
ISSN 0366-693X 

CMCRCZ 18(2-3), 73-197(1989) 

CHIMICA CHRBNIKA, NEW SERIES 

Volume 18, No 2-3, p.p. 73-197 June-September 1989 



CHIMIKA CHRQNIKA / NEW SERIES 
Published by the Association of Greek Chemists 

27, Kaningos Street, Athens 106 82, Greece 

MANAGING CCMMITEE 
Dimitrios KESSISOGLOU, Georgia MARGOMENOU-iEONIDOPOULOU, Angeliki PAPATHA- 
NASOPOULOU, Theodora VAKIRJI, Roula SCOULICA 
Ex. oficio Members: X. PAPAIOANNOU (Repr. Gen. Secretary of G.C.A.) 

J. KARABASSIS (Treasurer of G.C.A.) 

EDITORS - IN - CHIEF 
I. DILARIS, G. MARGOMENOU-LEONIDOPOULOU 

EDITORIAL ADVISORY BOARE 

FI ALEXANDROU 
Or# Ckm Unrv Sabmca 

A ANAGNOSTOPOULOS 
I ~ r f  Cbm Terh Umv b b m c a  

D BOSKOU 
Fanl Chrm Unit t lanr rs  

P CATSOULACOS 
?&m C M .  Unrv h t r e r  

C.A DEMOIOULOS 
Emikrms~ry. Unm A l k m ~  

C L EFSTATHIOU 
And Chmn Untv Alkns 

A E EVANGELO?oWLOS 
Bmaiwrn~~ry. N NH R F A f h s  

S FlLlANOS 
W m w o ~ m s y .  Un~v A r k s  

D.S. GALANOS 
F d  C h  Lkrv A r h m  

P GEOWGAKOKlOLOS 
* m  Tr&. Ukrv Y m r r #  

1 GEORGATSOS 
h d m u r r y .  Unrv S . h r c e  

M P GEORGIADIS 
Or# /&& C h . .  Aft  I.~w A l h s  

N HADJlCHRlSTlDlS 
? d w  C h .  &#V A 9 h l  

T P. HACJIIOANNOU 
And C h n .  Unrv A f k m  

N H A D J I U A M S  
Gm I n q  C l n ,  Unrv l o m w ~ m  

E HADJOUMS 
?Wubm. N R C -D.. AI&RS 

P V  IOANNOU 
Drparr. C k m  Univ Parrpr 
D JANNAYOUDAKIS 
fbys C h .  Unrv %&mm 

V KACOUlAS 
&orhrmnrr) UIrv l ~ a n r ~  

M I KARAYANNIS 
And Chrm Unrv 1~annrn.i 

N I;ATSANOS 
f'hyy, Ckrm Unrv ? h a s  

A KEHAYOGLOU 
Or# Chrm TrrA Unrv Seknrro 

A KOSMATOS 
Or# Ckm Unrv Iommna 

• ˜ B  LITSAS 
lkua C h  Arch Musemm. A ~ h a s  

G MANOUSSAKIS 
l r a l  C h .  Unrv .%hanu 

S MYLONAS 
0- C h .  Unrr A6he.w 

I N I K O K A V M A S  
Ph~rorAn, 4 R C "D.. A I * ~ J  

D N N l C O U l D E S  
Or# C h .  Unrv ~ I a m c a  

C M PALEOS 
N R C -Drryrrror-  A i h  

V PAPADOIOULOS 
N R C - I l r ry r r ro r -  A r k s  

G ?A?AGEORGIOU 
Bmphy~m. N R C -D.. A9hrw 

V P PAPAGEORGIOU 
N a  PI. I ru.  Trch Unrv k h m r a  

S ?ARASKEVAS 
Or# Ckm UNV A l h  

G PHOKAS 
r*rma-efm~y. Unrv Sd.ura  

S ?HILI?AKIS 
N R C  - D r r P r r r ~ s -  Arhrns 

G ?NEUMA rlKAKlS 
l n q  Chrm bmv A r k u  

K SANDRlS 
o r f a ~  Ckm.  Tn* Lklv A l k  

M J X O U L L O S  
t *v /Mu C h  Uwv A h u  

C E SEKERIS 
Md iko:qy. AIHR F .  A- 
G .  S K M a  
Mineeulyia Zw* UY*. A- 
G A  U A L I D i S  
P l v x  C k m .  Un.v S.krwe 

&h STASSlNOrOc'LOU 
N R C  -Dmrr~I.t- A t k s  

A STASSHOMULOS 
A r ~ o  AEBE Alhrm 
A STAVROR)UL05 
I d  T r o W .  G S I  S 

C. THOWOCOULOS 
F o d  T u h  Trrh Plrrv AtCrru 

I M TSANGARIS 
Inurg CAmr Unn l m w v  
A K. T W L  IS 
Chrm T u b d .  Umv P r u  

A. VALAVANIDIS 
Orx C h  Unw . 4 1 h  

G VALCANW 
&g C h .  ff& b v .  4- 

A G  VALVOGLIS 
0q C h  &m S ~ K W  

G S  VASSILIKK)+1S 
Arrl C h .  Uuv S.lun 

S VOLMmS 
lnsrnm Aulysu  UWV h r u  

E K  VOUDOUIIS 
F e  C h  Uwv h w  

D. V M N n  
T a h  Unh A I M  

('crrespondence, s u b m ~ s s ~ o n  of papers. subscriptions. renewals and changgs of address bhould hc scnt to Chimika 
Chronlkn. New Series. 27 Kaningos street. Athens, Greece. The  Guide to Authors is published in thz first issue 01. 
each volume. or  sent hy request. Subscriptions are  faken by volume at 1000 drachmas for memhers and 2000 dmch  
III:IS for Corporations In Greece and 28 U.S. dollars to  all other countries except Cyprus. where sa!?\iriptiuns :trc 
n l i~dc  011 request. LICHNOS LTD GRAPHIC ARTS 
Phototypesetted and Printed in Greece by 24, PL. THEATROU, 10s 52 ATHENS tel. 3214766 



CHIMIKA CHRONIKA, NEW SERIES 

CONTENTS 

A s t u d y  on the e f fec t  of mean l  inear velocity on the clearance of uric 
acid aqueous solutions by fixed and loose beds f i l l e d  with activated 
carbon f i n  Greek) 
by E.Pa,padimitraki-NathanaeZ, B. N .  NathanaeZ, H .  ~ s o u k a l i - ~ a p a d o ~ o u ~ o ~ .  .... 73 

Possibi l i ty  of germanium recovery from f l y  ash f i n  English) 
by A.  I .  ZoubouZis, I .  N .  Papadoyannis, K. A. Matis.. .......................... 85 

Flachbandpotential oxidischer ha1 bl ei t e r  aus photopotential messungen 
f i n  German) ............................................... by I .  PouZos, 0. Fruhwirth.. 99 

Catalytic properties of y-A1 0 electrolyt ical  l  y  prepared 
1I.Effect of anodic oxidatiog surrent density on i t s  ca ta ly t ic  properties 
( i n  EngZish) 
by G.Patermarakis ........................................................ 115 

The conductance behayiour of NaBPh4 in ace toni t r i le  and isobutanol a t  10 ,  
15,20,25 and 30 f i n  English) 
by N.PapadopouZos, G.RitzouZis .......................................... 131 

Cl ectrochemical boubl e  pulse oxidation of carbon f ibres  produced by poly- 
acryloni tr i le  graphi t izat ion ( i n  English) .. by S.  Antoniadou, A.  D. J a n ~ k o u d a k i s ,  P. D. Jannakoudakis, E. Theodoridou.. 14 1 

Effect of structure and the preparation procedure of spinel f e r r i t e s  on 
the i r  chemical and physica; properties,I,preparation procedure and stru-  
cture of spinel f e r r i  t es .  ( i n  EngZish) 

............................... by Z .  Loizos, N .  SpyreZZis, P. SakeZZaridis. 15 1 

Oxidation of a1 icycl i c  1,3-dioximes with lead tetraacetate  ( i n  English) 
by A.KotaZi, Y.P.Papageorgiou ......................................... 179 

Reactivity of bis-Schiff bases of a-diketones towards lead tetraacetate  
f i n  English) 
by A.  KotaZi, V .  P.  Papageorgiou. .......................................... 19 1 

tHMEIQtH: Tqv &nLuiA&~a rou r~fixouy E ~ X E  q  En~rpon4 E~66aswv 

iAn6cpaaq rqy 438/30/8.11.89 A . E .  r q ~  E . E . X . )  

June - September 1889 Volume 18 N o 2 - 3  



Chimika Chronika, New Series, 18, 73-83(1989) 

EfllAPAZH THZ MEZHZ rPAMVIIKHE TAXYTHTAZ ZTHN KAOAPtH YAATIKQN 

AlAAYM4TRN OYPIKOY OZEOZ A R I  ZTAOEPEZ KAI PEYZTAIRPOYMENEZ 

W\ I N E t  ME ENEPTO. ANOPAKA 

nEP l A H M  

Zrq 6 ~ a 6 ~ ~ a o i a  aLpo~C%apoqs an6 pLa r o l ~ ~ f i  ouoia ye Trpoo@@qoq (hemo- 

per fus ion) ,  o puep6g rnq anoy6lcpuvoqq ~ ~ L ~ L ~ J K E T ~ L  va ~ i v a i  600 r o  duva- 

r6v yeyaA0rcpo~ xwpis va 6~arap6ooera~  Q ~oopponia rou opyav~opo0.0 pug- 

p6q aur6s a u l h e r a ~  pe rqv a0lqoq rqs O ~ K O ~ E X P L K ~ S  napoxfis rou aiparos, 

nou Byws, n e p ~ o p i < e r a ~  an6 AELXOUP~LK$S a n a ~ r i o ~ ~ s  TOU opyav~opoi). 

EEhAAou, yLa i v a  6 ~ 6 o y i v 0  p ~ u o r 6  6nws ~ i v a ~  r o  aiya, oe n€pLnrllioE~s 

PE yvworfi ouy~evrpmq rqs r o l ~ r t r f ~  ouoias KaL 6e6oyivrl rqv npoopo@qr~- 

~ t j  ~ ~ a v 6 r q r a  rqs o~fiAqs TIOU X ~ ~ O L ~ O T I O L O ~ ~ E ,  q n a p 6 p ~ r p o ~  nou E ~ ~ P E ~ ~ E L  

rqv anop6~puvoq rqq r o l ~ ~ f i q  ouaias 6ev e i v a ~ ,  o ro  p f o A o y ~ ~ 6  $ Q L V ~ ~ E V O ,  q 

O Y K O ~ E T P L K ~ ~  napoxfi ,aAA6 q pioq y p a p p ~ ~ f i  rax0rqra V (mean l i n e a r  v e l o c i t y  



A. UAnAAHMHTPAKH-NABANAHA , B. K. NABANAHA , E. TIOYKAnH-i7Ai lAOO~OYAOY 

6 ~ a o r h o ~ ~ s  L T-l) .  I& rov 6po v, cvvooOpc rqv raxOrqra pc rqv onoia 

i v a  p ~ u o r b  K L V E ~ ~ ~ L  pioa an6 r a  ~ L ~ K E V ~  TWV K ~ K K W V  pLas npoopo@qr~~r js  

or rjAqs. 

H p~rapoArj rqS 0yK0pErpLKfi~ napoxrj~ yLa 6 ~ 6 0 p b ~  ~ A i v q  E T [ T ] ~ E ~ ~ E L  TqV 

~ar6oraoq TOU QPLKOO orpc;lparo~ (boundary l a y e r )  p ~ r a E 0  rqs uyprjs @6oqs 

KaL rou npoopo@qr~~oir .  t r q v  vqparmq porj (luminar f low)  q K L V ~ T L K O  rqs 

npoop@qoqs EEapr6raL ~ u p i w  an6 r q  6~6xuaq, €v& orqv rupp&5q porj (cur- 

bular f low) q eE6prqoq a u r i  c i v a ~  ~ a r 6  noAO p i ~ p 6 r ~ p q .  H 6151)(uoq cnqp~6-  

l c r a ~  an6 r o  n6xos rou a ~ i v q r o u  upCv~ou uypoO nou ~EPL~MAEL r q  o r~pc r j  

c n ~ Q 6 v e ~ a .  T L ~  i v a  6 ~ 6 o p b 0  uyp6 KaL orjAq, o riirros rqs porjs (vqyart;r6qs 

rj rupp66qs) ~ a e o p i 3 c r a ~  an6 r q  peoq y p a p p ~ ~ r j  raxOrqra rou p~uo ro0  nou K L -  

v e i r a ~  pioa an6 r a  6 t b ~ e v a  rwv K ~ K K W V  K ~ L  x a p a ~ r q p i < c r a ~  an6 rov ap~ap6 

Reynol ds . 
ZTLS i n  v i vo  ~@appoyis rqq npoop6@qoqs 6nws ouppaive~ orqv hemoper- 

fusion", r o  pcuor6 (aipa) a v a ~ u ~ A O v c r a ~ ,  PE anoreAcopa Cva nArj0os an6 na- 

p6yovrcs va ~a0opi<ouv r a  anorcheopara rqg a~ponpoop6@qoqq. 0 T E A L K ~ S  

0~6x0s  c iva t  n6vra va ~a9op~oroOv O L  i n  v i vo  nap6yovres KaL va cntAcyoOv 

O L  P i A r ~ o r f s  ~ U V O ~ ~ K E S  OE pLa n p a ~ r ~ ~ r j  c@appoyrj. 0 p6voq 6pws r p 6 n o ~  yLa 

;a cn~reuxeoOv aur6 ~ i v a ~  r a  i n  v i t r o  n ~ ~ p 6 p a r a .  

r ~ a  Cva pcuor6 6nws ro  aipa yvwarrj ouy~gvrpwoq rqq 1.0." KaL 6 ~ 6 0 -  

yevq npoopo@qr L K ~  or  jAq , q 3 pnopci, 6nws npoava&%q~E, va €nqp€6<€~ 10 

pu0p6 anop6~puvoq~ rqs r.0. H ~n i6paoq  rqs o y ~ o p c r p ~ ~ r j s  napoxis orqv 

npoopo@~rLKfi ~ ~ a v 6 r q r a  6~aa6pwv T O ~ L K ~ V  O U ( J L ~  ~ E V  &EL E ~ E T O O T E ~  EKTE- 

rapiva. OL Dunea KaL Kol f f  f ' I )  pcrpqoav rqv K68ap~Sq rqs ~ p ~ a r ~ v i v q s  npo- 

~ e ~ p C v o u  va ~ a 0 o p ~ o r c i  q P i A r ~ o r q  O ~ K O ~ E T P L K ~ ~  napoxrj. Auroi  napariipqoav 

a O l q o & r ~ q  ~69apoqs pc rqv a0Eqoq rqs porjq. EEdAAou 6pws abEqoq rqs p042 

n p o ~ a k i  p~yaAOr~pq  ~araorpo@rj rwv a~pomrahiwv (2 ) .  0 Davis ( 3 )  naparrj- 

pqoc rqv i 6 ~ a  cS6prqoq rqq ~60apoqs ~ ~ a r i v i v q s  pc rqv o y ~ o p c r p c ~ f i  napo- 

xrj oc E L ~ L K ~  6thraEq ~ h i v q s .  0 Bobeck KaL O L  ouvcpy6rfq rou ( 4 )  ychirq- 

oav rqv ~6eapaq rqS n~vropapp~r6Aqq KaL rwv yAoure8~p~6Lirv nou npo~ahofiv 

6 ~ 6 W p ~ s  p q r i v q ,  a€ oxEoq pc rqv o y ~ o p c r p ~ ~ f i  napoxrj. Zra nc~p6par6 rous 

n~p~Aapp6vczra~ q ~a68cppos KaL q K L V ~ T L K ~  TT)< npoop6@qoq~. E56AAou o 

Andrade pc roug ouv~py6res rou (5 )  KaL o I. r ~ a r < i 6 q ~  (6)  naparrjpqoav 

~56prqoq pcraE6 rou oxrjparos rq5 orrjhqs KaL rqs a n o r c A ~ o p a r ~ ~ 6 r q r a ~  aurrjs 

r.o = IOILKQ ouoia 
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YA I KA KA I MEOOAO l 

Za @6oq y i a  npoop6Qqoq ~ p q a i ~ ~ o n O i j 8 q ~ a u  u 6 a r i ~ 6  6iahbpara oupi~oir  0- 

lies. Aiahubrav noo6rqra O U P L K O O  05Coq (Carlo Erba 99% paepoir ~ a e a p b r q -  

r a s )  oe  v ~ p 6  nou ~ E P L E E X E  0 , 3  g u6po&i6iou IOU A i8iou (LiOH) K a i  8% 

w/v 6iai8uh€voyhu~bAq (Merck) av6 Airpo. To LiOH x p q o ~ p o n o ~ j e q ~ ~  y i a  va 

(Quoiohoyi~6 bpia 1,67-2,35) npoo8irovrav q a v a y ~ a i a  noobrqra 6 i a i 8 u A ~ -  

voyhu~6hqs.  To pH puepi<ovrav o r a  7 , 4  Kai 01 O U ~ K € V T ~ ~ S € L ~  rou oupi~oir  

oEios npoa6iopi<ovrav npiv K a i  ~ a r 6  rq 6~6pKEia rqs  npoopb@qoqq p€ rq 

pi8060 Henry (7  ) @oparo@rop~rp 1 ~ 6 .  

To npoopo@qr L K ~  nou xpqo ~ p o n o  i j 8 q ~ e  j r av  ~ v ~ p y 6 q  h e p a ~ a q  (Merck No. 

9624) p€ &&OS K ~ K K W V  0,5-0,75 mm o~ rroo6rqra 2,12 g .  

