated, 

roughly cylllndrlcal pore, extending between the fllm external 

surface and the A12&/A1 Interface where ~t 1s sealed by a 

thln compact barrler type oxlde layer. Pore base dlameter and 

cell/pore surface concentratlon are dependent on the cholse of 

electrolyte. Pore dlameter varles generally between a few W up 
to a few hundred (for HTSOs electrolyte lt 1s equal to or 

greater than 120 1) and pore concentratlon 1s of the order 

1OLC' pores/cm-' of metal qeometrlc surface. 

The lnvestlgatlon of catalytlc properties of anodic 

alurnlnas has recently acqulred much interest. Anodlc aluminas 

either porous or non-porous were applled as planar model or 

substrate model catalyts and the results appeared to be 

remarkab 1 ex--14 . The catalytic behaviour of porous anodlc 

alumina films prepared In a 15% w/v HZSO4 non-stlrred bath 

solutlon in the HCOOH decomposltlon reactionx3--'--' was 

investigated whlle a semllndustrlal catalytlc reactor was 

designed, constructed and studied with respect to the same 

reference reactionlE3. Formic acid decomposition on these 

alurnina catalysts was found to be a "100% dehydration 

react ion1"* l" up to a temperature of 355•‹C according to 

equation 

HCOOH -- %O + CO (1) 
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whlle the A1 metal lylng beneath the Al.;.& film did not exert 

any dlrect Influence on the reaction'". 

The actlvlty of the anodlc ALOs catalyst is much higher 

than that of bulk ~ - A l p 0 ~  chemically preparedfz. The HCOOH 
dehydration reactlon was found to be a zero order reaction for 

HCOOH vapour pressure values greater than a particular one 

speclflc for each reaction temperature being 1.e. 0 . 3 8  and 

0.55 at 320 and 350L"C3.6 . The results suggested a reaction 

mechanism whereby the HCOOH dehydration takes place on Lewis 

acidic centers via a formate ion intermediatea6. The 

conditions of preparation of anodic aluminas, anodization time 

and current density, significantly affected the kinetic 

parameters of HCOOH dehydration i.e. activation energy, 

frequency factor and both total and specific activities of 

anodic alumina film catalysts. 

In the present study the effect of bath temperature of 

anodic oxidation on the catalytic properties of anodic 

aluminas, prepared at constant current density 3 . 5  A / W  in a 

15% w/v H5:SOa' non-stirred bath solution, in the HCOOH 

dehydration reaction, was studied. 

EXPERIMENTAL 

The materials and procedure" of A1 anodization for the 

preparation of anodic alumina catalysts, the' treatment of 

anodlzed A1 specimens for the removal of the electrolyte 

enclosed inslde pores and the methods of film mass and 

thickness determlnatlon were reported earlierlh-l7. The A 1  

specimens used were 3Ox50(rnm) coupons with a tailing end the 

greater portlon of which was covered with insulating varnish 

whereas ~ t s  bare edge was utilized for making the electrical 

connection. Prlor to anodlc oxidation, the A1 coupons were cut 

along the 50 m horizontal dimension, on either side. into 

strlps 2 O x 2 ( m ) .  After anodization, the 20 strips, 

symmetrically cut around the middle of A1 specimen carrying 

the anodlc Al:,=O:.; film on the 20.2 crP of their geometric 

surface, constituted the catalyst supplied to the reactor. 

Anodlc alumlna fllms prepared at a constant current 

denslty, 3.5 A / W ,  at bath temperatures 20, 25, 30, 40,  45 



and 50•‹C and various anodization time intervals were used as 

catalysts in HCOOH decomposition experiments. Another group of 

A12& films, prepared at 30•‹C bath temperature, were calcined 

at 500•‹C for about 17 hrs for measuring the weight loss due 

mainly to the removal of OH groups or molecular h0 present in 

the film. The Al=&/Al strips of catalysts prepared at bath 

temperatures 25-40•‹C were weighted before and after catalysis 

experiments, after being dryed in an air stream, in order to 

determine the total mass change durins catalysis due to the 

amount of h0 gained or lost and the amount of HCOOH adsorbed 

on the pore wall surfaces of catalysts. They were subsesuently 

neutralized wlth NaOH 0.1 N for removing absorbed HCOOH, dried 

and weighed again for the determination of the absorbed HCOOH. 

The HCOOH decomposition experiments were carried out in a 

Schwab laboratory microreactorlh. The measurements of reaction 

rate at different temperatures were obtained in this study as 

we l l as previous lyzh. "7 by a dynamic method. The reaction 

temperature was supplied by means of an oven'6 which was 

regulated to increase the temperature ap~roximatel~ linearly 

from ambient temperature up to 290•‹C at a rate of ?1O0C/min 

and from 290•‹C up to 350•‹C at a rate of l-Z•‹C/min. The method 

of reaction rate measurements, durins catalysis experiments. 

was as previously describedz6. 

RESULTS 

1,Structut-e of the anodic alurnina f i l m s  

The mean thickness (h) and mass (m) of the film present 

on the 20.2 cm2 anodized ge.ometric surface of the 20 strips of 

Al=&/Al catalyst prepared at bath temperatures (b.t.1 25. 30 

and 40•‹C and at constant current density 3.5 A/d@ vary with 

anodization time (t) as shown in Figs l(a and b). The 
thickness increases linearly up to a particular anodization 

time interval (h) for each b.t. employed; then the rate of 

thickness increase slows down up to another, also particular 

for each b.t., anodization time (t,) where it becomes zero. 

Beyond t, the thickness remains constant. The density of 

compact anodic AI2& oxide calculated from Faraday's law and 

the constant rate of thickness growth which is independent of 
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t ,  min 
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FIG. l. DepeMence of tke man thrclmess ( a )  aid m-s of tLe oxlde f llm 
spmad over t* 20.2 c d  anodlzed g e a w t r x  surface of tLe 20 s t r lps  of 
AI y'Al catalyst (b) on anodlzatlon tm at b t h  tenperatures 25, 30 and & current -lty 3.5 M&. 

b.t. and anodization time UP to tl was found to be 3.42 g/cm--'. 

Film porosity values were calculated from the mass, thickness 

and density of compact Alp& and were found to Increase up to 

t, from which point onwards they also remain constant. Slnce 

pore concentration remains constant during anodizatlon and 

pore length is identical to film thickness, the varlatlon of 

specific real surface with anodization time ought to be 

qualitatively the same to that of porosity. All these observed 

facts can be explained on the basis of the close packed array 

of the approximately hexagonal columnar- cell structure of 

porous films. Figure 2 depicts two sections of an idealized 

cell, parallel (a) and perpendicular (b) to the direction of 

thickness growth or pore axis in which the barrler layer, 

porous layer. pore wall Alga and pore and cell shape are also 

pictured. Because of the internal dissolution of pore walls, 

during anodization by the electrolyte, pores acquire a conlcal 
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FIG. 2. Sections of an idealized Ixxag011al col- cell of a porous 
anodic alumina film, wallel (a) perpeMicular (b) to t h  =is of a 
truncated cone -shaped mm. 

shape. The linear increase of film thickness up to t~ is 
justified by the fact that the pore external diameter is 

smaller than cell width. At tl the pore diameter approaches 

cell width while at t,, their sizes become equal after which 

point onwards a constant film thickness is achieved. The 
changing rate of film thickness growth between tr and t, is 

due to the fact that the cross sectional shape of cells is not 

strictly hexagonal and that. during anodization, some small 

temperature gradient along the vertical dimension of the A 1  

specimens is established; the temperature is somewhat higher 

than the imposed b.t. and increases from the lower to the 

upper regions of the specimen. This results in a local current 
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denslty and local fllm thlckness dlstrlbutlon along thls 

dlrectlon whlch becomes slgnlflcant only when b.t. decreases 

and current denslty Increases considerably. The thlckness of 

the upper reglons of fllms prepared at anodlzatlon tlmes t ~ t ,  

was slightly hlgher than the corresponding thlckness of the 

lower fllm reglons. Durlng the Interval tl-t, thls sequence 

was gradually lnversed and thls trend persisted even beyond 

t,. The llmlts, on elther sldb of the mean thlckness (fllm 

thlckness at the mlddle of t%e specimen) between whlch f llm 

thickness falls were k0.5, k1.5 and +2.5um for b.t. 40, 30 and 

25OC respectively for t X, where the devlatlon of elther 

specimen edge from the mean fllm thlckness was always the 

largest. 

Together with the above mentioned reasons, the process of 

internal pore wall dissolution explains the conti'nuously 

decreasing rate of mass growth up to t, , the constant mass for 

anodization times beyond t, and the profile of 'porosity 

variation with anodization time. The mechanism of film 'growth 

and the simultaneous dissolution of pore wall A~P&. which is 

enhanced by b.t. also explain the strong depression. in 'the 

maximum limiting values of mass and thickness with b.t.. The 

limiting mass of films formed over the 20.2 c e  anodized 

geometric surface of the 20 AlaO.</Al strips of catalyst 

prepared at 20, 45 and 50L'C was also determined. It was found 

to be 0.362, 0.0312 and 0.0213 gr respectively also strongly 

decreasing with'b. t . . 
The porosity of films having the same thickness and 

produced at the same anodization time, Increases with 

increasing b.t. but this increase is nevertheless not very 

significant since pore concentration depends rather on current 

density. The only reason producing increases in porosity is 

the larger broadening of pores due to-the higher pore wall 

dissolution capacity when b.t. rises. The porosity of films 

either when their thickness tends to zero or to the limiting 

maximum value rises slightly with b.t. varying from 20 up to 

28% and from 37 up to 47% respectively on passing from 25 to 

40•‹C. The specific real surface (S) was earlier reported17 to 

increase with anodization time from approximately 10 up to 20 
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e2/g correspondinq to film thickness tending to zero and to 

its llmltlng value respectively for films prepared at 30•‹C and 

3.5 A/dm2. For fllms prepared at the same b.t. and current 
densities 1.5-7.5 A / W ,  although their limitlng thickness 

increases significantly with current densit'y, only a slight 

increase of limibing s value was verified on decreasing 

current densityL7. On the basis of what was discussed above 

for poroslty variation the change in specific real surface of 
films prepared at other b.t. should also vary approximately 

between 10 and 20 g/gr with anodization time although some 

gentle increase in those values is expected on increasing bath 

temperature. 
The A12& anodically produced is a dry material since its 

calcination showed an insignificant weight loss i.e. 1-2.5% of 

mass for films prepared at 30•‹C. These %ages refer to the 

lower and higher thickness obtained at that b.t. and increased 

simultaneously with film porosity, denoting that water is 

adsorbed on the pore surface rather than incorporated in the 
compact pore wall Alp%. A %age less than unity thus can be 

regarded as &O incorporated in pore wall compact oxide. The 

above percentages of I L O  contained in the oxide increase 
slightly with bath temperature. 

2.Catalytic decom~oeition of HCOOH on anodic A L C h  films 

Since HCOOH decomposition is an exclussivel~ dehydration 

reaction of zero order under the experimental conditions 

of l atm HCOOH vapour pressurei6. then the measured reaction 

rate (r in mol/s) was identical to the reaction rate constant 

(k). From its values measured at various reaction temperatures 
and the application of the Arrhenius equation 

k = Aexp (-E/RT) 
In k = In A - E/RT 

where E=activation energy in kJ/mol. A-frequency factor 
in mol/s, R-universal gas constant an& T=reaction temperature 

in K, the E and A values were determined by resrssslon 

analysis. 
The variation of activation energy, fmwkency factor and 
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Fig.3.Effect of anodic oxidation tim? on th? activation enemy /al. 
frequency factor (b) am2 reduced frequency factor pr gram of iilde (c) 
dlsplayed by th13 IR;ICILW catalytic delpdratlon of oxlde (c) dlsplayed m th? 
IR;ICILW catalfl lc de-atlon reactlon on porous anodlc Alp3 f llolr m- 
at 25, 30 and 4 0 9  B t h  tenpleratures. 

reduced frequency factor per gram of Alp% film catalyst (A/m 

in mol/s.g) with anodization time. yielded by the films 

prepared at 25, 30 and 4 P C  b.t. is shown in Figs 3(a, b and 
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t ,  min 

(b) 

Flg.4.Depn-le~ce of total activity displayed by the anodic Alg3 present 
on the 20.2 c& anodized gemtric surface of t h  20 strip of AlF3/Al 
catalyst (a) atxi specif~c actlvlty (b) at constant reaction tenzxratw 
350•‹C of H X G i d e m a t l o n  on anodizatlon t m  at bath tap?ratures 25, 30 
atxi root. 

c) respectively. The total activity defined as the activity 

exhibited by the oxide catalyst suspended on the 20.2 cnP 

anodized geometric surface of the 20 strips of A1 metal at a 

constant reaction temperature of 350•‹C (k(350•‹C)) and the 

specific activity at the same temperature (k (350•‹C) /m) vary 

with anodization time at b.t. 25, 30 and 4OUC as shown in Figs 

4(a and b) respectively. All above kinetic parameters display 

a maximum around t, for each b.t. as observed from Figs 3 and 

4. Th'is maximum probably vanishes as b.t. becomes >40•‹C and 

constant values of kinetic parameters for tlt, are expected. 

~ecause of the small value of specific real surface and its 

unimportant variation with anodization timex7 and b.t. as 

stated above. the reduced parameters A and k(350•‹C) per I& of 
real surface (S=m.s) of oxide film (A/S and k(350•‹C) /S) are 

expected to have the same profile of dependence with respect 

to anodization time as A/m and k(350•‹C)/m while their maximum 

values must also vary in a similar fashion to that of the A/m 
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and k(350•‹C)/m parameters with b.t.. This was also found to be 

true for films prepared at various current densities at b.t. 
301"c:1.? 

The appearance of maxima in kinetic parameters could be 

to some extent attributed to the distribution 6f film 

thickness and porosity near t, and about the center of the 

specimen from which the Alx?Gs/A1 strips were taken since the 

distribution of thickness is probably connected to a 

distribution of catalyst efficiency also. The inversion of 

thickness distribution in the interval tl-t, which continues 

at an imperceptible rate and beyond t, could contribute to the 

appearance of a maximum in kinetic parameters but Bince the 
thickness distribution is noticable only at the lowest b.t. of 

25OC .the significant variation of kinetic parameters around 

the maximum observed at i.e. 30•‹C b.t. cannot be attributed to 

this reason only. This could probably be the reason for the 

appearance of maxima not strictly at the anodization time t,. 

As it was also previously noted"', impurities present in the 

A1 metal used 

have any inf 

justif Y the 

parameters. 

When f i 

for anodic film preparation, such as Fe, do not 

uence on the results: then their presence cannot 

observed variation in catalytic kinetic 

ms prepared at the same anodization time. having 

comparable thicknesses which are nevertheless lower than the 

limiting thickness values, are considered. we observe that all 

parameters are increasing as b.t. rises. As films approach 

their limiting thickness, the trend is reversed for all 

parameters except for specific activity which remains 

unaltered. 

Measurments of kinetic parameters were also taken from 

experiments of HCOOH decomposition over films prepared at b.t. 

20, 45 and 50aC and anodization times 140, 15 and 10 min 

respectively, corresponding to the time intervals t,. around 

which the maximum in kinetic parameters is expected to appear. 

By comparing the maximum values of kinetic parameters obtained 

at the different b . .  employed it is observed that the 

activation energy, frequency factor and reduced frequency 

factor, Fig. 5(a), and total activity at 350•‹C reaction 
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FIG5.Effect of anodic oxidation bath t~vnperature on t& ~ ~ ~ i m u n  values 
of activation energy, frequemy factor am' reduced frequency factor per 
gram of oxide catalyst (a) a& total arxl specific activity at 350% 
nyction t-ature of mrX?W dehydration (B)  aclueved at various bath 
tenperatures. enployed for the prepvation of anodic alumina film 
catalysts. 

temperature. Fig. 5(b). increase with decreasing b.t. whereas 

specific activity, Fig. 5(b), increases in the reverse 

direction i.e. with increasing b.t.. The magnitude of maximum 

specific activity at 50•‹C is nearly 2.5 times that at 20•‹C. 

The increase in specific activity with b.t. is due partially 

to the increase of porosity and real surface but is mostly due 

to changes in the nature of pore wall oxide with b.t.. 

Although the maximum specific activity increases with 

increasing b.t., the maximum total activity on the other hand 

increases considerably with decreasing b.t.. It is due to the 

appreciable increase in the length of pores in films having 

the maximum limiting thickness as b.t. decreases. Hence the 

catalytic real surface of pore walls increases significantly, 

predominating over the decrease in the maximum value of 

specific activity with decreasing b.t.. 