~ q o i p o n o i j 8 r ~ a v  600 rirnoi ~AiuBv: o r a e r p j  ( f ixed bed) Kai pEuoraiw- 

poirp~vq (loose bed). To oxjpa rwv ~AivDv j rav  K U A L V ~ P L K ~  PE E ~ W T E P L K ~ ~  

6 1 6 p ~ r p o  ( ID)  1 3  mm K a i  16 mm avr ioroixa .  To p j ~ o q  rqs  ora8epjs  Khivqs 

j rav  47 mm m61 rqq peuoraiwpobpevrl~ 134 mm. To n o p 6 . 6 ~ ~  ( € 1  rqq o raeep j s  

Khivqs P p i e q ~ ~  0,69 [ ~ Y K O S  6iaKivwv ( 4 , 3  m l ) / o h t ~ o b  b y ~ o u  (6,2 ml)] ro  

6~ E rqs  p~uoraiwpoOp~vqq ~ALvqq 0,84 [ ~ ~ K O S  6 i a ~ i v w v  22,82 rn l /oh i~b  by- 

KO (26,93 m l )  l . OL ~ K P E ~  TWU 600 KA LUI;IV K ~ A O ~ T O V T ~ U  PE uakop6ppa~a. 

H p o j  rou p~uoroi r  6 i a rqp j8qK~ oraeepj  pc rq p o j e ~ i a  n ~ p i o r a h r i ~ j s  av- 

rAias ( r0nou Buchler) . H Beppo~paoia npoapb@qoq~ j r av  20 'C. H p~uora iD-  

pqoq rqs  K A ~ U Q S  ~ n i r u y ~ 6 v o v r a v  p€ o u v ~ x j  p q x a v i ~ j  av66~uoq &re  r a  owGa- 

r i 6 i a  va aiwpoirvra~ o u v e x 6 ~  ~ a r 6  rqv npoopb@qoq. Ta 6 ~ i y p a r a  naipvovrai 



oe opiapiva X ~ O V L K ~  6iaorjpara ye oiryxpovo iheyxo rqq O ~ K O ~ E T ~ L K ~ ~  napo- 

xis. 
ME p6oq rqv oy~operpi~fi napoxfl, E~ripjeq~~ apxi~h q eniIQav~ia~j ra- 

~Orqra [Super f i c ia l  v e l o c i t y ]  (Vs).  H enr ipqoq rqr V S ( ~ ~ - l )  nponhrsi 

an6 rqv O Y K O ~ E T ~ L K ~ ~  napoxfl V Kai rqv eni@6veia rqq ey~6puiaq royiq Q '  
rqq orjhqq xwpiq ro npoopo@qri~6, nou diverai an6 rqv ox6oq ( I )  

MEAerfieq~~ q enidpaoq rpi4v 6ia@op~ri~Ov B orqv ~6eapaq (clearance) 

rou OU~LKOO otioq an6 oraeepiq Kai p~uaraiwpoOpeveq ~AivEq. 0 6poq "cle- 

arance" ~pqaiponoieirai ouvjewq yia va EKTL~QOEI o paep65 anoph~puvoqq 

~ 6 6 ~  TOE i~flq ouoiaq an6 ra uyph rou o6yaroq ye @uo L O A O ~  L K ~  ( @ u ~ L K ~ )  rp6- 

no fl p€ rexvir6 (etwowyar~~i ouo~eufl). 0 6~0s aur6q EK@~{EL TOV 6 ~ ~ 0  

rwv uypcirv rou o4yaros (ouvflewq rou aiparoq) nou ~aBapi3erai EVTEAOS an6 

6e6oph~es T O ~ L K ~ ~  ouaieq oe ~ 6 8 ~  henre. H ~6eapaq eEapr6rai an6 ra Xapa- 

K T ~ P L ~ T L K ~  rqq ~hivqq nou ea xpqaiponoiqBei, riq O U V I ~ ~ K E ~  pojs Kai rq 

QOoq rou 6iaAOyaroq. Xpqo~pono~ieq~e q 6vvoia rqs ~66apoqq avh g npoopo- 

@qri~oO npo~e~yivou va xapa~rqpiorei q npoopo@qri~fi i~av6rqra rqq 6hqs 

dibratqq. 
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arq povMa rou xp6vou Kat avh povMa npoopoQqri~oir~(X),~ar6 rq ~ L @ K E L ~  

pLaq 6 i a6 i~ao iaq  npoop6Qqoqq. Ta pcyi8q aurh yia ra npoqyo6k~va n~iphpa-  

ra (n iva~aq  I )  6ivovrai orov n i v a ~ a  l l  KaL ro oxfipa 1 .  

An6 ra 6~6opiva rou n i v a ~ a  I I  ~ a r a o ~ ~ u h o r q ~ a v  K C I ~ ~ ~ A E S  TOU (X) nov 

ovv6iouv rov 6 y ~ o  rou pcuoroir nou ~ a B a p i < ~ r a ~  orq povh6a rou xp6vou ( m i n )  

yia povC16a Phpous ( g )  npoopoQqri~o6-OE oxioq npos rq pioq y p a p p ~ ~ o  

OL ~ayn6Acq aureq 6ivovrai oro oxfipa 1 .  

,416 rLq ~apnfiA~q IOU oxfiparoq 1 pnopci va npo~irQcc o o u v 0 ~ ~ ~ 6 q  6 y ~ o s  

rou pcvoroi, (aiyaroq) nou pnopci va ~ a e a p i o r f i  brau ~ i v a ~  yvwori q p KaL 

q ovvc6pia 6 ~ a p ~ ~ i  an6 25-200 min ,  i avri8cra va ~niAcyei  q v Kai q 

6 i h p ~ ~ ~ a  ouv~6piaq ~ P O K E L ~ C V O U  va clao@Aiorci o ~ n i e u p q r 6 ~  6 y ~ o s  pEu- 

or05 nou 8a ~aBapLorci, 6qAa6i q noo6rqra rqq r o z ~ ~ f i q  ovoiaq nov 8a ano- 

p a ~ p u v e ~ i  an6 rov opyaviop6. 

~ i o  ucvada TOW X P 6 ~ ~ ~  K a l  avh ~10vh6a T T ~ O U ~ O ( ~ ~ T I K O ~ .  ( X )  UE 
- % 

oxtun L I E  TII utuo y p a u u  I ~ r j  ~ a x L j ~ o r a  V .  

~ U V @ < K E <  T T ~ l p h ~ a ~ o < :  U T U ~ € ~ ~ <  ~ A i v E y ,  b 1 6 p K E l a  u v v e d p ~ a ~  

25 min .  50 min.  75 min.  100 min.  150 min.  200 min .  



pu0p6 ~6Bapoqs 6~aAup6rwv o u p i ~ o 6  oEeos oe rpe iq  6 ~ a Q o p e r ~ ~ i s  ~ U V ~ ~ ~ K E S  

peuora~wpo6p~vwv KALVOV. OL a v v e i ~ c s  rwv necpap6xwv avr8v 6 ivov~q . ,o rov  

n i v a ~ a  I l l .  

1 5 0  

z o o  

min 





MEAETH E n I A P A I H t  T H I  I-PAMMIKHI TAXYTHTAI tTHN KAOAPIH YAATIKQN AIAAYMATQN X 1  

AnOTEAEZM.4TA. 

Z r a 8 ~ p g q  K A  ( I V E S :  An6 ro axflya 1 n p o ~ 0 n r e ~  nwq o 6 ~ ~ 0 5  rou peuoro0 

nou ~ a e a p i c e r a ~  r~heiws  an6 rqv r o l ~ ~ f l  ouoia oe ~ 6 %  Aenr6 KaL ~ 6 0 ~  yp6p- 

y6pco npoopo@qr~~o0 auS6vei ye rq yioq y p a y y ~ ~ f l  raxhrqra. H el6prqoq au- 

rfl e i v a ~  yeyaAOrepq 6uo q 6 ~ 6 p ~ e ~ a  ~ ~ u v e 6 ~ i a ~  e i v a ~  y ~ ~ p f l  ( n . ~ .  75 
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SUMMARY 

A STUDY ON THE EFFECT OF MEAN LINEAR VELOCITY O N  THE CLEA- 

RANCE O F  URIC ACID AQUEOUS SOLUTIONS BY FIXED AND LOOSE BEDS 

FILLED WITH ACTIVATED CARBON. 

E. Papadimi traki-Nathanael  , B.N.Nathanae1 ,H.Tsoukali-Papadopoulou 

Lab. o f  Forensic Medicine and T o x i c o l o g y , A r i s t o t e l i a n  University,AHEPA 

Hospital  , Thes sa lon i k i  . 

I n  t h e  presen t  paper t h e  i n f l u e n c e  o f  mean l i n e a r  v e l o c i t y  7 cm/min 

on th'e c learance  ( X )  ml/min/g o f  t h e  adsorbent  o f  u r i c  ac id  aqueous so-  

l u t i o n  by  f i x e d  and l o o s e  beds f i l l e d  wi th  a c t i v a t e d  carbon has been 

s t u d i e d .  

An i n c r e a s e  o f  c learance  w i th  t h e  va lue  o f  t h e  mean l i n e a r  v e l o c i t y  

i s  conf i rmed.  T h i s  dependence i s  h igher  a s  t h e  dura t i on  and t h e  mean l i-  

near v e l o c i t y  i s  lower .  The ex t ens ion  o f  t h e  adsorp t i on  and t h e  i nc rea -  

s e  o f  t h e  mean l i n e a r  v e l o c i t y  decrease t h i s  dependance. 

T h i s  s t u d y  maj be  u s e f u l  i n  order t o  f i nd  ou t  t h e  optimum cond i t i ons  

f o r  hemoperfusion t r ea tmen t .  
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SUMMARY 

Millions of tons of f ly  ash are produced every year as a waste from 
power plants. A possible way of utilising them is to  consider f ly  ash as 
a resource for minerals and one of the existing trace elements is germa- 
nium. A hydrometallurgical route by leaching of f ly  ash, at different labora- 
tory conditions, is examined in this paper as the f i rst  step to  extract germa- 
nium, by dissolving it. This could be followed by ion flotation of germanium 
from the solution. Some scale-up experiments concerning this stage are 
given and the process is discussed. 

Key words: Fly ash, germanium, leaching, ion flotation, recovery, kinetics. 

INTRODUCTION 

Vast quantities of pulverised fuel ash (f ly ash) are produced each 

year from coal burning power plants. According t o  Public Power Corporation 

estimations, this production in 1985 would reach the amount of 7.5 million 
1 of tons in Greece . Today, f ly  ash is partly utilised, in our country, in 

2 the cement production . 
But the main quantity is considered as a solid industrial waste. As 

an alternative to, disposal, f ly  ash can be processed as a resource for mine- 

rals and valuable by-products, which could simultaneously solve the environ- 

mental problem. The ash is already mined, pulverised and readily available 

in substantial quantities of consistent composition. Among the trace metals 

that i t  contains, is germanium. 

However, only the total ( i f  possible) recovery of all the constituents 

of f ly  ash is envisioned of economic significance and also a great impact 

on the ash disposal problem. For instance, recovery of aluminium alone 

from f ly ash, a procedure extensively investigated, is not antagonistic with 

the traditional production of the metal from bauxites. 

The use of germanium in fiber optics and infrared lenses increased 

dramatically in the late 1970's. These have become the dominant applications 

for germanium and so increased the significance of this element. 

Total wofld germanium production was in 1983, 85,000 kg, while total 
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world germanium demand was forecast to  grow at an average annual rate 
3 of 6.9% for the period 1983-2000 . Today most reserves of germanium 

occur in sphalerite, but the world reserve base could be expanded, i f  reco- 

very of germanium from coal flue dust was to  be reinitiated. World re- 
3 sources of germanium in coal have been estimated at 4,5 million kg . 

The published producer prices in U.S.A. was in 1983 at $1,060 per 
3 kg for germanium metal and $660 per kg for germanium dioxide . 
4 Today, it is known that germanium is found in many coals . The verti- 

car distribution in coal varies, but the element generally has the tendency 

to  concentrate near the edges of coal veins. Apparently, germanium petro- 

graphic distribution has l i t t le  importance, when the possibility of i ts recovery 

is examined. It seems that attention should be paid to methods which tend 

to  enrich germanium in the f lue dusts. 

The greater concentration was found in the finer particles of f ly  ash, 

of -20 pm. Different types of furnaces were also tested and the material 
4 balance of germanium was calculated . Certainly, one cannot expect PPC 

to change its furnaces, in order t o  achieve f ly  ash enrichment in germanium. 

However, an efficient system of dust collection would help. 

Germanium rarely forms ores of i ts own and this further pdints out 

the importance of i ts recovery from coal f ly  ash. There are countries that 

cover all their industrial production necessities in germanium using as raw 
5 material the f ly ,ash, where germanium is concentrated . The occurence 

4 of the metal in coals and fly ash has been recently reviewed . The possibi- 

lities of formation of various germanium compounds during the burning 

of coal were also examined from the point of view of chemical thermody- 

nam ics. 

Concerning the extraction methods of germanium, the usual practice 

is a pyrometallurgical f irst stage; being followed by a certain separation 

process, such as precipitation, solvent extraction or ion exchangegJ0. Sinter- 

ing of f ly  ash with sodium carbonate and lime showed a recovery more 

than 90% of germanium. The product was removed in a dilute solution 
4 of iron chloride and then processed with chloride . Instead, sintering with 

alkalichlorides and then processing with sulphuric acid was applied, or even 

gasification of germanium as volatile sulphides. 

After the separation, germanium oxide is usually washed and dried, 

and reduced in a furnace so that the element is obtained. For its main 
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application in the electronic industry, a final purification is needed, ,~sually 

by zone refining. 

However, during the last decade we witnessed a real outburst in hydrc- 

metallurgy, with the increasing dependence on lower grade ores of the 

primary and strategically important metalsi1. This route offers some serious 

advantages over pyrometallurgy. 

Hydrometallurgy, which .was f i rst  industrially applied for uranium ex- 

traction and' later in copper p#oduction, is the field where the extraction 

and recovery of metals are accomplished by the use of aqueous solutions 

in comparatively IO~N temperatures, contrary to  pyrometallurgy. And so, 

leaching is the f i rst  stage in hydrometallurgical processing12. Some of the 

advantages of hydrometallurgy, except the obvious low energy requirements, 

are that i t  is suitable for composite minerals of low grade (as mixed sulphi- 

des), it gives pure products and does not create environmental problems 

with dust or gaseous wastes, as sulphur dioxide. 

Flotation, ion or precipitate, is an effective alternative for the sepa- 

ration of germanium, with the advantage of being able to  remove trace 

quantities of dissolved species, with or without previous precipitation and 

that is the reason why i t  has been used in analytical chemistry as a precon- 

centration technique. Also, i t  avoids the use of expensive reagents, spent 

usually in large amounts in other seaaration processes and generally, has 

no problem in the final separation of phases. 

Scope of this paper is to  present some laboratory work carried out 

on two aspects of germanium recovery: the f irst being leaching of f ly  ash 

in order to  dissolve the metal and the second involving ion flotation of 

germanium from dilute aqueous solutions. Preliminary results on the latter 
13 has been reported elsewhere , 

Published work on leaching of the f ly  ash is rather poor. A maximum 

extraction reaching 92% from alkaline f ly  ashes was s ~ c c e e d e d ' ~  by sulphuric 

acid dilute solutions of 0.25%, which did not react significantly with the 

other constituents of f ly  ash. I t  is noted that theoretically the maximum 

possible concentration of germanium in solution can not overpass the solubi- 

l i ty  of germanium dioxide, which is 2-5 g per l i ter a t  293-8 K at a pH 

range of 2-6. 

Also in Soviet Union, leaching with basic solutions was tested effecti- 

,vely15. Another researcheri6, proposed the removal of silicon dioxide initially 

by heating after the addition of hydrofluoric acid, as silicon dioxide is 
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a major constituent in f ly ash and could otherwise act as adsorbent in 

the leached solution for dissolved trace elements, such as germanium. 

Previous work on germanium flotation involves that of tannate and 

gallate complexes, of citrato and tartratogermanium acid and also of t r i -  

hydroxof luoronate complexes with rosin amine acetate17, among others. 

MATERIALS AND METHODS 

Laboratory leaching experi rnents were conducted in a 300 cc stirred 

pressure reactor, purchased from Parr; the material of construction being 

Monel 400. The unit had provisions for adding or ~ i t h d r a w i n ' ~  reactant (gas 

or liquid) and for controlling the factors governing the process, such as 

temperature and pressure. The tests at 70•‹C were at atmospheric pressure. 

Fly ash samples were kindly supplied by PPC from its two major 

coal burning power centers in Kardia and Megalopolis. The samples are 

designated respectively as K and M, and their corresponding analysis is 

given in Table I for the main constituents. 

TABLE I 

Chemica l  a n a l y s i s  o f  f l y  a s h  samples ( p r o v i d e d  by P.P.C.). 

Loss  o n  i g n i t i o n  

S i 0 2  

A1203 

Fe203 

T i 0 2  

CaO 

MgO 

K a r d i a  - - - - - -  

U n i t 1  U n i t 2  

3.15 3.00 

29.28 28.49 

12.66 12.72 

4.77 4.65 
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A study of trace elements of Greek coals from the Institute of Geology 

and Mineral Exploitation was recently presented18, but did not include infor- 

mation on germanium. In USA, the phase relations have also been describ- 

ed19. In our previous work20, we have analysed those samples to  find their 

germanium content with a new wet ashing &@hod followed by flameless 

A.A.S. The germanium content found was in the range of 150 yg/g f ly  

ash. 

The experimental procedure was the following: a portion of 2.0 g 

of f ly  ash was weighed and transferred into the vessel (or bomb) together 

with 200 cc of the appropriate leaching solution, which was either sulphuric 

acid or caustic soda. The bomb was then heated to  the preselected tempera- 

ture, where the system was le f t  for 20 min under a constant. stirring of 

70 rpm, which could not be altered. After cooling, the chemical reactor 

was opened and the sample collected. Its volume was measured and the 
\ 

solid residue was separated by filtration. Some of the samples, before leach- 

ing, were previously roasted at about 600•‹C for more than 48 h, to  get 

r id  of the contained unburnt carbon, which was thought to  be causing pro- 

blems because of i ts adsorptive properties; these samples are designated 

with the subscript r. 

The aqueous phase was then analysed for germanium by atomic absorpt- 
20 ion spectrophotometry using a graphite furnace after solvent extraction , 

Due to  extreme difficulties faced with this analysis (mainly with silicon 

and carbon), the leaching experiments chronologically followed the work 

on flotation, when the analysis problem was solved. 