Because of the increase in both the pore wall surface due 
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to the conical shape of pores and the catalytic specific 

actlvity of Alr& wlth film thickness or pore axis length. the 

values of parameters E, A/m and k(350DC)/m calculated or those 

of A/S and k(350•‹C)/S which represent their mean values over 

the whole surface of pore walls can be reqarded as the values 

of parameters displayed by a ring-shaped differential of the 

pore surface, dS, located at an appropriate distance from the 

pore base and near the pore mouths. Then, the kinetic 

parameters displayed by this surface must vary with respect to 

its position along the cross section of pore wall A L k ,  Fig. 

2, or in other words, the catalytic effectiveness of compact 

pore wall oxide changes along its section. Thus the observed 

variation of kinetic parameters with anodization time acquires 

a physical meaning; it must be attributed to the change of 

oxide nature along the pore wall section. 

The weight of Al~h/Al strip catalysts, prepared at bet. 

25 and 30•‹C, prior to catalysis, after catalysis and after 

neutralization was found to be essentially the same. It is 

therefore concluded that the variations of oxide weight due to 

the changes in the amount of H20 lost during experiments and 

the amount of HCOOH present in the oxide film after catalysis 

are insignificant; both falling into the limits of weight 

determination accuracy. Since at ambient temperature increased 

adsorption of HCOOH is expected, the HCOOH quantity adsorded 

on the oxide surface during catalysis is therefore also 

insignificant. This is due to the dissociative adsorption of 

HCOOH happening only on the small surface of pore5 and not on 
the much larger surface of microcrystallites constituting the 

pore wall oxide1&. l9 since it is not accessible to gaseous 

HCOOH molecules. Water initially present in the film must be 

to some extent removed by heating during catalysis experiments 

but since reaction temperature and experimental duration were 

appreciably lower than that of calcination as noted above. 

then the H5>0 amount removed is lower than that at calcination, 
which is 1-2.5% for films prepared at 3 0 0 ~  b.t.. This weight 

loss must be counterbalanced to some extent by adsorption of 

HCOOH. Weight increases, due to h6 adsorption durins 

catalysis, must be rather excluded since h0 produced is 
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easily removed. n fact arising also from the zero order of 

reaction. Total weight variation then, after catalysis and 

catalyst neutralization, is apparently insignificant and hence 

not accurately measured gravimetrically. Only for AlaOs film 

catalysts prepared at b.t.?40•‹C a weight diminution was 

observed. After catalysis experiments and the subsequent 

neutralization of catalysts, weight losses were 1.1 and 1.9% 

on average respectively for films prepared at 40•‹C. Their 

difference of 0.8% is apparently a rough estimation of the 

amount of HCOOH adsorbed on the catalytic surface after 

catalysis has ceassed and expresses the HCOOH amount present 

on saturated pore wall surface. The 1.9% weight loss roughly 

expresses the water initially present mainly on the pore wall 

surface. As b.t. increases the film porosity and specific real 

surface also rise together with the amount of water initially 

present and the water amount removed during catalysis becomes 

measurable. The increased amount of HCOOH adsorbed is also due 

to the increased porosity and specific real surface or to some 

change of microcrystallite size around the pore wall surface 

and their surface nature. Probably other incorporated species 

such as SO4"-- and traces of other element impurities located 

at the intercrystallite surfaces are reduced on increasing 

b.t. and the surface around microcrystallites on the pore wall 

surface becomes more accessible to HCOOH adsorption. 

DISCUSSION 

A signif rcant diffusion effect of reactant (HCOOH) 

or products (CO and &O) inside pores appearing in the results 

must be rather excluded when considering the results since: 

(i) The pore diameter is not extremely narrow (for &SO4 

electrolyte the pore base diameter is always equal to or 

greater than 120 ; l .  (ii) The pore length is also not very 

large (thin films) with respect to their diameter. fiii) The 
conical shape of pores assists reactant and products diffusion 

inside pores. The decrease in catalytic effectivity of pore 

wall A12& from the cell boundaries to the pore axis direction 

or, in other words, along the pore wall generative in the 

direction from the pore mouth to its base, Fig. 2(a), also 
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contributes to the dissapearance of any notlcable diffusion 

effect. (iv) The activation energy found for all catalysts 

used in the reaction temperature region examined. 290-350C1C. 

is high suggesting a chemically controlled reaction. Some 

diffusion effect could be expected in films in which the mean 

diameter of pores approaches pore base diameter i.e. when film 

thickness tends to zero. But since the pore length becomes 

also small the diffusion of reactant and products inside pores 

is not hindered. Additionally, the high value of activation 

energy excludes this case. Even in cases of very long pores 

(thick films prepared at low b.t.1, where a narrow pore base 

diameter and a small inclination of pore wall with respect to 

pore axis are expected. the part played by diffusion control 

at the bottom of pores is insignificant and the portion of the 

total reaction effect controlled by diffusion must be very 

small and overshadowed by the overall rection effect. The 

activation energy estimated also suggests a chemically 

controlled reaction. The increase in maximum activation energy 

with b.t. diminution coristitutes also an indication for the 

above reasoning. 

Hence the variation of kinetic parameters E, A, A/m. 

k(350•‹C) and k(350•‹C)/m with both anodization time and b. t. 

must be mainly attributed to changes in the nature of compact 

ALOs along the pore wall section. Two structural 

characteristics coexisting were previously recognised as the 

main factors determining the number and intensity of Lewis 

acidic centers on which HCOOH dehydration takes place via a 

formate intermediate and which are responsible for the cata- 

lytic effectiveness of porous anodic aluminas. These were the 

crystallinity of oxide increasing with anodization time and 

the deviation of oxide from its stoichiometrlc ratio in favour 

of oxygen atoms (p-semiconductivity) decreasing with film 

thicknessx6; according to what has been mentioned earlier in 

the present study their variation must be viewed with respect 

to the cross section of the pore wall oxide. Fig. 2(b). 

From the mechanism of film production in the 

hemispherical units of barrier layer at the base of pores. 

Fig. 2(a), the increase in the surface of ion charge exchange 
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along the electrolyte/Al2Qas interface towards the A12&/A1 

interface direction, durlng anodization. causes a gradlent of 

the true density of ionic current which diminishes along it; 

hence a similar intensity gradient for these two factors is 

expected. As the true current density decreases, the "oxygen 

ions accumulation and oxygen atom surplus. after anodization 

has already been completed, decrease along this direction. 

Additionally, as the ionic current decreases, crystallite size 

(crystallinity) increases since it is known that, generally, 

in electrochemical reactions the increase in their rate 

(current density) causes a diminution in grain size in the 

solid material produced or deposited. These changes across the 

barrier layer evidently happen also across the pore wall Alz& 

since as anodization proceeds the barrier layer is cgnverted 

into pore wall Alp&. Crystallinity of pore wall A12& could 

also increase not only across its section but also on average 

over the whole oxide on progressing anodization. The 

production of film at the very early stages of anodization, 

where the surface of charge exchange is the lowest i.e. that 

of the geometric A1 specimen surface (compared to the mean 

surface of charge exchange across the barrier layer), takes 

place with the greatest pessible true current density and the 

lowest possible crystallite size is then expected. The size of 

crystallites initially formed behaves as a matrix for the 

subsequently produced oxide although the mean surface ,of ionic 

charge exchange increases after the ultimate formation of 

barrier layer and pore base shape. This influence on the 

crystallite size decays with anodization time: hence 

anodization time "per se" causes an increase in the average 

crystallite size. 

As anodization proceeds and oxide thickness increases, 

the internal pore wall oxide dissolution continuously produces 

new layers of pore wall Alaa which become new pore wall 

surface. New ring shaped surfaces, dS, determining catalytic 

actlvitv also appear having greater crystallite size and lower 

oxygen surplus. The cooperation of these two factors gives 

rise to all kinetic parameters and a maximum around 

anodization time t, appears as previously described1&. The 
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b.t. rise exerts a promotive influence on the process of 

crystallite final slze establishment and this is probably why 

the maximum in kinetic parameters for b.t.,40•‹C almost 

vanishes. 

It was observed In Figs 3 and 4 that parameters E. A. 

A/m, k(350C1C) and k(350uC)/m dlspayed by the A17& films with 

identical thicknesses but lower than the limiting ones. 

prepared at the same anodlzation time, decrease as b.t. 

decreases. This 1s due, generally, to that on decreasing b.t. 

the pore base diameter decreases while the thickness of both 

the barrier layer and pore wall oxlde increases. The 

conversion of layers lying at the interior of the bulk of pore 

wall A L b ,  which are more active, into pore wall 

catalytically effective surface takes place at a lower rate 

due to the depression in the rate of dissolution of pore walls 

by electrolyte during anodization. Thicker pore walls formed 

at lower b.t. also denote that a lower crystallite size as 

well as higher semiconductivity are established on the pore 

wall surface of low thickness films. The second factor 

predominating causes a lowering in E. A, A/m. k(350•‹C) and 

k (350•‹C) /m according to what was previously sugsestedlb . 
With rising b.t. a higher crystallite size and a lower 

p-semiconductivity are expected denoting that the innermost 

surface (cell boundaries) exposed by pore wall dissolution at 

anodization time t, which determines decisively the total 

surface catalytic activity. acquires a nature characterized by 

higher crystallinity and lower P-semiconductivity. Higher 

crystallinity provides a lower number of Lewis acidic sites of 

lower intensity and the decrease in the maximum values of 

activation energy and frequency factor are thus explained. 

Lower also specific activity would be expected if crystallite 

size were the only reason. But the coexistence of 

semiconductivity which decreases with b.t. probably 

influences the parameters E and A in a different manner or 

intensity for each one of them. Eventhough some rise of E and 
A or A/m is expected from a p-semiconductivity decrease, they 

are also influenced by increases in crystaPlinity with b.t. 

while the contributing result from E and A/m variation gives 
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rise to specific activity. Another reason for the observed 

change of specific activity with b.t. 1s probably that the 

small amount of b0 absorbed on pore walls or incorporated 

Inside compact Al.,%, ~ t s  quantity increasing with b.t., is 

removed on heating during catalysis and to a certain extent 

gives rlse to the active surface; this is generated by the 

partial separation of collapsed microcrystallites on the pore 

wall surface. A significant increase in activation energy with 

b.t. would be expected also. As this is not the case it is 

concluded that this kind of activity promotion is 

insignificant and thus the observed variation of kinetic 

parameters in the catalytic dehydration of HCOOH over anodic 

porous A l z &  is attributed to the change in both the size of 

crystallites constituting the compact pore wall AlpO.? and the 

P-semiconductivity which vary significantly across the pore 

wall oxide and are strongly influenced by bath 

temperature. 

CONCLUSIONS 

From the results of the present study the following 

conclusions can be drawn. 

1.The catalytic effect of porous anodic alumina films on 

the HCOOH dehydration reaction at 290-350•‹C reaction 

temperatures was found to be strongly influenced by the 

conditions of A1 anodization: bath temperature and anodization. 

time. Kinetic parameters of HCOOH catalytic dehydration such 
as activation energy, frequency factor, total activity 

exhibited by films of the same geometric surface as well as 
specific activity at a constant reaction temperature strongly 

vary with anodization time and bath temperature. 

2.For A120J/A1 catalysts prepared at the same current 
L 

density, 3.5 A / W ,  and at bath temperatures 25, 30 and 400C 

it was revealed that all the above parameters displayed a 
maximum around a specific anodization time for each bath 

temperature; this specific time decreases as bath temperature 

increases and is that at which maximum values of thickness. 

mass and porosity are first achieved. The observed maximum of 

parameters rather disappears at bath temperatures beyond 40•‹C. 
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those remalnlng constant beyon& L-. 

3.For the same thickness of Al?& films at varlous b.t. 

produced at the same anodization time, being nevertheless 

lower than limiting thicknesses, the kinetic parameters were 

found to increase together with bath temperature. This 

sequence for all kinetlc parameters, except for specific 

activity, is reversed when films displaying maximum values in 

kinetic parameters, prepared at 20-50•‹C bath temperatures. are 

compared. 

4.The specif lc activity of AI2& films was found 

generally to increase significantly with bath temperature 

either when films of the same thickness produced at the same 

anodizatlon tlme or those exhibiting a maximum in kinetic 

parameter values are compared. 

5. Although specific activity increases with bath 

temperature, the maximum total activity was found to increase 

strongly in the opposite direction to that of specific 

activity namely with decreasing bath temperature due to the 

strong increase in the limiting thickness and catalytically 

active surface of conical pores. 

6.This catalytic behaviour is mainly due to the variation 

of the two determining factors, crystallite size and deviation 

of A L G  from its stoichiometric ratio (oxygen atoms surplus), 

across the pore wall compact AllOx. Both of them are affected 

by bath temperature while the part played by each one of them 

is unequally affected by bath temperature changes with respect 

to the intensity or manner of their influence on the catalytic 

effectiveness of the oxide. Other factors such as dif.fusion of 

reactant and products inside pores and a small amount 

present in the film appeared to have no appreciable effect on 

the catalytic effectiveness of the porous anodic aluminas used. 

TlEP I AHYH 

KATAAYTIKEC IAIOTHTEX TOY HAEKTPOAYTIKOY g-AI=&. 

1II.ElTIAPAXH THC BEPMOKPACIAX AOYTPOY ANOAIKHC OEEIAQCHX 

PTIX KATAAYTIKEX TOY IAIOTHTEX. 
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ABSTRACT 

The unperturbed dimensions of polymethacrylates with hydrocarbon 
side groups have been reviewed in order to elucidate the effects of the 
nature of the side group on the unperturbed posture of the chain. 
Unperturbed dimensions of these polymers are influenced not only by 
the size and rigidity of the substituent, but also by its proximity to the 
backbone. Unperturbed chain dimensions are also influenced appreciably 
by tacticity, solvent environment, and, in some cases, temperature. 

Key words: polymethacrylates, microstructure,unperturbed dimensions, 
characteristic ratio, solvent and temperature effects. 
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INTRODUCTION 

Polymethacrylates are one of the most important classes of synthetic 
polymers.Apart from their most common application, namely poly(methy1 
methacrylates)'~ (PMMA) use as a "glass substitute", many more "high- 
technology" applications such as their use in biomedical work (1,2) and 
as polymer side-chain liquid crystals (3,4) have evolved. 

The prime reason for the diversity of applications for these 
materials is the ease with which the physical and chemical properties 
can be manipulated simply by changing the nature of the ester 
substituent. Fine-tuning of properties is also allowed by controlling 
parameters such as tacticity, molecular weight, and branching. 

In attempting to correlate (and ultimately predict) -properties of 
polymethacrylates as a function of side group structure, a knowledge of 
variation of unperturbed chain dimensions with chemical structure is 
essential. Unperturbed dimensions are the characteristic average 
dimensions exhibited by the macromolecule in the bulk amorphous state. 
Thus, such dimensions are readily measured in bulk via neutron 
scaJtering experiments involving isotopically (deuterium) labelled 
chains. Unperturbed dimensions are, for practical reasons, much more 
commonly measured in dilute solution, usually a t  the Flory theta (O) 

condition (5) .  The two primary means for measuring macromole.cular size 
are light scattering and intrinsic viscosity [ql measurments. A t  the O 
state, the former n'ieasures directly the unperturbed mean-square radius 
of gyration <s2,0; the latter technique yields the unperturbed parameter 
Kg assuming molecular weight (M) is known (6,7) 

The unperturbed mean -square end-to -end distance <r ,o is calculated by 

(b,7) 
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where Q. is a hydrodynamic constant (2,5x 102 1 (5,8,9)). 
From <r2>0 the characteristic ratio C, can be determined ( 10,ll) 

where n is the number of main chain bonds of average length 1. Since 
<r2 ,o = 6 <s2 >o, C, is also directly obtained from a light scattering 

experiment. Extrapolation procedures are available which allow an 
estimation of unperturbed dimensions to be made using light scattering 
or [ql data obtained in thermodynamically good solvents ( 12 - 15). 

An examination of equation 3 indicates that the characteristic ratio 
is a measure of departure of real polymer chains from the hypothetical 
limit of greatest flexibility: a freely-jointed chain where r 2 > ~  = n12 and 

C, = 1. Thus, real polymer chains will exhibit C, values larger than 1, 
with larger values corresponding to less flexible chains. 