The bench scale dispersed-air flotation system13, where the term 

dispersed-air refers t o  the way gas bubbles were generated, was constructed 

at  the laboratory. It consisted of a nitrogen cylinder, connected to  the 

flotation cell through a gas humidifier, a filter, an open mercury U-tube 

manometer, a rotameter and a low flow rate controller. " 

The flotation cell, which was cylindrical with 3.4 cm diameter and 

14 cm height, was made from a piece of glass tubing blown on to  a Schott 

D4 fr i t ted funnel (porosity 10-16 pm) and having the same diameter. The 

cell volume was approximately 120 cc. Special arrangements were provided 

for the collection of foam and sampling of solution. 

A similar funnel (of 4 cm height) glass blown to  a tube, of 4.5 cm 

in diameter 'and 46 cm high, was used for the scale-up tests, accepting 

a liquid volume up t~ around 500 cc, excluding the foam layer. These expe- 



90 A. ZOUBOULIS,' I. PAPADOYANNIS and K. MATIS 

r ime~ts ,  for the t ime being, had to  be carried out only to  pure S O ~ U ~ ~ O ~ S .  

Flotation conditions were: nitrogen flow rate 200 cc/min, pH of solution 

about 7, ambient temperature and initial germanium concentration at the 

range of 10 ppm13. The former variable was checked in the present. 

In this case, colorirnetric chemical analysis was applied for germanium, 

following the phenylfluorone method in acidic solutions, which forms with 

~ e ~ +  a red complex, stabilised with the addition of a colloid substance, 

l ike gelatin2'. A preceding separation stage, such as distillation of germa- 

rlium tetrachloride from 6 N hydrochloric acid solution or extraction by 

carbon tetrachloride from 8-9 N HCI solution, is needed to  remove inhibiting 

elements. 

RESULTS AND DISCUSSION 

A wet ashing analytical method, which was earlier reported by the 

authors2', was used for the determination of germanium in lignitic f ly  

ashes, by flameless AAS after extraction into dicyclohexyl-18-crown- , 

-6 methyl-isobutyl ketone solution. Several solvents was also tested for 

the extraction of the metal. The possitive interference of various ions during 

the determination was examined by -introducing them into the solution. 

The proposed technique was further verified by standard additions of germa- 

nium to  the samples before incineration. 

The laboratory tests on leaching, are given in Table II showing the 

determined values of germanium recovered in the solution. Temperatures 

of 70, 100 and 200•‹C were tried at various leaching solutions, with or with- 

out previous roasting of the sample. The obtained solutions after leaching 

had a concentration of germanium generally of the other of 10 ppm. 

From these presented results, however, except of the occurence of , 

germanium in the leached solution and also the range of germanium con- 

centration, no other definite conclusion can be extracted. 

Processes of complex formation has been used for concentrating germa- 

nium. The reason is that nearly all the germanium present in solution, i f  

the metal speciation IS examined, at low concentrations below 10-* M and 

at p i i  from 2 up to  7, exists in the form of the very slightly dissociated 

metagermanic acid. The latter was floated by application of pyrogallol, 

acting as activator, and the addition of a suitable surfactant, as laurylami- 

ne13. Various parameters of the process have been investigated. It was . - 
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TABLE I1 

R e s u l t s  o f  l e a c h i n g  e x p e r i m e n t s  ( l a b o r a t o r y  t e s t s ) .  

Sample  - - -  Leaching Ge 

N  0 - O r i g i n  Medium-% c o n d i t i o n s  ('C) g / t o n  f  . a .  

1 
K1 

H2S0, 0 . 5  200 1 1 2 . 0  

2 
M1 

I l I 1  1 6 6 . 0  

3  Klr  ? l  I t  3 1 1 . 5  

4  Mlr l l I T  1 2 0 . 0  

5 K 1 NaOH 0 . 5  I1  2 4 8 . 5  

6  Kl r  I T  I f  2 5 3 . 5  

7 M1 I t  I I  1 2 8 . 0  

8  
Ml r 

I1  11 1 3 9 . 0  

9 Klr '  I I  1 0  0  1 4 0 . 0  

NaOH 0 . 5  

l1  
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seen that the complex acid (HpGe)L3, \which dissociates forming ( G ~ L ~ ) ~ -  

anions, can be floated by cationic surfactants. 

Further, experiments are presented here; the results are shown in 

Figure 1. It was generally observed that nitrogen flow rate was not really 

affecting the final constant conditions, as in this case of ion flotation a 

stoichiometric mechanism dominates. I t  was seen that over approximately 

150 cc/min the obtained recoveries were satisfactory, for flotation duration 

of 300 S. As i t  is apparent from the figure, above this period the remaining 

germanium after flotation was of the order of 1 ppm or less, without any 

more significant changes. Also, it was found that initial conditioning did 

not have any effect on the process, giving germaniuin recoveries over 90% 

even with no conditioning at all. 

0  3 0 0  6 0 0  

R a t e  ( cclrnin) 

Figure  l .  V a r i a t i o n  (1) i n  t h e  r ecove ry  o f  germanium a t  d i f f e r e n t  

g a s  f low r a t e s  and ( 2 )  i n  germanium remaining concent ra-  

t i o n  i n  t h e  s o l u t i o n  w i t h  f l o t a t i o n  t ime .  
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The scale-up experiments, at one stage, are presented in Table Ill, 

covering two flotation periods, that are indeed low (5 and 10 min); noticing 

increase in recovery at the longer runs. In all cases germanium ion recove- 

ries in the foam layer were promising, over 74%. The noticed decrease, 

with the increased cell height (mainly), are possibly due to  two reasons; 

(i) the wall effects and (ii) the internal reflux of floated material towards 

the solution; phenomena that have 'been previously observed and discussed 

for similar problems 22, 23 

TABLE I11 

R e s u l t s  o f  f l o t a t i o n  s c a l e - u p  e x p e r i m e n t s  (one s t a g e ) .  

T r e a t e d  vo lume (cc )  

R e t e n t i o n  t i m e ,  5 m i n  10  m i n  

10  0 90.0 92.0 

The basic concepts and practice of scale-up in flotation was already 

examined24, although there is no general agreement on its necessity. Of 

course, the principles of scale-up and reactor design in chemical technology 
25 

are generally well established . 
Flotation kinetics are often used in research by examining the various 

parameters that influence the process rate. Knowing the rate of flotation 

of a dissolved material, the different operational -variables can be foreseen. 

This could lead to  improved separation and proper design of the unit. 

The method followed in the present was a macroscopic empirical one, 

consisting of the investigation of changes in concentration of germanium 

in solution as a function of time. It is rather a fast way to  collect infor- 

mation with practical significance, as it can be easily applied to  industrial 

cases. In this method of treatment, it was assumed that during the whole 
26 period one equation describes the process . 

What is, useful in these studies is the expression of average flotation 

rate, calculated as the ratio of recovery over the t ime it was obtained, 
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1 v =R/t  (% min-), and specific coefficient of flotation rate given as m 
log(l/(l-R)). The latter is applied for the special case of art if icial conditions. 

Both were calculated and presented in Figure 2. 

Figu re  2 .  E f f e c t  o f  f l o t a t i o n  t ime  on (1) a v e r a g e  f l o t a t i o n  r a t e  

and  ( 2 )  s p e c i f i c  c o e f f i c i e n t  o f  r a t e .  

Conclusions can be derived, in this matter, as for the way flotation 

rate was altered during the experiment. For instance, near the end of batch 

flotation the rate was decreased. The coefficients, although very simple, 

do not describe uniquely the changes in the rate of flotation. The magnitudes 

of the relationship are affected not only by the rate' of flotation at a given 

moment but also by the behaviour of the system preceding it. 

Certainly, the background of dhemical kinetics helped in the analysis 

of the results. For the flotation rate, a general equation of the form: 

r=dC/dt = -kncn is usually adopted. Where the minus sign means that the 

concentration of material in solution is reduced with time, the k is the 
n 

rate constant; that is a complicated function including, among other, the 

reagents concentration, cell geometry, 'froth removal rate, conditioning, 
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size of particles, etc. The kinetic order of the process is represented by 

the number n. 
27 The first-order equation was found to  f i t  with good agreement . 

Considering that germanium flotation recovery from dilute solutions was 

following the first-order kinetics, the values of the flotation rate constant 

were calculated, given as Table IV. As it is observed, the different gas 

flow rates that were examined did not have any significant effect on the 

rate constant, neither on maximum recovery. 

TABLE I V  

F l o t a t i o n  r a t e  c o n s t a n t s  and maximum Ge r e c o v e r i e s  f o r  

d i f f e r e n t  gas f l o w  r a t e s .  

Another advantage of io!l flotation is that it could recover germanium 

from liquid industrial wastes or spent solutions. Laboratory's current research 

in the f ield is orientated towards the study of this separation process and 

its selectivily for germanium, in the presence of other metal ions in dilute 

aqueous solutions, such as those leached from f ly  ash. 

CONCLUSIONS 

From the leaching experiments, at low temperature and using dilute 

solutions of sulphuric acid or caustic soda, it was .observed that the reco- 

vered germanium was of the order of 100 g/ton of f ly  ash. Ion flotation 

was shown t o  be an effective separation method for germanium recovery 

from dilute aqueous solutions, that could. be possibly applied to  the leached 

solutions as the second stage of treatment. Aspects of this process, concern- 

ing mainly the design, were investigated but applied on pure germanium 

solutions. 
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~owever ,  only the total recovery of all the constituents of f ly  ash 

is considered to  be significant from the economic point of  view and in 

the meantime, an impact on the disposal problem of the millions of tons 

of f ly  ash, which are produced every year a t  the power plants of Public 

Power Corporation. . 
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E~ET&<EK~L WS TIPC~)TO or6610 E & ~ Y W Y ~ ~ S  I O U  Y E P ~ O V ~ O U  pia ~6 fmp~rahhoupy i~ f i  

0665, yla rq  6~6Auoq rou oro~xefou. Meherfieq~av ~ L ~ @ O ~ E T L K &  6dyyara ~nr6ye- 

vwu re@pfiv, npoepx6pevwv an6 rqv Kap6i6 (llro~eyar6a) KaL rQ MeyaAbnoAq, 

K ~ T W  an6 ~ ~ L V E S  (H2SO4 0,5%) KaL ~ ~ K ~ A L K ~ S  (NaOH 0,5% fi 8,0•‹h) ouvef i~es 

oe rp€is ~ L ~ @ O ~ € X L K &  ~ E P ~ O K ~ ~ O ~ E S  (70, 100 KaL 2 0 0 ~ ~ ) .  Kahbrepa anoreA€- 

opara naparqpfi8q~av ora 6I iva 6~aAbpara, or" eeppo~paala rwu 70'~. 

Zro 6i&huya xou npo€pxerai an6 rqv EKnAuoq d v a ~  6uvar6 va e@uppe 

o r d  q L O V L K ~ ~  enInAeuoq yLa rqv anop6~puvoq rou nep~exoy€vou yeppavlou. 

r ~ a  rq  6 ~ ~ p y a o l a  aurfi 6 lvovra~ anoreA€ayara ~XETLK&  ye rqv en16paoq rqs 

napoxfis rou aeplou arqv av6~rr loq rou yepyavlou KaL rou xp6vou oro n o d  

rou yepyavlou nou napap€vei per6 rqv enlnheuoq oro 6i6Auya. llapouoi&<ovra~ 

enfaqs anoreA€opara an6 neip6yara peye8uvoqs KaL oxoA~63era~ q 6 i a 6 ~ ~ a d a .  

E~ET&<E'~OL r€Aoq Q K L V Q T L K ~ ~  rqs €n fnh€uo~~ ,  unoAoyl~ovrai x a p a ~ r q p ~ o r ~ ~ 6  

yey€Bq aur is  (orage$ pueyod enlnAeuoqs, yeoos puey6~  ~rrlnAeuoqs, ~ ~ 6 1 ~ 6 s  

ouvreAeorfis puQ.100 enlnheuoq~). 
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ZUSAMMENFASSUNG 

Es wird das Photopotential von einigen n-leitenden ZnO-Einkristallen 
und gesinterten ZnO-Pillen und von einem Ti0 -Einkristall in einer 0,l M 2 Borax-Losung unter galvanostatischen Bedingungen gemessen.Die Linearitat 
zwischen dem Photopotential(V ) und dem Elektrodenpotential(V ) im 
~unkeln1,kann an allen ~alblefker~roben beobachtet werden,sowogl an den 
Einkristallen,als auch an den gesinterten Tabletten.Durch Extrapolation 
der Geraden kann das Flachbandpotential(vFB) des Halbleiters bestimmt 
werden.Ein Vergleich der so erhaltenen VFB mit dem aus der Mott-schottky- 
Geraden zeigt,das auch Photopotentialmessungen unter galvanostatischen 
Bedingungen verwendet werden konnen,um das Flachbandpotential eines oxi- 
dischen Halbleiters zu bestimmen.An einem ZnO-Einkristall wird weiters 
die Abhangigkeit des Photopotentials und des Flachbandpotentials vom 
pH-Wert der Losung gemessen.Fur die Begrundung der Ergebnisse wird ein 
einfaches phenomenologisches Kondensatormodel verwendet. 

Key words:Semiconductors,flatbandpotential,photopotential,zincoxide. 

EINLEITUNG 

Eine sehr wichtige Grose zur Charakterisierung eines Halbleiters,der 

sich in Kontakt-mit einem Elektrolyt befindet,ist sein Flachbandpotential 

gemessen in Bezug auf einer Referenzelektrode-Es entspricht dem elektro- 

nischen Zustand des Halbleiters,bei dem die energetische Lage der 

Elektronen im Halbleiter gleichverteilt ist,d.h. an der Grenzflache Halb- 

leiter/Elektrolyt kommt es zu keiner Verbiegung des Leitfahigkeits- und 

Valenzbandes,Ec und Ev(Abb.la). 



n-HALBLEITER ELEKTROLYT n-HALBLEITER ELEKTROLYT 

ABB.1: E Z e k t r o n e n e n e r g i e s c h e m a  a n  d e r  Phasengrenze  e i n e s  n -  
H a Z b Z e i t e r s , d e r  s i c h  i n  K o n t a k t  m i t ,  e i n e m  E Z e k t r o l y t  b e f i n d e t  
E Bandabs tand ,  E . F e r m i e n e r g i e ,  E C ;  Le W a h i g k e i t s b a n d ,  E u ;  V a l e n z  
bgnd:  ( a ) i n  d e r  E i a c h b a n d s i t u a t i o n ,  f b i u n t e r  a n o d i s c h e r  PaZar i -  
s a t i o n  i m  d u n k l e n  und i m  b e l i c h t e t e n  Z u s t a n d ( " ) .  

Ist das Flachbandpotential eines Halbleiters bekannt,so kann die Lage 
2 

der Bander(Ec,Ev) relativ zur Bezugselektrode berechnet werden . 
Theoretisch 13st es sich mit Hilfe des Ansatzes von ~ u t l e r ~  fur jede 

beliebige Kombination Halbleiter/Elektrolyt bestimmen.Die wichtigste 

experimentelle Methode zur Bestimmung des Flachbandpotentials eines Halb- 

leiters,der sich in Kontakt mit einem Elektrolyt befindet,basiert auf der 

Messung der differenziellen Grenzschichtkapazitat(C) unter potentiosta- 

tischen Bedingungen-bei Variation des Elektrodenpotentials(Mott-Schottky- 

~aherun~)~.~it Hilfe dieser Naherung last sich zusgtzlich die Donator- 

(ND) oder Akzeptordichte(NA) des Halbleiters bestimmen,je nachdem ob es 

sich um ein n- oder p-halbleitendes Material*handelt.Schwierigkeiten tre- 

ten auf,wenn die Linearitat der Mott-Schottky-Gerade durch verschiedene 

Faktoren gestort wird(z.~.0berflachenzustande,elektrol~tseitige Raum- 

ladungen ezt.). 

Weiters last sich das Flachbandpotential aus Photostroimessungen mit , 

Hilfe . , der ~artnertheorie~ bestimmen, doch nicht sehr befriedigend .Andere 
6-9 Methoden werden in der Literatur beschrieben . 

In dieser Arbeit wird an Hand von ZnO- und Ti0 -Proben eine zusatzli- 2 
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che einfache Methode zur Bestimmung des Flachbandpotentials eines oxi- 

dischen n-Halbleiters beschrieben.Gemessen wird die auftretende Anderung 

des Potentialabfalls an der Halbleiteroberflache,wenn der n-Halbleiter/ 

Elektrolytkontakt unter galvanostatischen Bedingungen anodisch polarisiert 

und mit genugend hoher Lichtintensitat belichtet wird.Diese Potential- 

anderung wird Photopotential(V ) genannt(Abb.lb).Die Grundannahme der 
ph 

Uberlegungen in dieser Arbeit basiert auf der Tatsache,das die Ladung an 

der Halbleiteroberflache unter galvanostatischen Bedingungen vor und nach 

dem Belichten gleich bleibt,vorausgesetzt,das keine Umladungen oder 
10 Reaktionenstattfinden . 

MESSANORDNUNG 

Die Mesanordnung(Abb.2) bestand aus folgenden Teilen: 

1)thermostatisierte photoelektrochemische Zelle 

2)Potentiostat/Galvanostat,R-C-Brucke,Frequenzgenerator,X-Y-t-Schreiber 

3)optische Einrichtung 

Als Arbeitselektroden wurden n-leitenden mit Zn-dotierten ZnO-Ein- 

kristalle,die in Richtung der kristallographischen C-Achse eingebettet 

wurden,gesinterte n-leitende ZnO-Tabletten und ein mit Tantal dotierter 

Ti0 -Einkristall verwendet.Elektrische Kontakte wurden mit Leitsilber und 
2 

mit Silberepoxy von der Elektrode zur Cu-Ableitung hergestellt. 

Als Referenzelektrode wurde eine HgO/Hg-Elektrode in einer Boraxlo- 

sung'verwendet,die uber eine Salzbrucke(geful1t mit 0,l M Boraxlosung) 

mit der Meszelle verbunden war.1hr Potential gegenuber einer gesattigten 

Kalomelelektrode betrug t144 mV.Als Gegenelektrode kam Platin in Form 

einer Winkler Netzelektrode zur Anwendung. 

Als Elektrolyt wurde eine 0,l M Borax(Na2B407.10 H20)-Losung mit pH= 

9,2 verwendet,da der isoelektrische Punkt des Zn9 bei 9,5 liegt und die 

Loslichkeit hier minimal ist.Fur die pH-Abhangigkeit des Photopotentids 

wurde eine 0,l M Boraxlosung verwendet,deren pH-Wert tropfenweise mit 

konz. H2S04- oder konz. NaOH-Losung sauer oder basisch eingestellt wurde. 