Since C, reflects chain dimensions in the bulk amorph'ous state, i t  is 

not surprising that a number of fundamental polymer properties of 
practical value such as the glass transition temperature (Tg) (16) and the 
elastic modulus (G) depend directly on C, (17). In the present review, we 
Correlate C, with the structure of the side group for polymethacrylates 

having hydrocarbon substituents. The influences of the size, flexibility, 
and distance of the center of mass of the substituent from the backbone 
are established. We also tabulate the results available on the temperature 
dependence of C, and comment briefly on the effects of tacticity and the 

chemical nature of the O solvent. 

TABULATION AND DISCUSSION OF C, RESULTS 

In Table I we present the results for Cm of 30 different 

polymethacrylates having aliphatic, alicyclic and aromatic substituents. 
Every effort was made to exclude data which appear to be anomalous, and, 
where several data sets were available, we have tried to choose the most 
reliable results using criteria such as polydispersity, use of absolute 



molecular weights, measurement directly in a O solvent, etc. Also, the data 

are restricted to results obtained on products of free radical 

polymerization. 

TABLE I: Tabulation b f  C, Results 

Substituent Solvent Temperature ' C, Ref (S) 
("C) 

methyl 4 -heptanone 33.8 7.3 18,19 
ethyl isopropanol 36.9 8.2 20 

n-butyl isopropanol 23.7 8.6 2 1 
n-hexyl isopropanol 32.6 11.1 22 
n-decyl ethylacetate 11.0 13.4 23 

n-dodecyl n -amylalcohol 29.5 14.5 24,25 
n-tridecyl ethylacetate 27.0 14.9 2 3 
n-octadecy l n -propylacetate 36.0 2 0.6 2 3 
n -docosy1 amylacetate 31.0 24.1 2 3  
tert-butyl cyclohexane 10.0 10.2 26 

2 -ethylbutyl isopropanol 27.4 9.8 27 
cyclobutyl n -butan01 37.5 10.0 2 8  
cyclopentyl cyclohexane 36.0 10.9 2 8  
cyclohexyl n-butanol 23.0 11.6 29 
cyclooctyl S-butanol 45.0 11.9 28 

cyclododecyl n-hexjlacetate 35.0 14.2 28 
2 -decahydronaphthyl dipropylketone 25.0 14.8 30 

isobornyl l-octanol 36.9 12.3 3 1 
5-p-menthyl methylpropylketone 25.0 15.4 32 

4-tert-butylcyclohexyl n-butanol 25.0 12.0 33,34 
phenyl acetone 25.0 13.5 29 
benzyl cyclopentanol 73.2 9.0 35 

dlphenylmethyl 3-heptanone 45.0 14.0 36 
triphenylmethyl hexamethylphosphofic 25.0 20.3 37 

triamide 
2 -tert-butylphenyl cyclohexane 18.4 12.8 32 
4-tert-butylphenyl cyclohexane 25.0 14.6 34 

4-naphthyl benzene 25.0 16.9 30 
4-biphenyl benzene 25.0 16.4 38 
2 -biphenyl 1,4-dioxane 25.0 17.8 39 

4 4  1,1,3,3-tetra- benzylacetate 14.0 18.7 40 
methylbutylphenyl) 

Ignoring the impact of temperature, tacticity, and the chemical nature of 
the O solvent (these effects are discussed below), we can conclude from 

the results of Table I that C, increases with: 1) an increase in the size of 

the substituent, 2 )  an increase in stiffness of the substituent, and 3) 
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closer center of mass of the substituent to the polymer main-chain 
(backbone). In general, anything which restricts rotation about  
backbone bonds will increase C,. Some examples are discussed below. 

The effect of size is easily observed in both the n-alkyl series and 
the alicyclic series. In both cases, a steady increase of C, is seen with an 

increase in the number of carbons in the side group. Similarly, the 
effects of substituent size are seen on comparing benzyl (C, =9.0) to 
diphenylmethyl (C, = 14.0) to triphenylmethyl (C, =2 0.3) substituents. 

The effect of flexibility of the side group is evident on comparing 
the C, values of n-alkyl methacrylates with those of their alicyclic 

analogues with the same number of carbons. For small ring sizes, where 
the ring is relatively rigid, C, is larger than that of the corresponding 

n-alkyl polymer. For larger fing sizes, where the ring is more flexible, 
C, values are essentially the same. Also, C, is larger for poly(pheny1 
methacrylate) (C, =13.5) than for poly(cyclohexy1 methacrylate) (C, 

= l  1.6), due primarily to the stiffness of the phenyl ring. In this last case, 
specific interactions between aromatic groups may also contribute to the 
observed difference. 
An interesting example where the relative importance of size versus 

flexibility may be compared is shown below. For poly(isoborny1 
methacrylate) (P IBM) and poly (5-p-menthyl methacrylate) (PMM). 

PIBM C,=12.3 PMM C,=15.4 

PIBM contains the relatively rigid bridged ring, but PMM has the larger 
C, because of its larger size. 



The effect of the closeness of the center of mass to the backbone is 
evident on comparing 2-biphenyl (P2BM) and 4-biphenyl(P4B M ) 
substituents: 

Although the side groups are identical, attachment in the 2-position 
brings the center of mass closer to the backbone and introduces larger 
hindrances to backbone rotation. Similarly, poly(benzy1 methacrylate) 
has a much lower C, than poly(pheny1 methacrylate), despite its larger 

size, for the same reason. 
In our comparison thus far, we have ignored temperature effects on 

Cm.  Both theory and experiment (10) indicate, however, that for most 

chains such effects are of significance, if measurements are cdnducted a t  
temperatures which differ greatly. Fortunately, most of the results 
summarized in Table I were conducted near room temperature. 
Experience has shown that InC, varies approximately linear with 
temperature. Both negative and positive values of dlnCm/dT have been 

observed; the former values result when more compact chain postures 
are of higher energy, while in the latter case the more compact 
configurations are of lower energy (10). Temperature coefficients for a 
number of polymers have been reviewed by Mark (41). Methods for 
measuring dlnC,/dT include the stress-temperature (ST) technique, 

derived from rubber elasticity theory, and measurement of intrinsic 
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viscosities in a series of theta solvents (VT). Temperature coefficients for 
fret? radically produced polymers with hydrocarbon side groups are 
presented in Table 11. 

TABLE 11: Temperature Dependence of the Characteristic Ratio 
for Polymethacrylates with Hydrocarbon Substituents. 

Substituent dlnC,/dT X l03 Method Ref. 
methyl 1.6 VT 18 

isopropyi 2.5 ST 42 
n-butyl 2.5 ST 42 
n-butyl 2.3 VT 
S-butyl -0.2 ST 42 

43 

isobutyl 0.05 ST 44 
t-butyl 0 VT 26 

isopentyl 1.4 ST 42 
n-hexyl 2.2 ST 42 
n -octyl 2.2 ST 42 

n-dodecyl 2.6 ST 42 

C, is observed to be rather large and positive for the n-alkyl 

derivatives.The value reported in Table I1 for PMMA is in good agreement 
with theoretical values calculated via the rotational isomeric state ( R I 9  

approach' for predominantly syndiotactic PMMA (45,46). RIS models have 
not yet appeared for other polymethacrylates. Good agreement between 
dlnC,/dT values obtained by the ST and VT methods are noted for polyh- 

butyl methacrylate) (42,43). Introduction of branching into the side 
chain in the case of butyl derivatives leads to a substantial change in 
dlnC,/dT, from large and positive to essentially zero for the t-butyl 

polymers. Branching changes the shapes (steric requirements) of these 
substituents, resulting in substantially different relative energies for 
their rotational isomers. 

As  mentioned above, tacticity can also have an effect on C,. This is 

not surprising since. the impact of tacticity on morphology and other 
properties has been documented for many years. Polymethacrylates 
prepared by free sadical polymerization are predominantly syndiotactic. 



PMMA samples of varying tacticity have been studied by Jenkins 
and Porter (47,48). C, values increase from about 7 for highly 

syndiotkctic PMMA to about 10 for highly isotactic samples. I t  should also 
be noted that RIS models (47,48) predict a negative temperature 
coefficient for isotactic PMMA, in agreement with experiment (49). This 
is, of course, a markedly different result than the positive value cited 
above (Table 111) for highly syndiotactic PMMA. Also, a recent study (26) 

on both anionically produced (45% syndiotactic triads) and free radically 
produced (59% syndiotactic triads) poly (tert-butyl methacrylates) 
indicates a substantially larger characteristic ratio for the former 
material than for the latter ( 1 1.8 versus 10.2 ). Thus, there appears to be a 
general trend of decreasing C, with increasing syndiotactic content of 

polymethacrylates. 
Finally, we will briefly remark on the influence of the nature of the 

O solvent on chain dimensions. Results from a recent study (50) of free 
radically produced PMMA are presented in Table 111. 

Table 111: Specific-Solvent Effects on Unperturbed Dimensions of PMMA 

Solvent Theta Temp. (OC) C, 
m -xvlene 25 7.5 

n-butyichloride 35 7.5-7.6 
acetonitrile 28 6.6 

dipf_qpylketone 
--pp - 35-41 - -P - 7 1-7.3 

The determination of C, is, with care, accurate to within + 5%. Thus, 

the characteristic ratio found for PMMA in acetonitrile is definitely 
smaller than the values found in m-xylene and n-butyl chloride. 
Intermediate values are found in the theta solvent dipropylketone. 
Specific solvent effects are well-documented for other polymer/solvent 
systems (5 1-55), but the exact nature of these interactions does not 
appear to be understood. 
In summary, the characteristic unperturbed dimensions of 
polymethacrylates generally increase with: 1) an increase m size of the 
substituent, and 2) an increase in stiffness of the substituent, and 3) 
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closer proximity of the center of mass to the main chain. All of these 

effects increase the barriers of rotation about backbone bonds. 

Unperturbed dimensions of most polymethacrylates with alkyl side 

groups increase ,with temperature. Not much information is available on 
dlnC,/dT of other polymethacrylates: such studies would be valuable, 

Unperturbed dimensions of polymethacrylates increase with an increase 
S 

in isotactic content and show sQme dependence on the specific structure 

of the solvent used in the investigation 

AA IATAPAKTEC A IACTACEIZ l7OAYMEOAKPYA IK'BN EXTEPBN ME 

YAPOTONANOPAKIKEC l7AEYPIKEC OMAAEC KAI EEAPTHCH TOYC All0 TH 

OEPMOKPACI A 

r i v s ~ a t  avaa~6nquq TWV 6qpoat~l ja~wv nou avaq~pov-cat o ~ t g  
a 6 t a r c i p a ~ ~ e c  6 t a o ~ 6 o s t ~  n o 2 u p s 9 a ~ p u A t ~ w v  s o ~ B p w v  FE 
u 6 p o ~ o v a v 9 p a ~ t ~ B c  nasup L K E ~  opa6q. o t a6 t a ~ a p a ~ ~ ; ~ ~  6 t a a ~ a a s t c ,  
s n o p ~ v w ~  Kat q ~ u ~ a p y i a  t q ~  ~ u p i a s  aAuoi6ac, ~ E a p ~ w v t a t  6x1. p6vo 
an6 ~ o v  6 ~ ~ 0  Kat T ~ V  s u ~ a p y i a  TWV n?i&upt~wv op66wv, a2Aa Kat art6 
 qv an6o~aafi  TOUS an6  qv ~ u p i a  aAuai6a TWV no?iupepwv. Ertioqc 
snqpsc5i;ovrat ato9qui an6  qv T ~ K T L K ~ T ~ T ~  TOU noilupepoljg, TO 
6ta;iO-r;q Kat as ~ E ~ L K E ~  nsptnrwosq an6 rq 8sppo~paoia.  
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SUMMARY 

The i n t e r a c t i o n  o f  t r i p h e n y l t i n  c h l o r i d e  w i t h  s u b s t i t u t e d  q u i n o l i n e  
N-oxides a f f o r d e d  complexes o f  t ype  IS~CI P ~ ~ L  I (L=2-MeQNO, 4-YeQNO, 4- 
ClQNO and 4-H02QNO). I R ,  mass, IH, 1% NMR and FliBssbauer spect roscopies 
were used t o  c h a r a c t e r i z e  t h e  complexes and t o  eva lua te  t h e  stereochemi- 
s t r y  o f  t h e  l i g a n d s  around t h e  metal atom. The spectroscopic  data showed 
t h a t  t h e  q u i n o l i n e  N-oxides a r e  l i n k e d  t o  t h e  metal v i a  t h e  oxygen atom 
and t h a t  t h e  t r i g o n a l  b ipy ramida l  s t r u c t u r e  i s  t h e  most l i k e l y  f o r  t h e  
t i t l e  complexes. 

Key words:Quinol ine N-oxide adducts, T r i p h e n y l t i n ( 1 V )  c h l o r i d e ,  Spectro- 
s c o ~ y  IR, mass, IH, 1% NWR, MBssbauer. 

INTRODUCTION 

So f a r  we have been d e a l i n g  w i t h  rhodium(1) complexes bear ing  sub- 

s t i t u t e d  q u i n o l i n e  N-oxides as l i g a n d ~ l - ~ .  However, we des i red  t o  extend 

Gur knowledge by i n v e s t i g a t i n g  t h e  c o o r d i n a t i o n  a b i l i t y  o f  these l i g a n d s  

towards meta ls  f rom o t h e r  p a r t s  o f  t h e  p e r i o d i c  tab le .  Our f i r s t  choise 

has been p l a t i n u m ( I 1 )  which reac ted  smoot t l y  i n  t h e  fo rm o f  Zeise's s a l t  

a f f o r d i n g  y e l l o w  a i r - s t a b l e  so l ids4 .  We now r e p o r t  t h e  syn thes is  and 

s p e c t r a l  s t u d i e s  o f  f o u r  adducts o f  [ ~ n ~ l ~ h ~ l  w i t h  t h e  above 1igands.The 

compound isnc1ph31 has been chosen f o r  two reasons: 

( i )  f o r  i t s  tendency t o  r e a c t  r a t h e r  e a s i l y  w i t h  oxygen donor l i g a n d s  5 

and 

( i i )  f o r  t h e  s c a r c i t y  o f  i t s  adducts i n c o r p o r a t i n g  q u i n o l i n e  N-oxides; 
6 h i t h e r t o ,  o n l y  t h e  adducts o f  QMO and IQNO have been r e p o r t e d  . 
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Our interest in examining as well the effects of the substituents on 

the coordination ability of quinoli~e N-oxides towards tin(1V) has also 

prompted the research described herein, since it has been observed that 

quinoline N-oxides with electron withdrawing substituents either do not 

react or react with The spectral study covers also the 
6 adduct of IQWO prepared by others . 

ResuZts and Discussion 

Quinoline N-oxides (2-MeQNO, 4-MeQNO, 4-ClQNO and 4-N02QNO) react 

with [Sn~lPhd in 1:1 molar ratio in refluxing chloroform affording air- 

stable, coloured complexes.   he elemental antlyses (C,H,N and C1 ) as we1 1 
as the melting points show that the compounds (I-IV) are received in pu- 

re forms and they do not need recrystallization. Analytical results,mel- 
ting points and yieldsare.given in Table 1. It,is worth to note in this 

TABLE I. Analytical Data, Melting Points, Colours and Yields of Triphe- 
nyltin(1V) Compounds. 

% C  %I1 %N 
U I Found C a l c . J F o u n d  c a l c . i  r o u n d  c a l r .  Y i e l d  

58 . 
78 
-- I 

point that well developed crystals of the new complexes suitable for in- 

vestigation by X-ray diffraction can be grown by slow evaporation of the 

sol vent. 
Complexes (I-IV) appear to be five coordinated so the structure ei- 

ther of trigonal-bipyramid (TBP) or square pyramid (SP) can be attained 
by them5*7*S*9. The available spectroscopic data are in favour of the 

former structure. In particular, the IR spectra exhibit bands assignable 

to v(N-0) shifted almost in all complexes to lower wave numbers as com- 

pared to those of the free ligands, the donor interaction being stronger 

in I ~ ,  Table 2. However, the situation concerning the band due to 6(N-0) 
is opposite, since it shows a positive shift and only in the spectrum of 
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IV the respective band is shifted to lower wave numbers. Moreover, this 
shift caused by complexation is slight and has previously been observed 
by others1'-l*. No appreciable differences were observed i n  the IR spec- 
tra of I-IV, which could be due to the influence of certain substituents. 