Der optische Teil bestand aus einem XBO 15011 Xenonhochdruckbrenner 

(Binolux IIIA) ,aus einem Monochromator(Jarell-Ash, 114) ,aus Absorptions- 

filter fur die Eliminierung der Effekten 2,0rdnung,aus einer Linse und 

einem Al-Umlenkspiegel.FKr die Experimente mit der ZnO-Elektroden wurde 

monochromatisches Licht von 365 nm verwendet,da bei dieser Wellenlange 

der groste Photoeffekt beobachtet wurde.Die mit Tantal dotierte TiG2- 

Elektrode,zeigte ein Absorptionsmaximum bei 380 nm. 
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EXPERIMENTELLE ERGEBNISSE 

VPh=V - 
L I C H T  

ZEIT 

ABB.3:Anderung des ElektrodenpotentiaZs unter galvano- 
statischen Bedingungen bei Lichteinwirkung. 

Mit Hilfe des Galvanostaten wurde ein konstanter anodischer Strom der 

Halbleiterelektrode vorgegeben und die Einstellung des stationaren 

Elektrodenpotentials(V ) abgewartet.Die Wartezeit erstreckte sich bis zu 
0 

30 min.Nach seinem Erreichen wurde die Elektrode mit monochromatischem 

Licht bestrahlt und wieder das Einstellen eines stationaren Wertes(V) ab- 

gewartet(ABB.3).Die Wartezeit erstreckte sich ebenfalls bis zu 30 min.Da- 

nach wurde das Licht abgedreht und wieder der Dunkelwert gemessen,der in 

den meisten Fallen vom ursprunglichen etwas abwich.Dies wurde durch Ande- 

rung des anodischen Stroms fur mehrere V -Werte wiederholt. 
O ; 

Durch das Belichten verschiebt sich das Elektrodenpotential in die 

entgegengesetzte Richtung zu V .Die Differenz zwischen V und V wird Pho- 

. topotential V -(V-Vo) genannt und hat ein entgegengesetztes Vorzeichen 
ph- 

zu V (vgl .ABB.3) .V stellt die Anderung des Oberf lachenpotentials des 
0 ph 

Halbleiters bei Belichtung dar(ABB.lb). 

Tragt man das Photopotential der ZnO-Elektroden gegen V. auf,so erhait 

man einen linearen Zusammenhang mit der Steigung von ca:l,sowohl fur den 

ZnO-Einkristall(1) , al's auch fur die gesinterten Tabletten(ABB. 4a, 5a, 6a). 
Der Schnittpunkt dieser Geraden mit der Abszisse liefert den Potential- 

wert,bei dem der Halbleiter keinen Photoeffekt mehr 1iefert.Das ist der 

Fal1,wenn sich der Halbleiter in der Flachbandsituation befindet. 



Cl 
4 
H 
E-' 
Z 
W 
E- 
0 

E-' 
0 
tC 
a 

ELEKTRODENPOTENTIA~ Vo(V) GEGEN HgO/Hg 

ABB.4: ZnO-Einkr i s  taZZ (T) i n  0 . 1  M BoraxZOsung: l a ) A n d e r u n g  d e s  
P h o t o p o t e n t i a Z s  m i t  dem E Z e k t r o d e n ~ o t e n t i a l  u n t e r  g a Z v a n o s t a -  
t i s c h e n  Bedingungen,(b)Mott-SchottKy-Gerade u n t e r  p o t e n t i o -  
s t a t i s c h e n  Bedingungen .  

Zum Vergleich wurde die differenzielle Kapazitat der ZnO-Elektroden 

im selben Elektrolyt unter potentiostatischen Bedingungen gemessen und 

die Mott-Schottky-Gerade auf dieselben Diagramme aufgetragen(ABB.4b,5b 

und 6b).Wie aus diesen Abbildungen zu sehen ist,haben beide Geraden den- 

selben Schnittpunkt mit der Abszisse,der das Flachbandpotential vom Zn0 

liefert . 
In der ABB.7 wird die analoge Abhangigkeit des Photopotentials vom 

Elektrodenpotential fur den Ti02-Einkristall in zwei verschiedenen pH- 

Werten gezeigt. 

Danach wurde an einem anderem ~n~-Einkristall(~~) din Abhangigkeit des 

Photopotentials vom Elektrodenpotential bei verschiedenen pH-Werten des 

Elektrolyten gemessen-.~er pH-Wert des Grundelektrolyten wurde tropfenwei- 

se mit einer k0nz.H SO - oder konz.NaOH-Losung sauer oder basisch gemacht. 
2 4 

Die entsprechenden Geraden werden in ABB.8 dargestellt.Die Anderung des 
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- 1 0 
h i - 1  + 2 

ELEKTRODENPOTENTIAL Vo(V) GEGEN HgO/Hg 

ABB.5: Z n O - T a b l e t t e  (1) i n  0 . 1  M ~ o r a z l o s u n ~ : ! a ) A n d e r u n ~  d e s  
P h o t o p o t e n t i a l s  m i t  dem E l e k t r o d e n p o t e n t i a l  u n t e r  g a l u a n o s t a -  
t i s e h e n  Bedingungen ,  f b ) M o t t - S c h o t t k y - G e r a d e  u n t e r  p o t e n t i o -  
s t a t i s c h e n  Bedingungen .  

pH-Wertes der Losung verursacht,sowohl beim Zn0,als auch beim Ti0 eine 2 
parallele Verschiebung der V -V -Geraden mit steigendem pH-Wert zu 

ph 0 
kathodischeren Potentialen. 

DISKUSSION 

Die Linearitat zwischen dem Photopotential V und dem Elektrodenpo- 
ph 

tential Vo,die in den Abb.4a,5a,6a und 7 zu sehen ist,fuhrt durch Extra- 

polation der Geraden gegen V -0 in das Flachbandpotential des Halb- 
ph- 

leiters.Phenomenologisch kann es an Hand des Zn0 mit Hilfe eines ein- 

fachen Modells erklartowerden. 

Wird ein n-Halbleiter,der sich in Kontakt mit einem Elektrolyt be- 

findet,unter galvanostatischen Bedingungen anodisch polarisiert,so bildet 

sich an seiner Oberflache eine Raumladungszone,deren Ladung entgegenge- 

setzt der Oberflachenladung der Elektrolytphase ist und allein den ioni- 
sierten Donatoren an der Oberflache des Halbleiters zugeschrieben wird. 



106 I. POULIOS , 0 . FRUHWIRTH 

ELEKTRODENPOTERTIPL V. (V) GEGEN HgO/Hg 

ABB.6: Z n O - T a b l e t t e  (11) i n  0 . 1  M BorazZOsung: ( a ) A n d e r u n g  d e s  
P h o t o p o t e n t i a Z s  m i t  dem- E Z e k t r o d e n p o t e n t i a Z  u n t e r  g a Z v a n o s t a -  
t i s e h e n  Bedingungen ,  (blMo t t - S c h o t t k y - G e r a d e  u n t e r  p o t e n t i o -  
s t a t i s c h e n  Bedingungen .  

Fur die Raumladung Q an der Zn0-Oberflache sind also im Dunkeln nur die 

ionisierten Donatoren verantwortlich.Wird die Grenzschichte ZnO/Elektro- 

lyt belichtet,so entstehen in der Raumladungszone des Halbleiters 

Elektron-Loch-Paare(ABB.lb).Unter galvanostatischen Bedingungen die ge- 

nerierten Elektronen reagieren mit den ionisierten Donatoren und die 

Locher ersetzen die Ladung,die durch die Neutralization der Donatoren ver- 

loren gegangen ist,so das die Raumladung Q an-der Oberflache des Halb- 

leiters aufrechterhalten bleibt.Bei genugend hoher Lichtintensitat kann 

angenommen werden,das alle ionisierten Donatoren neutralisiert werden.Fur 

die Raumladung des Halbleiters sind dann nur die generierten Locher ver- 

antwortlich. 

Wird angenommen,das keine Oberflachenzustande existieren und praktixh 

keine Reaktionen an der Grenzschicht stattfinden,kann die Halbleiter/ 

Elektrolytgrenzschichte als ein planparalleler Kondensator betrachtet 

werden.Die Kapazitat dieses Kondensators besteht praktisch nur aus dem 
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- 1 - 0 , 5  U' +O , 5  + 1 
ELEKTRODENPOTENT.TAL Vo(V) GEGEN HgO/Hg 

ABB.7: Anderung  d e s  P h o t o p o t e n t i a l s  m i t  dem E l e k t r o d e n -  
p o t e n t i a l  e i n e s  n - T i 0 2 - E i n k r i s t a l l s  u n t e r  g a l v a n o s t a t i s c h e n  
Bedingungen .  

kapazitiven Anteil des Halbleiters,da die Kapazitat der Helmholzschichte 

im Elektrolyt vernachlassigt werden kann,weil sie viel groser und in 

Serie zur Kapazitat der Doppelschicte des Halbletters 1iegt.Fur die Kapa- 

zitat im Dunkeln gilt dann 

C :Doppelschichtkapazitat des Halbleiters im dunklen Zustand D 
Q :Raumladung der Doppelschicte 

. VD:Potentialabfall in der Doppelschichte 

Beim Belichten verschiebt sich das Potential auf negativeren Werte und 

nach dem Erreichen des Gleichgewichtes gilt ahnlich wie in G1.(1) 

CL:Doppelschichtkapazitat des Halbleiters im belichteten Zustand 



ABB.8: Anderung d e s  P k o t o p o t e n t i a l s  m i t  dem E l e P t r o d e n -  
p o t e n t i a l  u n t e r  g a z v a n o s t a t i s c k e n  Bedingungen  d e s  ZnC-Ein- 
k r i s t a Z Z s i I s i  i n  v e r s c h i e d e n e n  pH-Werten. 

Q :Raumladung der Doppelschichte 

V :Potentialabfall in der Doppelschichte 
L 
Fur V und V gilt nach 11 D L 

V =V -V -kT/e 
D o FB 

und 

V =V-V -kT/e 
L FB 

V :Gemessenes Elektrodenpotential im dunklen Zustand 

V :Gemessenes Elektrodenpotential im belichteten Zustand 

VFB:Flachbandpotential des Halbleiters 

Wie fruher erwahnt,bleibt die Raumladung an der Halbleiteroherflache 

unter galvanostatischen Bedingungen vor und nach dem Belichten gleich. 

Aus G1.(1) und G1.(2) folgt dann 

CD . VD = CL ' v~ (5) 

Aus G1.(5) erhalt man,unter Benutzung von G1.(3) und G1.!4) und der be- 

kannten Beziehung V =V-V ,folgende Form fur das Photopotential: 
ph o. 
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Durch eigene Kapazitatsmessungen unter galvanostatischen Bedingungen 

wurde festgestellt,das C >>C ist,wenn die Elektrode mit genugend hoher L D 
Intensitat belichtet wird.In G1.(6) kann der Quotient CD/CL als eine 

sehr kleine Zahl vernachlassigt werden. 

Daraus fogt fur das Photopotential 

Vph=-( Vo-VFB-kT/e) (7) 

d.h. das Photopotential ist gleich gros und entgegengesetzt dem Ober- 

flachenpotential des Halbleiters im unbelichteten Zustand.Dieser theore- 

tischer Zusammenhang in G1.(7) zwischen dem Photopotential(V ) und dem 
ph 

Elektrodenpotential(Vo) stellt eine lineare Funktion der allgemeinen 

Form Y=A+BX dar.Wobei Y=V X=V ,B=-1 und A=-(V +kT/e) ist.Aus dem ph' o FB 
Schnittpunkt dieser Gerade mit der X-axis kann das Flachbandpotential des 

Halbleiters bestimmt werden.Dieser Punkt entspricht den Fal1,wo Vph=O ist. 

Mit Hilfe der Theorie der Gleinstren Quadraten konnte festgestellt werden 

das tatsachlich die experimentellen Funktionen V =f(V ) der verschie- 
ph 0 

denen Elektroden linear sind und die Steigung,von ca.1 haben(Tabel1e I). 

Zusatzlich wurde das Flachbandpotential aus Kapazitatsmessungen unter 

potentiostatischen Bedingungen in Dunkeln mit Hilfe der Mott-Schottky- 

~ a h e r u n ~ ~  bestimmt(ABB.4b, 5b und 6b) .Fur sie gilt 

C :differentielle Kapazitat der Raumladungsschichte des Halbleiters 

E :Dielektrizitatskonstante des Halbleiters 

E :Dielektrizitatskonstante des Vakuums 
0 
e :elektrische Elementarladung 

N :Donatordichte des ~albleiters' 
D 
G1.(8) kann,auf analoger Weise wie G1.(7),als eine lineare Funktion be- 

trachtet werden,deren Schnittpunkt mit der X-axis das Flachbandpotential 

des Halbleiters 1iefert.Die errechneten VFB-Werten aus den zwei Methoden 

werden in Tabelle11 gegeben.Ein Vergleich zeigt, das es eine gute Uberein- 

stimmung der hier beschriebenen Methode mit der Mott-Schottky-Naherung 

existiert. 

Die parallele Verschiebung der V /V -Geraden mit dem pH-Wert fur den 
ph 0 
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TABELLE 1:Fehlerrechnung der Flachbandpotentlalwerten einiger ZnO- 

Elektroden aus Photopotentialmessungen. 

Elektrode A B 6 ~ *  6B R~ vFB(v) 

TABELLE 1I:Flachbandpotentiale einiger ZnO- 

Elektroden aus Kapazitats- und Photopotenial- 

messungen bei pH=9.3 gegen HgO/Hg . 

Elektrode 
VFBB(V) 

aus 1/C 2 
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ABB.9: pH-Abhangigkeit des FZachbandpotentiaZs des ZnO-Ein- 
kristaZ2.s (11). 

Ti02-Einkristall und den ZnO-Einkristall(II)(ABB.7 und 8) ist analog der 

Verschiebung*der Mott-Schottky-Geraden eines ZnO-Einkristalls wie von 

~erischer" beschrieben.Diese pH-Abhangigkeit wird dem sauren oder 

basischen Charakter der Oxidoberflache zugeschrieben,die mit H 0 reagiert 2 
und H+- oder OH--Ionen bindet. 

Die Abhangigkeit des Flachbandpotentials vom pH-Wert der Losung lie- 

fert nach ~ohmann'~ eine Gerade mit der Steigung von Ca. 0.059 V/pH,da 

dieses unter gegebenen Bedingungen nur vom Potentialsprung in der Helm- 

holzschichte des Elektrolyts abhangt.Die Auftragung der erhaltenen Flach- 

bandpotentialwerten aus der Geraden der ABB.8 gegen den pH-Wert der 

Losung(ABB.9) gibt hingegen Gerade mit der Steigung von Ca. 0.045 V/pH. 

Diese Abweichung konnte darauf zuruckgefuhrt werden,das die verwendeten 

Losungen nicht gepuffert waren. 

Der Versuch das Flachbandpotential eines nicht oxidischen Halbleiters 

nahmlich eines Zn In S -Einkristalls,mit der selben Methode zu bestimmen, 
3 2 6  

verlief erfolgreich.Detail1ierte Ergebnisse werden in einer weiteren 
14 Publikation veroffentlicht . 

Abschliesend ist festzuhalten,das die hier beschriebene Methode ver- 

wendet werden kann,um auf einfache Weise das Flachbandpotential eines 

oxidischen Halbleiters zu bestimmen und zwar ohne die relativ aufwendige 

Messung von Kapazitaten. 
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SUMMARY 

D e t e r m i n a t i o n  o f  t h e  f l a t b a n d  p o t e n t i a l  o f  o x i d e  s e m i -  
c o n d u c t o r s  from p h o t o p o t e n t i a l  m e a s u r e m e n t s .  

The photopotential of some wide band gap semiconductors(Zn0 and TiO ), 2 
under galvanostatic conditions in contact with 0.1 M borate solution,was 
investigated.A linear dependence of the photopotential with the external 
electrode potential has been found.From extrapolation to zero photopo- 
tential the flatband potential was obtained,which is in a good agreement 
with those obtained from Mott-Schottky plots.The slope of the linear re- 
lation is 1 and it is explained phenomenologically by a simple condensor 
model.The pH dependence of the flatband potential is analogical to that 
observed on the basis of capacitance measurements. 