TABLE 11. The Most Important Infrared Bands of ~riphenyl tin(1V) Complexes 

-7 -S -3 - 1 l 3 5 7 

V E  LOC fTY (mm,.) 

C O M P O l l N D  

2- MeQNO 

[ S n ~ l  ph . j z - ~ e Q ~ i j  

4- MeQNO 

[ S n ~ l  P h S 1 - ~ e Q ~ d  

4- C l  QNO 

[ S ~ C I P ~ ; ~ - C ~ Q N ~ ]  

4- Nf12QN0 

[ ~ n ~ l  ~h j4- ~ 0 ~ 9 ~ 0 1  

FIG. 1 . Mbssbauer s p e c t m  of ' s ~ c z P ~ ~ -  IQNO I a t  78 O K .  Isomeric s h i f t : U i  
m.s-1, r e k t i v e  t o  CaSn03. 

lI9sn W6ssbauer spectrum of [ S ~ C ~ P ~ ~ - I Q N O ~  (Fig. 1) shows quadrupo- 
le splitting (QS) 2.94 mm.s-l, this value being typical for TBP structu- 

- 
I R  ~ a n d s ( c m - l )  

v ( N - 0 )  

1204 

1190 

1206 

1701 

1302 

1295  

1300  

1295  

AV 

- 1 4  

- 5  

- 7  

- 5  

6 ( N - 0 )  

U10 

R15 

0 2 3  

0 2 5  

U20 

U25 

04 0  

U30 

A6 

b 5 

4 2 

+5 

- 1 0  

v ( M - 0 )  

4 5 0  

1 5 0  

450, 

4 4 5  

v ( M - C l )  

3 3 0  

3 3 0  

335 

325 
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r e  having the equatorial  posit ions occupied by the  phenyl groups5. Fur- 

thermore, t h i s  value being much higher than tha t  (1.86 mm-s-' ) of [SnPh3 

(2-SPyO)] addopting the SP structure9,  ru les  out t h i s  configuration from 
the  investigated complexes. The value of the  r a t i o  QS/IS, 2.31; argues 

a l so  in favour of the TBP s t ructure ,  since i t  i s  greater  than ca.2.1 and 

t h i s  in turn means coordination number larger  than four f o r  d i -  and t r i -  
organotin(1V) derivatives,  a s  i t  was suggested ear l  ie r13.~oreover ,  the  

quadrupole spli t t ing(QS) of [SnC1Ph3-IQNO] i s  s imi lar  t o  t h a t  of [ ~ n ~ r ( ~ -  
t ~ l y l ) ~ ~ ~ O ]  suggesting s imi lar  configurations f o r  both compounds a s  M.A. 

Mull ins e t  a1 . l 4  observed e a r l i e r  f o r  other t i n1  1.V) pentacoordinated 

species. 

Taking in to  account the above discussion and especially the X-ray 
crys ta l  data of the  quinol ine N-oxide adduct of t r i  (p-tolylltin bromide 5 

showing tha t  the  coordination geometry a t  t i n  i s  a TBP, we propose f o r  

the investigated complexes the  s t ructure  shown below: 

Additional evidence f o r  the  above s t ructure  i s  provided a l so  by the  

I3c NMR spectra of I11 and IV, the  main fea ture  of which a r e  the  reso- 

nances in the range 139-127 ppm, indicating four nonequivalent carbon a-  
toms of the  phenyl r ings.  The ipsocarbon atoms of the  phenyl r ings show 

a small down f i e l d  s h i f t ,  suggesting the  formation of t rans  tr igonal b i -  

pyramidal adduct5,l5. The I3c NMR data of the  complexes studied a re  re-  

ported in Table 3. Unfortunately, owing t o  so lub i l i ty  reasons we have 

been unable to  take the  spectra of the  r e s t  complexes. Moreover,we could 
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TABLE 111. I3c NMR Data f o r  the Organotin Moiety in two Triphenyltin(1V) 
, Compounds i n  Concentrated CDC13 Solution. 

1 1 9 . 0  

1 3 7 . 6  

117.1 

a ~ (  i p s o ) , o ( o ,  L h o )  , m ( n ~ e t s )  . p ( p a r a ) ; C o u p l  ~ n g  C o n s t a n L s  ~ c l e r e d  t o  J ( ~ ~ ~ S ~ - ' ~ C ) .  

b ~ o e p l  i n g  C o n s t a n t s  c a n n o t  b e  e v a l u a t e d  f r o i l ~  d a t a .  

= ~ e f .  5 .  

not see the ' J ( ' " S ~ - ' ~ C ) ,  which would be another i n d ~ c a t i o n  f o r  the pro- 

posed geometry, because t h a t  was beyond the  range of the  avai lable  spec- 

trometer. 
1 The H NMR spectra of I and I1 exhibi t  a l l  tho expecting peaks with- 

out any appreciable s h i f t  r e l a t ive  t o  the  uncomplexed tin(1V) moiety o r  
t o  f r e e  subst i tu ted  quinoline N-oxide. 

The mass spectrum of [ S ~ C ~ P ~ ~ - I Q N O ]  shows no peak assignable t o  mo- 
lecular  ion. However, peaks due t o  [snc1ph31 and i t s  fragments a s  well 
a s  t o  IQNO were detected. 

The low values of molar conductances show no-ionic character. 

EXPERIMENTAL 

Elemental analyses (C,H,N) were obtained w i t h  a Perkin-Elmer 240 E- 

lemental Analyser. Chlorine was determined by combustion a f t e r  Schanin- 

ger, followed by t i t r a t i o n  with s i l v e r  n i t r a t e .  Infrared spectra were 

recorded in the 4000-200 cm-' region on a Perkin-Elmer 1430 spectropho- 
tometer using KBr pel le ts .  Mass spectra were measured on a RMU-6L Hitac- 

h i  Perkin-Elmer mass spectrometer w i t h  ionization source of T-2p type 
operating a t  70eV. Melting points were determined.with a B k h i  apparatus 
acd a re  uncorrected. 'H NMR spectra were measured on a Bruker AM-80 in 

CDC13. I3c NMR spectra were.taken on a Fourier Transform Varian CFT 20 

spectrometer and CDC13 was used a s  solvent;  the solutions were approxi - 
mately O.lg.ml-'. Mijssbauer spectrum was obtained with a conventional 

constant accelerator spectrometer. The source was 25mCi of 5 7 ~ o  in a cop- 
per matrix. 
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Starting Materials 

A l l  so lven ts  were o f  reagent  grade and were used w i t h o u t  f u r t h e r  pu- 

r i f i c a t i o n  i n  s y n t h e t i c  work. The l i g a n d s  were prepared and r e c r y s t a l l i -  
3 zed as p r e v i o u s l y  r e p o r t e d  . T r i p h e n y l t i n  c h l o r i d e  was used as ob ta ined  

f rom Merck-Schuchardt. 

Preparation of CompZexes 

A l l  these were prepared i n  a s i m i l a r  manner; t h e  f o l l o w i n g  syn thes is  

i s  represen ta t i ve .  

~ s ~ c Z P ~ ~ .  2MeQNO ] 

An equimolar m i x t u r e  o f  t r i p h e n y l t i n  c h l o r i d e  (0.385g., Immol l and 

2-methy lqu inol ine N-oxide (0.159g., Immol ) was r e f l u x e d  i n  ch loroform 

(50ml) f o r  Ih .  Concentrat ion o f  t h e  r e s u l t i n g  s o l u t i o n  t o  a small  volume 

(10ml) y i e l d e d  o f f - w h i t e  s o l  i d ,  which was f il t e r r e d  o f f ,  washed w i t h  
2 e t h e r  and d r i e d  under vacuum. 'H NllR spectrum ({ H,} ch loroform),  2.43 

(S,  3H, Me), 7.03-8.52ppm (m, 23H, Ph and 2-MeQF!O). 
1 2 The H FlFlR spectrum ({ HI) ch lo ro fo rm)  o f  I1 showed resonances a t  

2.60 (S, 3H, Me), 6.85-8.60ppm (m, 23H, Ph and 4-MeQNO). 

H avr i6paoq sou rpic~a~vuho~Awpo~aooi~epou(IV) ip uno~areo t r lpkva  KL- 
voh LVO N-OF,& i 6 i a  E6woe obtrnho~a r o u  v e v i ~ o i r  rirnou :SnCl Ph3Ll, (L=?-MeQNO 
4-YeQNO, 4-ClQNO K a i  4-N02QNO). 