M E T P ~ ~ ~ T ] K E  TO @ W T O ~ U V C ~ ~ I K ~  0 ~ 1 ~ 6 ~ ~ ~  T)~~ICXYWYIK&J O E E ~ ~ ~ W V  UE ~ E Y & ~ O  EVEP- 
y& l a ~ 6  x&oua (ZqO, Ti02) K&TU an6 yaX~avooTaTl~6s o u v 8 f i ~ ~ s  G& 6thXuua 0. IM 
Ncl B 0 kipaTrlpfi0rlKE 6 ~ 1  K&TW an6 TZS ~ U Y K E K P ~ U ~ V E <  O V ~ ~ ~ K E <  TO ~ T O ~ U V C ~ -  
~ I & ~ T & . J  qiEKTpo6iwv au-rhv &<ap-c&-ral y p a u u l ~ &  a76 TO 6uvay I K ~  n o k h ~ w g .  
ME np06~~am-1 TQS E U ~ E ~ ~ S  ( @ W T O ~ U V ~ ~ I K ~ - ~ U V ~ ~ I K ~  T T O X ~ E ~ ~ )  I T ~ O ~ - L O ~ < O T ~ K E  

TO 6uvau1~6 T ~ S  ~niI're6qs ~ a l v i a s  aywy1u6~q~us  ( f latband potential) TOU q- 
u layyyoG.~ ~ 6 y ~ p ~ m - 1  ~ w v  T I ~ & J  a u ~ h  PE TIS ~ 1 ~ 6 s  ITOU Xau~&vov-ra~ an6  qv 
EUfkla ~ o t t - ~ c h o t t k ~ ( M ~ T p f i G ~ l ~  X W ~ ~ ~ T I K ~ T T ) T C ~ S  O T ~ V  6 1 ~ n l @ & v ~ l a  qu1aywy6</ 
~ X E K T ~ O X ~ T ~ S )  6 6 ~ 1 5 ~  ~ T Z  UTT&PXEI u l a  ouu@wvia TWV T I ~ & V  TOU ~ U V Q ~ I K O G  T ~ S  
~Trii 'r~6qs m l v i a s  aywy~u6~q.ras  am6 T I C  660 6la@op&-cl~6g u~8660ug.EmnX6ov 
6 l ~ p E U v f i 8 ~ ~ ~  ll &<&pTqCT) TOU @ U T O ~ U V ~ ~ ~ K O ~  K i l l  TOU 6UvCiulK06 TqS ~ITiTrE6qs 
~ a l v i a s  a y w y 1 u 6 ~ q ~ a ~  an6 TO pH TOU 61aX6ua~os . r~a    qv ~5fiyqm-1 ~ w v  @alvo- 
uEvwv xprla1uono1fi0qa~ Cva anX6 uovT6Xo m~vw-cfi. 
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(Rece I ved January 5, 1'988) 

SUMMARY 

The c a t a l y t ~ c  behav~our o f  porous anod~c alumina f l l rns, prepared I n  
H2S04 15% w.p.v, s o l u t ~ o n  a t  303 K constant bath temperature and a t  
various current dens l t les ,  was lnvest lgated dur lng the HCOOH dehydration 
reaction. At a l l  current d e n s ~ t ~ e s  employed, the ac t l va t lon  energy, 
frequency fac to r ,  t o t a l  and s p e c ~ f ~ c  a c t r v ~ t y  a t  a constant r e a c t ~ o n  
temperature d~sp layed  a maximum a t  a d e f ~ n ~ t e  a n o d ~ s a t ~ o n  time, different 
f o r  each current dens~ t y .  Maxlmum values o f  act rvat ron energy v a r ~ e d  
slightly, those o f  ca ta lys ts  spec l f l c  a c t l v l t y  s ~ g n l f l c a n t l y  decreased 
w i t h  lncreaslng current d e n s ~ t y  whl le,  those o f  t o t a l  a c t l v l t y  e x h i b ~ t e d  
a broadened max lmum between 3.5 and 5.5 ~ / c h 7 ~ .  The observed catal  y t  I c 
behav~our was due t o  s t ruc tu ra l  ra ther  than t o  mass, th~ckness  and 
poros l ty  changes o f  the anod~c  alum~na, occurring with anodlsatlon 
current densl ty v a r ~ a t l o n .  

Key words: Ca ta l ys~s ,  anodlc alumrna, formlc ac ld  decompos~t~on. 

By anod~c  o x i d a t ~ o n  o f  a l u m ~ n ~ u m t w o  k ~ n d s  o f  oxides are formed by 

means o f  a f I lm on the aluminium surface1 s 2 :  Ln e lec t ro ly tes  wh~ch  do not  

at tack A1203 (e.g. bo r l c  a c ~ d ,  borate sa l t s ,  c ~ t r l c  ac ld  e . t . c . )  the 

oxlde thus formed I S  nonporous and o f  c e l l u l a r  s t ructure,  r t s  th~ckness  

IS approximately analogous t o  the Imposed vol tage and can extend up t o  1 

Pm. Although ~t was reported t o  be I n  the form o f  v-AI203 o r  v'Al203 

( the l a t t e r  belng an Intermediate stage between crystalline v-A1203 and 

amorphous A 1 203) o r  oxyhydrox i de (boehm~ te,  v-A1 00H) , o r  hydrox I desf , ~t 

I S ra ther  amorphous and anhydrous2. In  e lec t ro ly tes  wh I ch d I ss0 l ve A1 203 

(sulphuric, o x a l ~ c ,  phosphoric ac ld  e . t .c . )  the oxlde thus .produced IS 

porous and a lso o f  c e l l u l a r  s t ructure,  but i ts th~ckness  can reach many 

tens o f  urn. A pore IS s l tua ted  a t  the center o f  each c e l l  belng o f  



roughly cy l  l n d r ~ c a l  shape, extend~ng between the oxlde surface and the 

Al/AI203 ~n te r f ace ,  where ~t I S  sealed by a t h ~ n  oxlde layer.  The c e l l  

d l m t e r  IS a funct lon of the a p p l ~ e d  voltage. The concentration o f  c e l l s  

and hence that  o f  pores I S  o f  the order o f  101•‹ cel  ls/cm2, w h ~  l e  ,pore 

d l  m e t e r  ranges between a few up t o  a few hundreds i. T h ~ s  0X1de was 

reported t o  be c rys ta l  l  i ne v-AI 203 and/or amorphous2* depend I ng on the 

condr t lons o f  e l  ec t ro l  y s ~ s  and IS ma~ n l  y unhydrous2. 

Desplte the f a c t  tha t  a l o t  o f  wow has been done on the s t ruc tu re  

and properties o f  anod~c a lu rn~n~wn o x ~ d e s  In  other f l e l d s ,  very l l t t l e  

research has been carrred out lnvest lgat ing the catalytic proper t ies  o f  

these ox I des4. 

Ruckenste I n and h I s coworKers s tud I ed n o n p o r ~ u s ~ - ~  and porous8 1 

e lec t r o l  y t  I C  oxldes o f  alumlnl urn as model cata l  ysts819 and as substrate 

m d e l s  f o r  p l a t  1 n w n ~ 1 ~  and pal ladlum catalysts7. 

Porous anod I c ox I de cata lys ts ,  employed by Hon I c~e lO1 '  l, exh I b l  ted  a 

30- fo ld  h ~ g h e r  spec i f l c  a c t ~ v l t y  as compared t o  t ha t  o f  bu lk  y-A1203 I n  

the dehydration o f  2-propanol and hlgher a lso In  the i s m r ~ s a t l o n  

react lon o f  n-butene. 

Gl ass1 , K r m r  and ~ a y e k l ~ - ' ~  s tud led the behav lour  o f  p l  a t  lnum 

s I n t e r l  ng on nonporous anod I c AI 203 where hydrogen01 y s ~  S o f  

methylcyclopentane on these ca ta lys ts  was also studied. In  another worK 

by G] ass1 and ~ a y e k l  the hydrogen01 ys I s o f  methy I cyc I opentane was 

studled on tsland stage u l t r a t h l n  plat inum f l l m s  o f  def lned o r l en ta t l on  

mounted on anod~ca l l y  prepared amorphous alumlna. 

Skoul I k i d l  S and ~ a r r o p o u l  osi6 stud I ed the cata l  y t  I c behav i our 09 

porous anodic alum~nlum oxrde prepared I n  s u l p h u r ~ c  acld, ~n the  

decompos~tlon o f  formlc acid. It was found tha t  the oxlde was an 

exc lus ive ly  dehydratlve ca ta lys t  and ~ t s  e f f i c i ency  was even hlgher (by a 
nwnber o f  orders of magnitude) than t ha t  o f  the bulk y-AI203 cata lys t .  I n  

a prevlous wow by the authori7 the effect o f  anodtc ox ldat lon trme ort 

the c a t a l y t i c  properties o f  porous A1203, Prepared i n  sulphuric acid, 15% 

w.p.v. so lu t lon  a t  303 K and current densl ty 3.5 A/&, I n  formlc ac id  

decomposltton, was lnvestlgated. I t  was observed t ha t  anodlsatlon t1n-e 

a f fected s t rongly  the c a t a l y t i c  a c t l v l t y  o f  the ox~de .  

In the present wow the decompos I t I on o f  form1 c ac I d was also used 

as a reference react lon. Porous anodlc alumfnlurn oxldes prepared a t  

constant bath temperature and various current dens I t I es, were ernpl oyed bs 
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cata lys ts .  Generally the dehydrat~on r e a c t ~ o n  o f  f o r m ~ c  acid: 

HCOOH - H20 + CO 

occurs on alurnina and especially so over anod~c  a l u m ~ n a ~ ~ l ~ ~ .  

EXPERIMENTAL 

Anod~c oxides o f  alumln~um, prepared a t  current d e n s ~ t ~ e s  ( I ) :  1.5, 

3.5, 5.5 and 7.5 ~ / d m ~ ;  a t  d ~ f f e r e n t  anod isa t~on  t ~ m e s  ( t )  In  H2S04 15% 

w.p.v, so lu t ion  and a t  303 K constant bath temperature throughout, were 

used f o r  the decompos~tlon o f  HCOi)H. 

A c m r c i a l  alumin~um sheet, 0.5 mn th ick ,  was employed f o r  the 

p roduc t~on  o f  anodtc oxide cata lys ts .  I t s  compos~t~on  as determ~ned by 

mass spectroscopy was: Al:99.5%, Fe:0.26%, S1:0.2% and traces o f  Mn, Mg, 

Cu, Zn, T I .  

The shape, dlmenslons o f  speclrnens, methodology o f  a n o d ~ s a t ~ o n  f o r  

the o x ~ d e  cata lys ts  preparation and procedure o f  HCOOH decomposlt~on 

exper~ments I n  Schwab reactor  used, were glven I n  detal  l In  a prevlous 

~ 0 ~ 1 7 .  

The oxide f l l m  mass was determined by d ~ s s o l u t ~ o n  o f  the oxlde In 

chromophosphor~c a c ~ d  so lu t ion,  containing 35 ml H3PO4 (s.g. 1.71) ancl 

20g Cr03 per l r t e r  o f  solution, wh~ch  d~sso l ves  A1203 selectively wh i le  

l e a v ~ n g  A I  in tact1.  The oxtde f I im thickness was determined by means o f  

a rnetal lograph~c microscope, wh11e the o x ~ d e  spec l f lc  rea l  surface was 

measured by B.E.T. method. 

The H2S04 s o l u t ~ o n  obtained a f t e r  anodisat~on,  was exmined by means 

o f  an atomlc absorption spectrophotometer, I n  order t o  determ~ne the  

amount o f  Fe d~sso l ved  d u r ~ n g  anodisation and hence der ive the amount o f  

Fe203 present I n  the A1203 anod~c  layer. Desprte the f a c t  t ha t  the 

percentage o f  Fe I n  alumin~um was small, the presence o f  Fe203 mlght 

influence the resu l t s ,  because Fe203 IS both a dehydrogenatlve, and 

dehydrat I ve catal  yst18. 

Slnce decompos~t~on o f  HCOOH on such ca ta lys ts  a t  temperatures up t o  

628 K 1s 100% dehydrat~on, experiments were ca r r led  out a t  lower, 

temperatures1 7. The react  Ion order was zero under the exper lmental 

cond~ t i ons  chosen, wh~ch  resu l ted  rn a r a t e  o f  HCOOH d e c m p o s ~ t ~ o n  b e ~ n g  

I dent i ca l  t o  the react  I on r a t e  constant (K) . 
The react  i on r a t e  constants a t  var i ous temperatures were measured 

+or each ca ta lys t  used. BY mtoymg the Arrhenfws eqmt ron: 
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K = k0exp ( -E/RT) 
E 1000 or log K = log K --.- 

Cl 4.57 T 

where ko: frequency factor, E: act I vat I on energy In Kcal .mo\ -1, R: un I versa1 

gas constant (1 ,9872 cal . k - f  .m01 -l) and T: temperature In K, the act I va- 

tron energy and frequency factor were calculated by regresston analysrs. 

RESULTS 

The mass, th~cKness and specrflc real surface of the oxrde 

ftlms employed are grven In Table I .  

TABLE I :Mass (M) , th I ckness (y) and spec I f I c real surf ace (S) of ox I de 
fllm catalysts at drfferent current densrtres (I) and anod~satron tlmes 
(t) or c3arge densrt~es ( q ) ,  where q = 1.t. 
........................................................................ 

I =  1 .5  A / & ~  
t (min) 24.6 41.7 43.0 44.4 48.2 52.5 63.0 
q (cb/m2) 2214 3753 3870 3996 4338 4725 5670 
M hCl) 50.0 70.0 71.5 72.5 74.0 7 f . 5  77.5 
Y (W) 11.0 17.0 17.5 18.0 18.5 19.0 19.0 
S (m2/g) 14.4 19.9 20.3 20.7 21.2 2 6 21.6 

l =  3 . 5  A/& 
t (mln) 9 . 0  18.0 22.5 27.0 35.0 48.0 65.0 90.0 
9 (cb/m2) 1890 3780 '4725 5670, 7350 10080 13650 18900 
M (m) 49.0 89.0 106.0 119.0 135.0 139.0 139.0 139.0 
Y (um) 10.0 19 .5  23.5 27.0 31.0 33.0 33.0 33.0 
S (m2/g) 11.6 13.2 15.0 16.6 18.5 19.5 19.5 19.5 

l -  5 . 5  /+/&n2 l =  7.5 A/& 
t (m~n) 17.2 39.4 53.2 12.6 32.5 47.7 
4 5676 13002 17556 5670 14400 21465 
M (mg) 122.5 149.0 149.0 122.5 151.0 151.0 
Y (urn) 30.0 34.0 34.0 31.0 35.0 35.0 
S (m2/g) 15.0 18.7 18.7 14.6 18.5 18.5 

........................................................................ 

As ~t can be seen f r m  the table the mass, thickness and specrfic 
real surface of the ox~de catalysts inrtlally Increase wrth anodrsat~on 

time, attalnlng subsequently a constant value at each current denstty 

employed. This feature IS due to the mechan~sm of porous film format~on, 

which antlcrpates a constant number of pores per unit surface of 

specrmen, for given cond~t~ons of anod~sation, distributed roughly in a 

hexagonal arrangement1 12. pore meter at the tnnemst part of the pore 

remalns constant, whrle that of ~ t s  outermost part enlarges, because its 

Inner surface IS attacked by ~ $ 0 4 .  This pore enlargement progresses wlth 

anod~sation t~me, owing poss~bly to the longer tlme specimens remaln in 

solutr.on and pores acquire a cmrcal or 'C~cmpt%u d, apenfng ttp 
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towards the e x t e r ~ o r  layer o f  the oxlde f l l m .  When the mean diameter o f  

the pore ex te r l o r  becomes equal t o  the dlstance between the pores, then 

the t h l  cKness, mass and spec1 f l  c rea l  surface a t t a l n  a I lmr t ing vai ue3, 

as observed I n  Table I. Appearance o f  l ~ m l t r n g  values f o r  M, S and y 

takes place a t  longer anodlsation tlmes, but a t  lower values o f  passlng 

charge on r e d u c t ~ o n - o f  current densl ty.  The l r m l t l n g  values f o r  M and y 

are la rger  f o r  hlgher current dens l t les  as expected from the mechanism o f  

oxtde f o m a t l o n  and from the f a c t  t ha t  with lncreaslng current densl ty 

and hence anod I sa t  I on potent r a1 , a smai I e r  nwnber o f  pores I S produced2, 

whl le pore dlstance Increases. On the contrary, spec l f i c  rea l  o x ~ d e  

surface increases w ~ t h  decreasing current  densi ty,  which IS due t o  t he  

larger  nwnber o f  pores formed, the differences nevertheless not  belng 

substantrat ones. When on the othep hand the current densl ty Increases, 

then spec l f l c  rea l  surface tends towards a constant value, as ~t can be 

observed from i t s  values a t  5.5 and 7.5 A/&+, whlch are very close. 

Analysing the contents o f  the anodisatron bath by atomic absorption 

~t was found t ha t  Fe, especially a t  low current d e n s i t ~ e s ,  dissolves I n  

the bath t o  an extend comparable t o  i t s  concentration I n  At, hence I n  the  

AI203 f l l m  only traces o f  Fe203 can ex l s t .  Therefore Fe present I n  A1 

does not  i n  any way a f f ec t  the catalytic behaviour o f  AI203 d u r ~ n g  HCOOH 

d e c m p o s ~ t ~ o n .  

Flgure i deplc ts  the Arrhen~ous diagrams f o r  A1203 cata lys ts ,  

prepared a t  1 ~ 1 . 5  A/C$ and a t  fou r  different anodisatlon tlmes, I n  the 

HCOOH dehydration react ion. 

From f i gu re  1 it i s  observed t ha t  the Arrhen~ous l i nes  s h l f t  t o  the 

r i g h t  up t o  the t ~ m e  In terva l  where maxrmum values f o r  M and S appear, 

w i t h  concml tant  Increase o f  the gradlent and ln tersect lon value, In 

other words an Increase I n  the ac t l va t l on  energy and frequency fac to r .  

Beyond this tlme In terva l ,  the Arrhen~ous l ines s h l f t  towards the l e f t  

fo l lowed by a decrease I n  the values o f  the ' ac t l va t ron  energy and 

frequency fac to r .  The same phenomenon was observed and f o r  the other 

current dens i t les  u t l l ~ s e d .  

Flgures 2 ,  3 *and 4 show the v a r l a t ~ o n  o f  the ac t l va t lon  energy, o f  

the logarithm o f  the frequency f ac to r  and o f  the r a t e  constant a t  623 K 

respect ive ly  vs anodlsatlon ttme a t  the current densities utilised. 

I t  IS obvlous from f lgu res  2, 3 and 4 t ha t  a t  a l l  current dens i t les  

employed, a maxlmum i n  the values o f  E, log KO and k(623 K) appears a t  
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A : 41.7 min 
A : 44.4 X 

: 52.5 / 

time in te rva ls  corresponding t o  constant mass attalnrnent. I n  order 

t o  v e r ~ f y  whether mass and rea l  surface S (where S=M. s) ' are a f f ec t  lng 

the p r o f i l e  o f  parameters log )co and k ( 6 2 3  K ) ,  f i gu res  5, 6, 7 and 8 are 

c i ted ,  where the dependence o f  log(ko/M) , l og ()co/S) , K (623 K) /M and 

k(623 K)/S vs a n o d ~ s a t ~ o n  trme a t  the current d e n s i t ~ e s  employed IS 

given. 

From f lgu res  5-8 ~t I S  ev~den t  tha t  the parameters log(ko/M), 

log (k,/S) , k (623 K) /M and k (623 K )  /S change I n  a manner s rmr l a r  t o  that  

 correspond^ ng t o  the non-reduced par&ters vs anod~ sat  r on t rme a t  a l  l 

current d e n s ~ t  ~ e s  employed and e x h i b r t ~ n g  maxlma i t  the same time 

In te rva ls  t o  those o f  the non-reduced parameters. 