H u&rn rnc 60pfic rwv ouunhb~wv h i v e  PE BL~QOPES (PUU~~TOOKOITLKEC 
usB660uc ( I R ,  mass, IH, 1 3 ~  NMR K a i  P8ssbauer) oe ouv6uaoub p& t n  popia-  
KA avwviubrnra. Ta ar ro r~hkopara  r q c  pehErqc aurf ic E 6 s ~ F a v  6 r 1  r a  ~ i v o h i -  
vo N - G E E I ~ L ~  ouvapp6Sovrai p& t o  pEraAAo ~ E o w  r o u  arbpou t o u  oEuvbvou 
K a i  rl RLO ni0avfi 60ufl ~ w v  U U ~ K A ~ K ~ I V  e i v a i  aura rnC T P L V W V L K ~ ~ C  6 ~ n u p a p i -  
6ac. 
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SHORT PAPER 

THE TERNARY SYSTEM ARSENIOUS ACID-n-TETRABUTYLAMMONIUM 

HYDROXIDE-WATER AT +4OC 

GERASIMOS M.TSIVGOULIS and PANAYIOTIS V.IOANNOU* 
Depa.JU3nen.t 06 Ch&ahy, U n i v m M y  06 PaRnats, PaRnats, Gheece 

(Received April 22, 1991) 

SUMMARY 

The system H ~ A S O ~ / ~ - B ~ ~ N O H / H ~ O  at +4OC has been studied. 
The solid phases found were n-BuqNOH. (8.5 f 1.51H20, n-BuqNOH. 
(21.lf 3.8)H20, and n-BuqNOH.H3As03.38H20. In the absence of 
crystallographic data the exact composition and the structu- 
res of the clathrate hydrates are not known. 

Key words: Arsenious acid, n-tetrabutylarnmonium hydroxide, 
clathrate hydrates. 

INTRODUCTION 

Well defined salts of H3As03 with simple inorganic ca- 

tions are difficult to obtain in the solid statelr2 while 

those with organic cations, to the best of our knowledge, 

have not been prepared. Salts of H3As03 with lipophilic 

organic cations, e.g. (R4Nl3AsO3, may be useful in running 

the Meyer reaction3 in non-hydroxylic solvents, a task not 

hitherto realized. 

Being unable to prepare by extraction a salt of type 
+ Q3-xHxA~03 (Q' : abbreviation for n-Bu4N ) we studied the 

ternary system H3As03-QOH-H20 at +4OC, using a modified 

Schreinemakers' wet residue method, in order to find out 

which solid phases crystallize. 

EXPERIMENTAL 

Fresh aqueous n-tetrabutylammonium hydroxide (-42%) 

(Merck and Ferak) was used. Diluted samples were prepared 

under nitrogen and standardized with standard hydrochloric 

acid. Arsenic trioxide was A.R. grade (Ferak) and the water 



was doubly distilled. 

To a weighed amount of As203, a known volume of aqueous 

QOH was added and the clear solution was diluted with known 

weight of water under nitrogen. From the density of the QOH 

solution and calculating the water consumed for the reaction 

As 0 +3H20 + 2H3As03 the exact initial composition of each 2 3 
sample was known. 

The stoppered samples were left undisturbed at +4.0f 0.5Oc 

for crystallization. When a sample did not start crystal- 

lizing after 24h, seed crystals were formed by brief cooling 

of the sample at -20•‹c and then was left at +4OC. Prelimina- 

ry experiments showed that equilibrium has been 

less than 4 days, but the samples were analysed 

at +~OC. 

Liquid phase samples were withdrawn with 

weighed, diluted to a known volume with water 

were analysed, at least twice, for As(II1) and 

reached in 

after 10 days 

a pipette, 

and aliquots 

Q+. As(II1) 

was determined titrimetrically with standard KBr03 ; QOH 

did not interfere with the determination. The relative 

errors of the titrations Were f0.1% and k1.0% at 0.1N and 

0. OlN, respectively , Na3AsOj , NaQ2As03 or Q3As03. Q' was 

determined nephelometrically as Q+(C~H~) 4 ~ -  using a Hach, 

model 2100 A, turbidimeter. Eight replicates 1.03k0.02 X ~ o - ~ M  
aqueous QOH gave ;t f SD 1.02 k 0.01 X ~ o - ~ M  (coefficient of 

variation, CV, 0.98%). 6 

The intersection point of each tie-line with the QOH- 

-H20 side of the triangle was found algebraically. 7 

RESULTS AND DISCUSSION 

We chose the known initial composition and the analy- 

sis of the liquid phase over the classical Schreinemakers' 

wet residue method4 because the crystals could not be 

freed from the surplus liquid phase7 without melting. The 

drawback of graphically extrapolating a tie-line defined by 

these two more closely spaced points was partially offset 

by using algebraic extrapolation. 7 

Figure 1 shows the general regions of the system QOH- 
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FIG. 1. The F kegion 06 Zhe t a n m y  nyntem n-Bu4NOH-H3An03- HZO at +4Oc 

.LA amenable dot  nfudy. 

FIG. 2. P h a a  domed i n  t h e  t a n w  nydtem I I -BU~NOH-H~A~O~-H~O at + ~ O C .  



-H3As03-H20. Region A cannot be studied because the maximum 

concentration of QOH is -42% w/w. The line H3As03 -42% QOH 

represents the addition of pure H3As03 to 42% QOH and there- 

fore region B cannot be studied. Samples in region C left 

As203 undissolved, solutions at 25OC with initial compo- 

sitions falling in D solidified completely at i-4'~ while 

those in E gave no crystals at +~OC. Therefore the only part 

of the isothermal phase diagram amenable to study is region F. 
In Table I the initial compositions, the results of the 

analyses and the composition of the solid phases are listed 

and in Figure 2 representative points are plotted. The inter- 
section points on the QOH-H20 line are grouped between two 

TABLE I. Analyses and composition of the solid phases of the 

system n-Bu4NOH/H3As03/H20 at. +4Oc. 

Initial composition, Composition of 

weight % liquid phase, Composition of 

weight % solid phase 
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ranges, 67-59%QOHand48-34%QOH, giving 8.5f1.5 and 

21.1 2 3.8 molecules of water per QOH molecule. The spreading 

of intersection points is reasonable,8 but due to the preat 

difference in the molecular weights of QOH and H20 (259 and 

18 respectively) it is very difficult, in the absence of cry- 

stallographic data (Prof. G.A.Jeffreya personal communica- 

tion), to decide on the exact composition of the precipitated 

clathrates. Fowler et al.' evaporating aqueous solutions of 

QOH obtained the hydrates QOH.xH20 (x=31, 4 and 2) while 

Aladko et al.'' by crystallizing aqueous solutions of. QOH 

obtained hydrates with x = 28 and 32. 2ag6rskil1- commented on 

the variability of the water content of QOH hydrates and he 

also observed differences in the stoichiometry in different 

parts of large crystals. 

Twa samples gave a soLid phase with a composition 

QOH/H3As03/H20 1.15/1/38.2 which corresponds to Q'H~ASO;. 39%0. 

It is not unreasonable to suppose that the entities 
3 - I OH-. 3~'. ASO~ . xH20 1 form a clathrate-like cage to enclose 

the Q+ cation, but in the absence of single crystal X-ray 

data the structure of the cage12 remains speoulative. 

In a study of khe system Na20/As203/H20, at +~OC, 

four phases, all containing As(III), have been identified. 2 

These were : Na2H2As408, NaAs02.4H20, Na2HAs03.5H20 and 

Na5(HAs03)(As03).12H20. Comparing the two systems, it is 

apparent that in the presence of the n-tetrabutylammonium 

cation the clathrate hydrates of this cation preferentially 

precipitate. 

MEAET~$~~HE TO oi)ornw H3As03 /n-Bu4NOH/H20 otous +~OC. 

BpdSnuav TPELS OTEPE~S &ELS : n-Bu4NOH.(8.5 f 1.5)H20, 

rr-Bu4NOH.(21.1 f 3.8)H20 naL n-Bu4NOH.H3As03.38H20. Artouoia 

kpuoraAAoypacp~nOv 6~6op,6vov, 0 axp~Pfi~ o0orcran naL OL 601.~6~ 

rov svhosov E~UAOPL~CIO~) U~PLTGV ~ E V  siva~ yvooris. 
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