Obviously In  order t o  obta in  a complete PlCtUre o f  the change o f  

c a t a l y t ~ c  parameters w i th  respect t o  current dens~%y, one must compare 
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the oxlde ca ta lys t  paraneters maxtmum values appearing a t  d ~ f f e r e n t  

current denstttes. Ftyur-es 9 and 10 show the v a r l a t ~ o n  o f  the maxtmum 

values o f  these parameters, I . .  E, log K,, log{K,/M) , log (C<@) and 

4 0 0 : 1.5 A*dm-2 
: 3 . 5  1 

A : 5.5 Y 

A : 7 . 5  Y 

% 30 
E - 
m 
0 Y 

.. 20 

M.! 

10 
0 20 4 0 60 80 100 

time , min ' 

F I G. 2 : Act I vat I or7 energy of HNwH decmpos I t I on react 1 on on  nod^ c 
alumlna vs anodlsatlcw time a t  vat-lous current densltles. 

F I G. 3 : Logart t f m  o f  frequency factor f o r  the H c m H  decomposl t I on 
react ion on anodl c a l runt na vs anodl sat I on t line a t  varl ous cur-r-en t 
d w r  ries. 
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K (623 K)-, K (623 K )  /M, k (623 K) /S respect I ve l y W I th current dens I ty . 
From f~gure 9 ~t 1s clear that a1 l p a r m t e r s  change w ~ t h  a unlform 

prof~ le, the fluctuat~ons not b e ~ n g  part~cularly large as those observed 
, 

8 - 
7 

V )  

2 6 
0 
E - 5 - 
Y 
(., 4 
CU 
W - 3 
X 
" 2 L 

1 

0 2 0 4 0 60 80 100 
time , min 

FIG.4:Rate constant of  HCOOH decomposltlw7 reaction at 623 K on anodic 
alurnlna vs anodlsatlon t ~ m  at various current densities. 

time , min 

FIG.  5: Logar-I thrl, o f  frequency factor reduced per gram of  oxide 
catai yst vs anodi sat 1 on t ,me at  v a r ~  ous current dens I t I es. 
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for a n o d ~ s a t ~ o n  t ~ m e  v a r ~ a t ~ o n  at each current dens~ty. In f ~ g u r e  10 a 

maxlmum I S  observed for C((623 K) between 3.5 and 5.5 ~ / c k n ~ ,  w h ~  le 

parameters k(623 k)/M and k(623 K)/S show a decrease w ~ t h  ~ n c r e a s ~ n g  

current dens) ty. 

0 20 40  60 " 8 0 100 

time , min 

F I G. 6: Loydrr fh o f  frequrr7cy factor reduced per I$ real surface o f  
ox~cYe catatyst vs giodrsation time a t  varrous current der i s i t~es .  

1 

0 20 4 0 60 8 0 100 
time , min 

F I G .  7 :  Rate constant a t  62.3 k reduced per gran o f  0x1 de catalyst vs 
anod i sd  t r or7 t i m a t var- f OLAS cur-/-m t: &AS t fes~ 
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4 
0 :1.5 ~ - d m ' ~  
* : L 5  / 

3 A :5.5 i 

r : 7 . 5  / 
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0 2 0 4 0 60 8 0 100 

time , mln 

F I G .  8: Rate constant at  623 K reduced per & real oxide S~lrfaCe VS 
anodlsatlon time a t  various current denslttes. 

A  : log k, 

A : IO~I~, .M- ' I  

0 :  log[k,.~-'l 

* : E  

FIG.9:Maxirnurn values of  E, log ko, log(k&M) and log(K&S) obtained at 
var i OLJS c u r y n  t dens i t ies vs current dens i ty .  
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FIG. to: Max~mum values o f  K (623 K ) ,  K (623 k ' ) / M  and k (623 & ) / S  obtained 
a t  di f feren t current dens I t I es vs curren t .dens I t y .  

D l SCUSS l ON 

As ~t has been prev ~ o u s l  y notedf6*  17, the p r e d m ~  nant dehydrat I ve 

actton o f  anod~c A1203 IS due t o  the SPeClflC manner of ~ t s  p repara t~on .  

Under the exper~mental c o n d ~ t ~ o n s  chosen the react ion was o f  zero order 

and H20 produced d ~ d n o t  l n h l b ~ t  1 t i 7 ,  hence t h e a c t ~ v a t ~ o n e n e r g y  IS 

the t r ue  one and adsorptlon enthalpy (AHad) has an apprec~able value. The 

activation energy v a r t a t ~ o n  IS s ~ m ~ l a r  t o  t ha t  o f  adsorptlon enthalphy. 

An increase In  the ~ n t e n s ~ t y  and number o f  Lewls a c ~ d l c  a c t ~ v e  centers 

b r ~ n g s  about an Increase In  AHad, E, ko and k(623 K) rn a slml l a r  

fash~on .  Appearance o f  a maxlmum i n  t h e l r  values a t  a s p e c ~ f ~ c  anodlc 

o x l d a t ~ o n  - t ~me  was Interpreted by the ~ n t e r p l a y  o f  two a n t a g o n ~ s t ~ c  

factors;  (a) d e v i a t ~ o n  from s t o ~ c h ~ m t r l c  r a t r o  due t o  oxygen surplus 

( se rn~conduc t~v~ t y ) ,  decreas~ng w ~ t h  lncreaslng oxlde mass and th~ckness  

and (b) degree o f  o x ~ d e  c r y s t a l l ~ n ~ t y ,  ~ n c r e a s ~ n g  w ~ t h  anodlc o x ~ d a t ~ o n  

t  me a t  constant current dens I t y t 7 .  

The mechan~sm o f  HCOOH decompos~tlon on alum~na has been reported t o  

take place through HCOOH adsorpt I on on Lew I S ac I d I c centers19 o r  between 

gaseous HCOOH and surface H+ I . e. Bronsted ac I d~ c centers, suppl I ed t o  

the alumlna surface v i a  d ~ s s o c i a t  I ve adsorpt  on o f  HcOOH~O a t  



temperatures -190~C, s i y n i f i c a n t l v  lower rrevertheless than those employed 
I n  the present work. According t o  the l a t t e r  mechanism, formic  anion 

does not  behave as t react  ion intermediate; however a t  higher 

temperatures the reac t ion  I S  possible t o  taKe place on Lewis ac id i c  

centers v i a  c f i ssoc ia t~on  o f  a f o r m ~ c  ~ n t e r m e d ~ a t e ,  demand~ny nevertheless 

a higher a c t ~ v a t ~ d n  eneryy as compared t o  t h a t  e f fec ted  on Bronsted 

ac ~d I c centers20. Exper i menta l f I nd I ngs as reported i n  a prev i ous worK1 

f i t  i n t o  the mechanism whereby decomposition o f  HCOOH taKes place on 

Lewis a c ~ d i c  centers v l a  a formic intermediate. 

I n  the present worK, it has been shown t h a t  no t  on ly  the parameters 

E, log K, and k(623 K) (see f lgures 2, 3 and 4) but a lso the reduced 

parameters k(623 K) and K. e~ ther  per gram o f  oxide ca ta lys t  o r  per m2 o f  

rea l  surface (see f ~ g u r e s  5, 6, 7 and 8) vary w i t h  anod isa t~on  time, a t  

a l l  cur rent  d e n s i t ~ e s ,  ~n a uni form way, show~ng a maxlmum a t  a s p e c i f i c  

anodisation t ime w h ~ c h  I S  d ~ f f e r e n t  f o r  d i f f e r e n t  cur rent  dens i t ies .  T h ~ s  

f a c t  leads t o  the conclusion tha t  anodic o x i d a t ~ o n  time, f o r  a l l  current 

d e n s ~ t ~ e s  used, I S  a determining f a c t o r ,  more so than mass and s p e c i f i c  

oxlde rea l  surface. 

Because a l l  c a t a l y t i c  parameters vary w ~ t h  anodic o x i d a t ~ o n  time, a 

meaningful cmparlson between o x ~ d e s  would be one i n  w h ~ c h  on ly  the 

o x ~ d e s  y i e l d i n g  maxlmum values t o  those parameters are considered. The 

var I a t  I on o f  E, l og  KO, l og (Ko/M) and l og (Ko/S) , as can be seen from 

f i g u r e  9, IS uni form y i e l d ~ n g  s l ~ g h t l y  higher values a t  1.5 and 5.5 

~ / c t n ~  wh I l e exh I b I t I ng a tendency t o  decrease a t  espec I a l  l y h i gh current 

dens1 t les, >5.5 A/dm2. Hence these parameters vary i n  a simi l a r  f a s h ~ o n  

no t  only w ~ t h  anod~c  o x ~ d a t ~ o n  time, but a lso w i t h  cur rent  densi ty as 

desc r~bed  above.This f a c t  underl ines the Inf luence o f  current d e n s ~ t y  

a l so  on the s t r u c t u r a l  p r o p e r t ~ e s ,  such as c r y s t a l l i n ~ t y  and d e v i a t ~ o n  

from s t o ~ c h i m t r i c  r a t i o .  Because E and log KO do not  change 

apprec~ably  w ~ t h  cur rent  densi ty,  t h i s  proves t h a t  the mechan~sm o f  HCOOH 

d e c m p o s ~ t ~ o n  IS u n ~ f o m  f o r  a1 l ox~des ,  prepared a t  d ~ f f e r e n t  cur rent  

d e n s ~ t i e s .  

The change I n  s p e c i f i c  a c t i v i t y ,  K(623 K)/M and K(623 K)/S, f i g u r e  

10, shows very e x p l i c i t l y  the s u p e r ~ o r ~ t y  o f  o x ~ d e  ca ta lys ts  prepared a t  

low current  d e n s i t ~ e s .  Spec l f i c  a c t ~ v i t y  i s  d r a s t ~ c a l l y  reduced w ~ t h  

Increasing cur rent  densi t y  from 1.5 up t o  3.5 A/cin2; very I I tt l e  between 

c 3.5 and 5.5 A/dm2 and abrupt l y between 5.5  and 7.5 A/chn2. A t  l ow current 
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densrtres devratron from storchrometrrc r a t r o  I S  small, owrng pr rmarr ly  

t o  the mr ld  condrtrons o f  o x ~ d e  productron; hence the oxrde surface 

exhrbr t s  a larger  number o f  Lewts act rve centres17, Therr rn tensr ty  

nevertheless I S  n o t  apprecrably hrgher than tha t  obtarned a t  o ther  

cur rent  densrtres used, because the degree o f  c r y s t a l l  r n r t y  a l so  

Increases wrth decreasrng current densrty. Thrs assertron explarns the 

hrgher specrf  rc a c t r v i t y  a t  lower cur rent  densrtres and a lso tha t  the 

maxrmum act rvat ron energy IS almost the same 

ernpl oyed. 

The r e s u l t r n g  I t m r t ~ n g  mass and t o t a l  rea l  

cur rent  densrty I S  owed t o  the mechanrsm o f  ox 

leadrng f o r  lower cur rent  densttres t o  substant 

and t o t a l  rea l  surface. Thus the t o t a l  ac t rvr  

f o r  a l l  cur rent  denst t tes  

oxrde surface f o r  any 

de and pore format I on' 2, 

a l l y  lower l r m r t ~ n g  mass 

Y I S  m a l l e r  f o r  1.5 than 

f o r  3.5  and 5 . 5  ~ / d r n ~ .  The almost rdentrcal  values f o r  t o t a l  and specr f rc  

act  ~ v r t y ,  I n  the regron between 3 . 5  and 5 . 5  A/&?, tndrcate t h a t  the 

~ n f l u e n c e  o f  devrat lon from s t o r c h t m t r t c  r a t 1 0  and degree o f  

c r y s t a l l ~ n r t y  changes, on c a t a l y t r c  a c t r v r t y ,  are balancrng each other  

out i n  t h l s  range o f  cur rent  densr t les .  By f u r t h e r  rncreasrng the current 

densrty, d e v ~ a t t o n  frm sto ich lometr rc  r a t l o  b e c m s  the domrnant f a c t o r .  

Thts r e s u l t s  rn a reductton o f  a l l  parameter values a t  cur rent  aensr t les  

hrgher than 5 . 5  ,4/dm2. The lower values o f  parameters a t  7.5 A/& 

compared t o  those a t  5.5 A/dm2 are thus expl a~ned;  although mass, 

thr cKness, spec i f  t c and t o t a l "  rea l  surface are almost the same f o r  both 

oxrdes a t  these two current  densrtres. 

The above under1 tne the  rmportance o f  s t r u c t u r a l  c h a r a c t e r t s t ~ c s  o f  

oxrdes, 1.e. devratton from s t o r c h t m t r r c  r a t r o  and c r y s t a l l  rn r t y ,  whrch 

are rnfluenced by anodrsatron trme, cur rent  densrty and, as an t~c rpa ted ,  

by bath temperature and thermal o r  react rve treatment o f  anodrc alumrnas. 

M3NCLUS I ONS 

The c a t a l y t ~ c  proper t tes  o f  anodrc alumtnas are a l t e r e d  no t  on ly  

w r t h  anodrsatron ttrne but  a lso wr th  cur rent  denstty var ta t ron,  A l l  

c a t a i v t r c  parameters I n  the HCOOH decomposrt~on such as act rvat ron 

energy, frequency f a c t o r ,  t o t a l  and specr f rc  a c t r v r t y  drsplayed a maxrmum 

a t  , a  specr f rc  anodtsatron t ~ m e  f o r  each current  denstty employed. By 

cornpartson o f  these maxrma obtarned a t  d r f f e r e n t  cur rent  densrtres r t  was 

found t h a t  the ac t  I va t  I on energy, frequency f a c t o r  and reduced frequency 
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f a c t o r  per u n ~ t  mass o r  rea l  surface d t d  not  e x h l b l t  large fluctuations. 

Thls  proved that  tne mechan~srn o f  HCOOH decomposltlon on the oxlde 

ca ta lys ts ,  prepared at  d t f f e r e n t  current dens l t tes ,  (1.5, 3.5, 5.5 and 

7.5 ~ / z k n ~  and a t  303 K) , was the same. Cata lys t  spec l f  I C  ac t  I V I  t y  on the 

o ther  hand was htyher a t  low current d e n s ~ t r e s  but  t o t a l  a c t l v l t y  

acquired a broadened maxtmum a t  cur rent  dens l t l es  between 3.5 and 5.5 

~ / & n ~ .  Th ls  c a t a l v t ~ c  behaviour was malnly due t o  the l n f  luence o f  

current densl ty va r ta t lon  on the oxlde semtconduct~v l ty  and c r y s t a l l l n l t y  

ra the r  than on the mass, thickness and oxlde porost ty .  

kATA/\YTIKEZ IAIOTHTEZ TOY HAEKTPOAYTIKOY v-AI203 

I I . E l l  l APArH THE IlYKNOTHTAZ PEYMATM ANOA I K H t  OZE IARtHt t T l  X 

KATA/\YTl k i t  TOY IAI(3THTET. 

r r n v  epyaola autn ueXet\fivxal 01  KaraXurlres rd ldrnres peppav3v 
nopkdwv a v o d l r w  o l e l d ~ w v  tou apylXiou, nou napaoreua3ovrai a€ 6idQopes 
nurvotnres peuuaxos, oc Xoutp0 H2S04 15% ( r  . o. ) ata8ePfls 8epvorpauias 
303 K ,  uxnv a@udarwn tou uupunr I rou oteos. H paga, so ndxos r a l  n 
e161rI7 n p x y ~ ~ a r l r t ?  enlqcweia swv O ~ C I ~ I W V  raraXux\ilv au3dvovral ~ C X P I  
op~opevo xpovo avodlrns oaet6wns, nou ezaprdral ano snv RUKV6tnXU 
pevvatos, pera an6 rov ono io-anortovv ata8epes s I @S. 0 1  o p ~ a r t s  a u w s  
T I D E S  r n s  pa3as r a l  rou naxous rou o3e161ou pelwvovral, ev3 rns  E I ~ I K ~ ~ S  

nwyua t  I r I7s en I ~ a v e  I as au lavov ta~  ue rnv PE I w n  r n s  nurv6snras peupasos. 
r l a  r6 to  naxos n 1 6 1 u  paSu o i e ~ d l o u ,  nou napaureua5era1 oe 61&@opas 
nurvorntes pcuuatos, n c ~ d l r l l  npayC(atIrn enl@avera au3avera1 pe rnv  
uarumn rns  nurvornras peuuacos, E'oXfs " T I S  nurv6tnres pcuparos nou 
xpno1uono1n8nruv, n evepycla evepyonolnons, o nawyovtas ouxvdrnras Kai n 
E l 6 1  r r l  dpam l r b t n r a  rw  raraXuzbv, a' OpropCvn 8epj~orpacrla avr idpaans, 
~ 6 w a v  ~ e y  ~ o ~ o  OTOV I 6 I o nep I nou xpovo avod i w n s  orov ono i o  en I ruyxdvera! 
ora6epn t l u n  rou ~ ~ X O V S ,  t ns  pasas F a r  Tns e ld l r r l s  npayuaerrrls en lwveras  
ruv 03€ I 6 1  wv raraXuruN. 0 1  ueylares r I pes I n s  evepyelas evepyonoinans 
o t l s  61a@opes n u r v b t n x s  peuuaros uetaBaXXovral aXXa 6x1 onpavrrra, aur8s 
rns e rd t rns  Bpaortrotnxas rwv raraXurwv u e l t h o v r a ~  onpavr l rd  ue snv 
autnan tns  nvrvotntas pevuaros rat  aures rns  oXlrrls 6paorrrdrnras 
ECIOUVISOUV Eva nXatu u e y ~ o r o  avaueoa o r a  3.5 r a l  5.5 ~ / d m ~ .  'EXUI, em$ o 
unxav I oubs ns a@udatwns T O U  HCOOH napapeve I I 6 I OS, n 6paor I r b r n t a  rwv 
ra taXu tw uctaBaXXera~ anpavt l ra  ue rnv nurv0rnra peuuaros a v o 6 1 ~ r l s  
o 3e I dwms. AUT n n rataXur I I( n ouunep I @ON IV@E i Xera~  OX I r6a0 u r n  perapoXI? 
I n s  ua$as, sou rraxous r a l  rou nopwdous rwv o le ld iwv aXXa rupiws osn 
wraBoXn I n s  douns sous. H errponrl an0 r n  oro lxe loperp l r r l  avaXoyiff 
(nu I ayuy i v 6 r n ~ a )  ra1 o f3a8pOs rpuoraXX1 rdsnras sutv oze 16iwv, nou 
petaBaXXovta~ 0x1 uovo pe t o  xpdvo aXXa enians r a l  pe rnv  n u ~ v 6 r n r a  
pevparos avodlrns o fa ldwns ,  eueuvovtclr rupiws y ~ a  rnv  pesaBoXrl r n s  6opfis 
r a l  rnv naFcrznpouuevn raraXurirt? oupnep~@opa, 
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THE CONDUCTANCE BEHAVIOUR OF NaBPh4 IN ACETONITRILE AND ISO- 

BUTANOL AT 10,  35, 20, 25 AND 3 0 "  C 

Lab. o f  Phys i ca l  Chemistry,Departement o f  Chemistry, 
' A r i s t o t e l i a n  U n i v e r s i t y  o f  Thessa7onik7,Greece 

( r ece i ved  J u l y  4 ,1988)  

SUMMARY 

Molar c o n d u c t i v i t i e s  a t  l i m i t  concen t ra t ion  zero have 
been eva luated f o r  NaBPh4 i n  a c e t o n i t r ~ l e  and isobutanol  a t  
10, 15 ,  20, 25 and 30' C. The exper imental  data  have been 
analysed by means o f  t he  Lee-Wheaton conductance equat ion.  
The thermodynamic parameters o f  t he  non-coulombic 
i n t e r a c t i o n  have been eva luated.  

Key Words: Conductance, Assoc ia t ion  constant ,  Thermodynamic 
para- me te r s ,Ace ton i t r i l e ,  I sobu tano l ,  Sodium te t r apheny l  
b o r i  de 

I n t r o d u c t i o n  

The problem o f  e l e c t r o l y t e  s o l u t i o n s  cen te rs  around t h e  

i n t e r a c t i o n s  o f  i ons  w i t h  so l ven t  molecules and w i t h  one 

another.  A complete theory  o f  t h e  phenomena o f  s o l u t i o n  

chemist ry  wi l l .become a  r e a l i t y  on l y  when s o l u t e  s o l v e n t  and 

so lven t -so lven t  i n t e r a c t i o n s  a re  complete ly  e l u c i -  

dated.Studies o f  e l e c t r o l y t i c  conductance have always been 

an impor tan t  source o f  i n f o rma t i on  concerning i o n  i n  

s o l u t i o n .  The l i m i t i n g  va lue  o f  t h e  molar conductance i s  a  

f u n c t i o n  on l y  of s o l u t e  so l ven t  i n t e r a c t i o n .  By c o n t r a s t  i t s  



v a r i a t i o n  w i t h  concentrat ion depends essenc ia l l y  on ion- ion 

i n t e r a c t i o n .  Much in fo rmat ion  on the  s t r u c t u r e  c f  

e l e c t r o l y t e  so lu t i ons  and e q u i l i b r i a  can the re fo re  be 

der ived from conductance measurements. 

C lea r l y  the  molar conductance would not.change a t  a l l  

w i t h  concentrat ion i f  the  ions d i d  no t  i n t e r a c t  w i t h  each 

other .  Coulombic i n t e r a c t i o n  tends t o  produce order  w i t h  a 

given c a t i o n  repe l i ng  o ther  ca t ions  and a t t r a c t i n g  anions. 

Counteracting t h i s  phenomenon i s  thermal motion which tends 

t o  randomize the  pos i t i ons  o f  t he  var ious species i n  t he  

l i q u i d .  The r e s u l t  i s  a  compromise. The Debye-Huckel 

atmosphere( ' ) .~hen an e l e c t r i c  f i e l d '  i s  app l ied  , t h e  

cen t ra l  i o n  and i t s  i o n i c  /atmosphere move i n  opposite 

d i r e c t i o n s  towards the  e lect rodes.  

We may w r i t e  f o r  the  molar conductance o f  an e l e c t r o l y t e  

the  equat ion 

h=(ho - A e ) . ( l - r  Ax 1 

where AO i s  t he  l i m i t i n g  conductance a t  i n f i n i t i s i m a l  i o n i c  

s t reng th  , where the  . ions are i n f i n i t e l y  apar t ,  he t he  

e lec t ropho re t i c  e f f e c t  which reduces the  molar conductance 

o f  t he  cen t ra l  i o n  by an amount he and AX/X t he  c o n t r i b u t i o n  

o f  the  assymetry e f f e c t  which i s  commonly symbolised as a 

re laxa t i on  f i e l d  AX a c t i n g  i n  opposite d i r e c t i o n  t o  t he  

app l ied  f i e l d .  This  equat ion forms the  bas is  o f  t he  Debye 

-Huckel-Onsager conductance equation. It i s  der ived from 

the  so c a l l e d  " p r i m i t i v e  model o f  r i g i d  unpolar izable 

spheres" i n  a d i e l e c t r i c  continuum whose p rope r t i es  are 

those o f  bu lk  so l ven t ( * ) .  

The degree o f  i o n  assoc ia t ion  i n  a e l e c t r o l y t e  i n  a 

so lven t  i s  mainly in f luenced by t h e  r a d i i  o f  ions  , the  

d i e l e c t r i c  constant o f  t he  so lven t  and s p e c i f i c  so lven t  

e f f e c t s .  The e l e c t r o s t a t i c  fo rces  between ions cause ions o f  

u n l i k e  charges t o  a t t r a c t  each o ther  and f o r  any p a i r  o f  

ions the  mutual p o t e n t i a l  energy i s  given as a f unc t i on  o f  

o f  d is tance by coulomb's law. However besides e l e c t r o s t a t i c  

fo rces  so l va t i on  fo rces  a lso  e x i s t  which are completely 
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system s p e c i f i c  and can n o t  be p red i c t ed  from t h e  

e l e c t r o s t a t i c  theory .  Study o f  t h e  i o n i c  equi  l i b r i a  over a  

temperature range permi ts  us t o  determine t h e  heats  and t h e  

en t rop ies  o f  t h e  respec t i ve  i o n  p a i r s  . I n  t h i s  work t h e  

conductances o f  NaBPh4 i n  a c e t o n i t r i l e  and i sobu tano l  a re  

repor ted  a t  10,15,20,25 and 30•‹ C .  

Exper imental  

Sodium, t e t r apheny l  bo r i de  (Merck p u r i s s  p.  a. ) was 

r e c r y s t a l l i z e d  from acetone and d r i e d  under vacuum . 
A c e t o n i t r i l e  (Merck p u r i s s  p.a.)  was passed through 

molecu lar  s ieves  and d i s t i l l e d  i n  a  col lumn. The midd le  

f r a c t i o n  was c o l l e c t e d .  The phys ica l  constants  o f  

ace ton i  t r i  l e  and i sobutanol have been taken f rom t h e  

l i t e r a t u r e .  394 

A l l  s o l u t i o n s  were mainta ined i n  a  Leeds and Nor thrup o i l  

ba th  thermostat .  Resi s tance measurements were c a r r i e d  o u t  on 

a Johnes and Joseph type  a l t e r n a t e  c u r r e n t  b r i dge  and t h e  

'ba lanc ing  p o i n t  was determined by a  d i g i t a l  vo l tmete r .  The 

Erlenmeyer t ype  cee l l s  used were s i m i l a r  t o  those proposed by 

Dagget B a i r  and ~ r a u s !  A g i ven  q u a n t i t y  o f  so l ven t  was f i r s t  

p laced i n  t h e  c o n d u c t i v i t y  c e l l  and i t s  conductance was 

measured. Successive addi  t i  ons were then made of a  

concent ra ted s tock  s o l u t i o n  by us ing  a weight b u r e t t e .  

- D e t a i l s  o f  t h e  exper imental  procedure have been repor ted  
6 3 7  p rev i ous l y .  

Resu l t s  and Discuss ion 

Conductance da ta  f o r  a  g iven  system can p rov ide  t h ree  

parameters . The va lue o f  equ i va l en t  conductance Ao, t h e  

va lue o f  assoc ia t i on  constant  Ka  and t h e  va lue o f  t h e  

c l o s e s t  approach d is tance  o f  i ons  R .  The measured molar 

conductances a re  g iven  i n  t a b l e  I. The measured molar 

conductances decreaces q u i t e  g e n t l y  w i t h  concen t ra t ion  f o r  



134 N. PAPADOPOULOS, G.RITZOULIS 

t h e  c a s e  of NaBPh4 i n  a c e t o n i t r i l e  i n d i c a t i n g  t h a t  NaBPh* is  

s l i g h t l y  a s s o c i a t e d .  B y  c o n t r a s t  t h e  mo la r  c o n d u c t a n c e s  i n  

i s o b u t a n o l  f a l l  r a p i d l y  w i t h  r i s i n g  c o n c e n t r a t i o n  i n d i c a t i n g  

s t r o n g e r  a s s o c i a t i o n  i n  t h i s  s o l v e n t .  I n  t h i s  work t h e  

e x p e r i m e n t a l  d a t a  have  been a n a l y s e d  by means of  t h e  

Lee-Wheaton conduc t ance  e q u a t i o n .  8 7 9 .  T h i s  e q u a t i o n  i s  based  

on a  more r e a l i s t i c  model t h a n  t h e  p r i m i t i v e  ,model .  Lee and 

Wheaton env igage  t h r e e  r e g i o n  a round  t h e  i o n  i t s e l f  ,wh ich  

is  t r e a t e d  a s  a  r i g i d  cond l t c t i ng  s p h e r e .  I n  r e g i o n  1 ,  a l l  

t h e  s o l v e n t  n lo l ecu l e s  a r e  a l i g n e d  by t h e  i o n ' s  f i e l d  and  

t h e r e  i s  d i e l e c t r i c  s a t u r a t i o n .  I n  r e g i o n  2 t h e  s o l v e n t ' s  

s t r u c t u r e  i s  s t i l l  mod i f i ed  by t h e  I o n ' s  f i e l d  t hough  t o  a  

l e s s e r  e x t e n t ,  and i n  r e g l o n  3 t h e  s o l v e n t  r e t a l n s  i ts  b u l k  

p r o p e r t i e s .  I h e  r e s r t l t  i n$  e q u a l  i o n  1s c o m p l i c a t e d  i n  t h e  

g e n e r a l  c a s e  of a  s l n g l e ,  a s s o c i a t e d  symmet r i ca l  

e l e c t r o l y t e .  D e t a i l s  f o r  t h e  a n a l p s i s  of t h e  e x p e r i m e n t a l  

r e s u l t s  have been g i v e n  p r e v i o u s l y .  ( "  The measured mo la r  

r . o n d u c t i \ i t i e s  a t  v a r i o u s  c o n c e n t r a t i o n s  a r e  g i v e n  i n  t a b l e  

TABLE 1:EQUIVALENT CONDCCTXNCES OF NaBPh4 4 

1 1 ( c : r n o l . l i t -  ,A:mho.cm2.mol- 

ISOBUTANOL 
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TABLE 1:EQUTVALENT CONC$UCTANFES OF NaBPh4 
(c:rnol. l it- ,A:mho.cm .mol- ) 

ISOBUTANOL 

ACETONITRILE 
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TABLE 1:EQUJVALENT CONt$UCTANyES OF NaBPh4 
(c:mol . l i t -  ,A:mho.cm .mola ) 

ACETONITRILE 

The values o f  h. and KA ca lcu la ted  from the experimental 

r e s u l t s  are given i n  t a b l e  I 1  and 111. I n  a l l  cases a sharp 

minimum was observed i n  the a%-R p l o t ( f i g . 1 )  a t  125 1 a i n  

both so lvents .  The center  t o  center  d is tance o f  NaBPh4 i s  

about 6 W.~he value o f  1221 suggests t h a t  the  ions t h a t  

are formed i n  t h i s  so l ven t  m ix tu re  are solvent-separated i o n  

pa i  r s .  

The conductance o f  s o l u t i o n s  o f  NaBPh4 i n  a c e t o n i t r i l e  a t  

25' C have a l so  been measured by Kay and a l .  ( l 1 )  who 

obtained Ao=134.1 and KA=O.These r e s u l t s  were obta ined w i t h  

o lde r  conductance equat ions.Thei r  conductance data were 

reanalysed i n  t h i s  work w i t h  t he  Lee and Wheaton conductance 

equat ion and the values o f  Ao=134.4 * and KA=8. 3 were 
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obta ined.  These r e s u l t s  are i n  good agreement w i t h  t h e  

va lues found i n  our  work. Genera l ly  t he  values o f  h. 

c a l c u l a t e d  from the  Lee-Wheaton conductance equa t ion  a re  

gene ra l l y  h i ghe r  12 '13.  The f i t  o f  exper imental  da ta  t o  t h e  

Lee-Wheaton conductance equat ion i s  b e t t e r .  

I n  so l ven t  media o f  medium and low d i e l e c t r i c  cons tan t  

t h e  a t t r a c t i v e  e l e c t r o s t a t i c  f o r ces  between t he  ions  becbme 

l a r g e  and i o n  p a i r s  w i l l  tend t o  form and w i l l  be reasonably 

s t a b l e .  There e x i s t s  a  number o f  equat ions t h a t  can -be used 

i n  o rder  t o  p r e d i c t  t h e  values o f  K A  when on l y  coulombic and 

thermal f o r ces  a re  taken i n t o  account. I n  t h i s  work 

t h e  "Fuoss75" (18)equat ion has been used f o r  t h e  eva lua t i on  

o f  t h e  n o n e l e c t r o s t a t i c  f r e e  energy i n  t h e  form: 

KA=(4nn/1 000) exp (-AG'/RT)J r 2exp (p / r ) d r  

a  
where P=e/DkT and a= t h e  cen te r  t o  cen te r  d is tance  o f  an i o n  

pa i  r 

The non-Coulombic f o r ces  a re  taken i n t o  account I n  t h i s  

equat ion by t h e  f a c t o r  exp(-AG'/RT) where AGO i s  t h e  non 

e l e c t r o s t a t i c  f r e e  energy o f  assoc ia t ion.The AGO values a t  

25O C c a l c u l a t e d  has been found t o  be 0.42kJ f o r  NaBPh4 i n  

a c e t o n i t r i l e  and .66kJ i n  i sobu tano l .  The AHO va iue was 

found t o  be equal t o  about zero f o r  a l l  t h e  composi t ions o f  

t h e  so l ven t  system. Thus t h e  AGO i s  due s o l e l y  t o  e n t r o p i c  

e f f e c t s .  I t  can be concluded, t h a t  t h e  i o n  p a i r s  t h a t  a re  

formed, organise t h e  so l ven t  molecules i n  t h e i r  v i c i n i t y  

b e t t e r  than t h e  ions  w i t h  t he  r e s u l t  t o  lower t h e  ent ropy o f  

t he  system. 

TABLE I1 :CONDUCTANCE PARAMETERS FOR NaBPh4 I N  ISOBUTANOL 
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Erqv Epyaoia aurfj E ~ E T U < E T ~ L  q ayoyipop~rpi~fj 
oupnepi~opa TOU NaBPh4 OE aKETOVL+pLhLKa Kai OE 

~ O O ~ O U T ~ V O ~ L K ~  61ahilpara.Ta nEipapari~a anor~hhapara 
avahuov~al PE 8aoq rqv ecioooq nou npora0q~~ an6 T O U ~  Lee- 
Wheaton ahha arqv U ~ ~ O U O T E U ~ E V ~  rqq pop~fi nou ~ival 
KaraAhqAq yla rouq 1:l qh~~rpohu-r~q. 

EE oh~q TLS  ~ E P L ~ T ~ U E L ~  TO 6iaypappa oh% 6i6~i ~ha~ioro 
yla ri~iq iu~q npoq 1221 A. H ripfi aurq paq a v a y ~ a < ~ ~  va 
~ E X ~ O U ~ E  OTL ra iovi~a Z~uyq nou oxqpari<ovra~ a'aurouq rouq 
6iahur~q ~ ~ p i h ~ o u v  uopta 6tahi1rou y~raC0 rov E T E ~ O V U ~ W V  
1 ovrov. 

Ynohoyio0q~~ q rivfi rqq ouvaprqo~q AG orouq 25O C Kai 
~ P E ~ ~ K E  OTL eivat nEpinou pq6hv. AUTO aqpaive~ OTL q rtpfi 
TOU AG o ~ ~ i h ~ ~ a i  povo orqv p~ra6ohfi rqq ~vrponiaq npaypa 
nou oripaiv~t ori o oxqpar~a~oq rov i o v ~ ~ 4 v  Z~uyQv ra~ronoiei 
ra ~ E I _ T O V L K ~  popia rou 6~ahurou KahhirEpa an'ori ra. iovra 
nou npo~ahouv eharrwaq rqq ~vrponiaq rou ouorfjparoq. 
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SUMMARY 

The electrooxidation of carbon fibres based on polyacrylonitrile (PAN) by 
application of anodic and cathodic pulses between two limiting values of 
potential (potentiostatic double pulses) or current (galvanostatic double pulses) 
is investigated. The modification is performed in solutions of sulfate salts 
where the intercalation compound G+HS04- that is intermediately formed h 

subsequently hydrolysed to the graphite oxide. 
The modified fibres bear a large number of acidic functional groups while 

they still retain their mechanical stability and electronic conductivity. The 
effective electrode area of these fibres is four-fold compared with that of the 
pristine fibres due to the increase of the surface roughness after the 
electrooxidation procedure. The modified graphitized fibres behave as excellent 
ion-exchangers and provide an advantageous electrode substrate for the 
attachment of species with electrocatalytic properties. 

Key words: PAN-based carbon fibres, double pulse oxidation, 
ion-exchangers. 



In recent years there is much interest focused on carbon fibres produced 
by graphitization of polyacrylonitrile (PAN based carbon fibres) since they 
were proved to be aq advantageous material for ,the construction of parts of 
cars, boats, air-crafts, space-crafts e.t.c. 

Several studies carried out in our laboratory, showed that these fibres are 
also suitable electrodes for the study of the reduction and/or oxidation of 
many inorganic or orga~ic species in various solvents [l-41. These electrodes 
can be employed at an extended potential range of about 3.5 V, for all the 
supporting electrolytes commonly used in the electrochemical technology. 

Furthermore, it was found that this graphitic material can be oxidized by 
several methods which result in the formation of oxygen containing functional 
groups, situated on the surface of the fibres (surface oxides), as well as in the 
internal of them, between the gaphitic layers (bulk oxides). 

Surface oxides are formed by thermal 151, photochemical [6] or by 
electrochemical oxidation of the fibres irn dilute aqueous alkaline or neutral 
solutions [7J. 

Bulk oxides are formed either By chemical oxidation of the fibres in 
concentrated acidic solutions in the presence of strong oxidants such as KMn04 
or K2Cr207 [8] or by electrochemical oxidation in concentrated acidic solutions 

[9,101. 
The oxidized carbon fibres can be used as a suitable electrode material 

bearing a large number of oxygen containing functional groups, provided that 

the oxidation procedure does not affect their mechanical stability and electronic 
conductivity. After series of experiments, it was found that under these 
requirements the most appropriate treatment for the fibres was the 
electrochemical oxidation. 

The formation of effective* oxygen containing groups on the carbon fibres, 

enables the attachment of species with selected properties on their surface and 
also their use as an excellent ion-exchanging material. 

The anodic oxidation of graphitized carbon in concentrated H2S04 or 

HClO, is achieved by the formation of an intemediate intercalatim 
compound, (a+HS04- or q+ClQ4- respectively, which is subsequently ' 

hydrolysed to the corresponding graphite oxide (GO), according to the overall 
reaction: 

q+HS04- + H20 -+ (a-OH + H2S04 
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Partial cathodic reduction of the electrochemically formed GO, provides a 
material bearing a large number of acidic phenolic type groups with strong 
ion-exchanging properties. The electronic conductivity of the <<partially reduced 
GOD @GO) is equal or even larger than that of the pristine carbon fibres [Ill. 

The number of the ion-exchanging groups is substantially increased when 
the graphitized fibres undergo repetitive electrochemical oxidation and 
rereduction, i.e. when they are submitted to modification by application of 
alternative anodic and cathodic pulses. This khd of electrochernical modification 
is widely examined at the present study. 

EXPERIMENTAL PART AND RESULTS 

The PAN-based carbon fibres used in this study were from Celanese 
Corp. U.S.A. , type GY 70 , with an average diameter of 7 pm and density 
2 gem-3. They are characterized by high orientation along the fibre axis, good 
mechanical stability (Young modulus. 5.15.10-11 N-m-2) and electronic 
conductivity (specific resistance 7.10-4 Ocm-l [g]) . 1 mg of carbon fibres 
has effective electrode area 1.7 cm2. This value was estimated by 
comparison of the reduction peak currents of the reversible reaction 

[Fe(CN)#-ce-+ [Fe(CN)6]4- carried out on a carbon fibre electrode and on 
a Pt wire of known effective area. 

The electrooxidation of the fibres was performed in aqueous solutions of 
IN Na2S04 by application of oxidative and reductive pulses between two 
limiting potential values (potentiostatic double pulses) or current values 
(galvanostatic double pulses). The application of the pulses was achieved by a 
Double Pulse Control Generator Wenking Model DPC 72 fsom Bank 
Elektronik. 

After series of experiments it was 
procedure prevails over the reductive, 
advanced properties as electrode material 

Fig. l a  presents, as an example, the 

concluded that when the oxidation 
the carbon fibres obtained, show 

and ion-exchangers. 
dependence of the potential on t h e  

-for two periods- during the application of the potentiostatic double pulses and 
'F&. lb  presents the corresponding dependence of the current on time, as this 
was recorded by the Biomation Waveform Recorder Model 805 connected with 
the oscil.loscope DM 64 from Telequipment. 

As it is clearly shown- in Fig. lb, the application of the oxidative pulse 
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causes a sharp increase of the current, which is then nomally decreased up to 
a limiting value. 

Fig. 2a presents the dependence of the current on time -for two periods- 
during the application of the galvanostatic double pulses and Fig. 2b presents 
the corresponding dependence of the potential on time recorded in the same 
way as in the former case. 

The extent of the modification of the fibres is evaluated by determination 
of the amount of Ag+ ions which can be- exchanged with the H+ ions of the 
acidic functional groups of the electrooxidized fibres. 

The experimental results suggest that the electrooxidized fibres exhibit the 
same ion-exchanging capacity when they undergo oxidation by application either 
of potentiostatic double pulses for 6 rnin or of galvanostatic double pulses for 
48 min. 

FIG 1: Dependence of potential on time (a) and current on time p), during the 
electrooxidation of carbon fibres by application of potentiostatic pulses for two 
periods ,(T=80 ms). 
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Fig.2: Dependence of current on time (a) and potential on time @) , during 
the electrooxidation of carbon fibres by application of galvanostatic pulses for 
two pen'ods (T=80 ms). 

The amount of the ion-exchanged A& was estimated by elemental 
analysis, which was performed after the cathodic reduction of Ag+ ions to 
metallic Ag, and it was found to have in both cases an average value of 8% (8 
mg Ag per l00 mg fibres). This value corresponds to an ion-exchange 
capacity of 8.74 rnilliequivalents of Ag+ per g fibres. 

These results verify that the electrosxidized fibres have a pronounced 

ion-exchange capacity and imply that the oxidation process is not restricted 
only on the surface but is also extended in the inremal of the fibres, between 
the graphitic layers. During the oxidation procedure, the intercalation compound 
C,,+KS04- , that is intemediately formed, is hydrolysed to the graphite 
oxide. 

Evidence for the formation of the intercalation compound even in solutions 

of neutral sulfate salts, was provided by cyclic voltammetry performed on 
pristine carbon fibres in IN Na2SQ4 .As it is shown in the cyclic 
voltammograrns d fig.3, the intercalation compound is not formed 
immediately during the first scan of the recorded potential range (curve l), 
but after successive potential scans ( wave a in curve 2 ). 



Curve 2 

are obtained 
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in fig. 3 is similar in shape with the corresponding curves which 
at the first scan of the cyclic voltammograms carried out in 

NaHS04 or H2SQ4, under the same experimental conditions. 
This fact indicates that the HS04- ions, which are created on the electrode- 

surface during the electroiysis in Na2S04, react with graphite to produce the 
intermediate intercalation compound. 

Similar results, referring to the formation of the functional groups, are 
obtained when the etectrooxidation of the fibres is carried out in NaHS04, 
whereas in &SO4 , which has strong oxidative properties, serious deffects on 
the structure and the mechanical stability of the fibres are caused. 

The electrooxidized fibres which are produced by application of 
potentiostatic pulses for 6 min or galvanostatic pulses for 48 min , have 
almost the same electronic conductivity as the pristine fibres. %his may be 
explained by considering that during the electrooxidatiorn procedure the 
continuity of the aromatic graphitic rings is not interrupted. 

FIG.3 :Cyclic voItamrnograms (v=la) mVs-1) of carbon fibres in aqueous IN 
h%9504 . I )  1 st cycle 2) 18 cycle of potential scanning. 
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,On the contrary, chemically oxidized fibres do not show any electronic 
conductivity. This is attributed to the interruption of the continuity of the 
aromatic rings. 

The above mentioned behaviour of the electrooxiklized and the chemically 
oxidized fibres is illustrated in the following scheme: 

( Conductor ) 
,OH 

'" 0" esO o ~ ,  e7 Chexnidy prepared 

~ 0 ' ~ ~  graphite oxide 
( Isolator ) 

/ O H  

O H  
H 0  / 

0 
\\-OH -&\a Elecrtochemically prepared 

/'OH graphite oxide 
0 0-/ 

- .\ ( conductor ) 

Comparison of the two methods 6f electrooxidation of the PAN-based 
carbon fibres -in terms of duration- favours the application of potentiostatic 
pulses, because this process is accomplished in a short time. On the other 
hand, oxidation by galvanostatic pulses produces graphite oxides situated on a 
substrate of high mechanical stability, since the application of these pulses does 
not cause sharp increases of the current which result in a slight loosening of 
the fibres. 

The effective electrode area of the electrooxidized fibres is four-fold 
compared with that of the pristine fibres. This correlation was obtained after 
comparison of the peak currents of reversible redox reactions carried out on 
pristine and on electrooxidized fibres. In Figs. 4a and 4b the cyclic 
voltammograms of &[Fe(CN)d and 0 = 0 -  -0 respectively, are presented on 
pristine and on electrooxidized carbon fibre electrodes. 

The four-fold increase of the effective electrode area of the 
electrooxidized fibres is attributed to the increase of the <<roughness,> of the 
electrode surface, due to the electroxidation process by double pulse 
application. Further evidence for the increase of the surface roughness is 
provided by scanning electron microscopy. Typical SEM micrographs of pristine 
and electrooxidized carbon fibres are presented in Fig. 5 . 
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FIG.4: Cyclic voltammograms (v=100 
c=Z.lU-3 M (a) and 0=-=0, c 1 0  -3 M (b), on pristine (l) and on 

electrooxidized carbon fib=; (2). 

FIGS: SEM micrographs of pristine (a) and electrooxidized carbon fibres p). 
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It is therefore concluded that the electrooxidized fibres are an 
advantageous substrate for the attachment of species with electrocatalytic 
properties in several oxidations and/or reductions, due to the presence of a 
large number of effective functional groups on a four-fold compared with that 
of the pristine fibres electrode area. 

Furthermore, such modified carbon fibres can be employed as excellent 
ion-exchangers for noble and heavy metal cations. The recovery of the 
corresponding metals, that can be easily achieved by chemical or 
electrochemical methods, is a prospect of great interest in the anti-pollution 

technology of manufacturing and industrial waste waters. 

HAEKTPOXHMLKH ME LUITAOYZ ITAAMOYZ OEEUQZH 

INQN TPA@ITOIIOIHMENOY IIOAYAKFYAONITPINOY 

Xzqv ~Qyaoia CLVTTj p&h&~i%aL q qhexqoo~ei6ooq ~ v h v  a v e ~ a x a  xov 
hapP&vovza~ PE y~aqmonoiqal.1 . nohuan~vhov~zg~hiov. H xazeeyaoia 
~ O Q ~ ~ O ~ O L ? @ E W S  'GWV L V ~ Y  Y ~ V E T ~ L  pE EC$JCIQLOY~~ ~vahhaoo6p~vwv O ~ E L ~ W T L X ~ ~ Y  

xaL avaywy~xdv nahp6v p~za525 6130 aza0~eLi)v z~pcbv 6vvap~xow 
(xozevo~oazaz~xoi nahpoi), rj p~zaEir 640 ozae~~Ci)v z~pLi)v eairpazog 
(yah~avoozaz~xoi nahpoi), pSoa oE G~ahirpaza e~L'ixLi)v aha~ov .  Kaza zq 

bwyaaia z q ~  O ~ E L ~ ~ ~ E W S  oxqpazL<eza~ ~ ~ 6 L a p 6 ~ o g  ahazos~66~ oir<evypa zou 
~ 4 x o v  G+HSO,- 9 zo oxoio ozq o v v i x ~ ~ a  v6eohireza~ neo5 yeacp~z~x6 oEai6~0. 

OL poecpoxo~qpSv~~ iveg cpi~ovv peyaho ae~Op6 65~vov 6eaoz~xLi)v opa6ov 
xaL xapikhqha 6~azqedv  zqv pq~av~nfi  zov5 ozaeee6zqza naL zqv qhexzewj 
aywy~pdzqza zov~ .  H qk~xzQ0~qpLna EVEQY~~J E?GL(P&EL~ 'COY 0~~~6opSvwv LYOY 

E ~ V ~ L  m ~ a n h a o ~ a  aw?'g ZWY a e ~ ~ n w v ,  h6yo zqg aqpavz~nljJg avMa~wg zqg 
zeax6qzag z q ~  qhexzeo&an-& en~cpavs~a~ x a ~ a   qv x a q y a a i a  pe zq p68060 
~ o v  xahpcbv. 01 po~cpo3to~qpSve~ yeacp~~~xSg iveg ovpnee~cpS~ovza~ oav a e ~ o z o ~  

~ovav~ahhCExzeg xaL anozehoirv xazahhqho qhexz@o8~ax6 vnoozeopa y ~ a  zq 
66opevuq ouo~bv p& qhexz~~xazahv '~~xS~ ~ 8 ~ 6 z q - c ~ ~ .  
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Efl l  A P A I H  T H I  AOMH1 KA I  THT nAPAIKEYAZTIKH1 AI  A A l K A T I A I  XI INEAAI-  
KRN 9EPPITRN I T H  AI  AMOPqRIH TRN 9 Y I I  KOXHMIKRN TOY1 l AIOTHTRN 
I. AOMH KAI  I lAPAIKEYAITIKH A I A A I K A I I A  ZnlNEAAlKRN 9EPPITRN 

flEP l AHPH 
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80MH En l NEAA I KRN OEPP I TRN 



flE&?f$&?t~$# riW i~ri~f , fEf i&W$- KL~FJI$RW T#V tmf { E f % ? l ~ k !  $E$$?# r&!. 
To o n  I xc I 8 6 q  K ~ T T U ~ O  TOU O P U K T O ~  r m m d ? h ~ $  KU I, mophwq,  KO I 

TWW ~ E P ~ I T Q U  pe T ~ U  i 6 1 a  6 0 ~ 4 ,  C/UUI fuaq ~ 6 P o q  a ~ y q q  tr ncpinou B A, 
o onoioq n e p l i x e ~  ~ K T O  qopeq TO aduoifo TWU U T ~ ~ W U ,  ~ O U  UUTI Q T O I X O ~ U  

aTo ~ q p 1 ~ 6  TOUS t6n0 [flF$14) K U T ~  ~ r )  6 1 6 ~ a ( y  ~ o u  E ~ f i p a ~ o q  12, To 

n i l q 8 a ~  TWU MU I ~ U T W V  IF-, TW onaiwv TO y i 8~3ee ;  r i u a ~  ~ X E T  I K ~  p q u i l o  

(P = t ,32 i), ~ i u a l  iao npoq 32 81a  ~ 6 9 c  a ~ o r ~ r  1 0 6 ~ 5  KCTTU~O 
on I W E ~  iou  . To au I 6 u ~ a  uxqpat icauu i u a  €6po~€u~pwp iuo  KUP I ~6 nAizpa, 

'ETUI , ~ 6 9 ~  p 1 ~ p 6 ~  K ~ P O S  TOU E x f i p a ~ q  l n ~ p l A u p p 6 u ~  I an6 p l a  qop6 Ta 
6~oya ,  flOu a u ~ l a ~ o l ~ o 6 v  aTo ~ q p 1 ~ 6  T 6 n ~  TOU U ~ I U E ~ ~ ? ~ ~ O U ,  6qAa64 4 02-, 

110 E~f i pa  z2, q a i u ~ r a l  q 6 1 6 t a 5 ~ )  TWU 16u~wu uc 66s g c l ~ o u l ~ o 6 q  
p ~ ~ p o a j q  ~LiPouq TOU E X ~ ~ U T O S  1 ,  amuq onoiouq, cud TU au16uta 02- 61  - 
a ~ u u u o u ~ a i  6 f a  K U T ~  TDU i 6 1 o  ~p61-10, u n 6 p x ~ 1  61aqop6 6aov aqop6 U T ~  
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8. flu Ocx< l ,  o )€pp i ~ q q  ~ a p a ~ ~ q p  i < e ~ a  I VS p f ~ ~ t i g  KU I p o p €  i ua 

n ~ p l g p a g ~ i  and Tov napan6vu $ E V I K ~   no TWV $EPPIT~V. 

6. flu x=1/3, o q ~ p p i ~ q q  a ~ o a o u 9 r i  TQU  ono: 

cu6 unupxe I i 6 1 a  auai?o$ia ~ E T ~ ~ ? ~ O K ~ T I ~ U T W U  KUI Fe3+ OTIS 61j0 KU- 

Tqgop i € $  ~ ~ U E M U .  0 )€pp i T ~ S  UUTOG TOU T I ~ O U  X U ~ U K T ~ ~  i < ~ T a  l W S  tTTlFr3 - 
3 T / ~ t 3  t ~ ~ t ~ c & k / c 7 T t ? ~ ' .  

X ~ o v  n i v a ~ a  I ~u iuov rn l  01  ~ p u r n a i l f i l ~ i ~  napirpr~por TWU anArjv g ~ p -  
p I T ~ J U  6 0 p 4 ~  an I udM iou ~ a 9 0 q  KU I q KUTUUO~I~ TMU ~ E T Q A ~ O K ~ T  I ~ U T W U  TOUS 

UT l 5 A KU l B %M l S TOU Ull i U&AIK& f l a f ~ p a ~ o ~ .  



* To g-Fe& napouaiab~i pia ~ i l a ~ p a  r~rpaxwvicn napapcip~won rnc 60png oniv~il- 
aioula- <tai, ~ a 3 ~  ' + r ~ ~ p a g w v i ~ o ~ *  U T O ~ X E L W ~ E ~  ~urrapo anos~i l~ i ta i  an6 rpia K U $ L K ~  
crrok~~~w6n ~l j r tapa  crniv~aXou, rono3~tnyiva -10 iva navw crro aililo. 
' 0 q,~pp[rnq xail~ou ~p+avi@i ~nicrng s ~ r p a ~ w v i ~ n  napapop@wan c r ~  3~ppo~paokq 
p i ~ p c i r ~ p ~ g  an6 760 "C. 

M6sa crtiq a%t<ua~q ~ i v a i  rono9~tnpha ra p~rai l i lo~aribvra~ nou ~arailapBavouv 
US B ~ ~ I I E L S ,  E V W  <€,W an' auriq ~ i v a i  tono9~xnpiva t a  p~raili lo~ati6vta, ra  o- 
noiu ~ataitap$trvouv n~ A 3€rr€i~. 
" 1?0p\aK6 $@OS. 

flu~vornsa a~rivwv X, n onoia #a roug + E P P ~ T E C  60pn~  miv~ililiou unoilogi6~- 
rai PE $ucrn tn oxicrnl. ' 

d, = 8 t - l ~ ~ ~ ~ ~  (g/cm3) 
hnou tf ~ i v a i  q ora3~pa Avogadro-Loschmidt, ion npog 6,023-1023 aro~a/mol 
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p. X p?~~'rpar//~.# Ay{.# r w  plrrtn%%'~~'m-f dmw ' o napQ wv au ~ 6 5  m q -  
p ~ 6 S e 1  r q v  ~ a ~ a v o p ~ j  TWV p e ~ a ~ f i o ~ a ~ 1 6 v ~ w v  o ~ l q  9Cu€rq fl KUI  8 ~ o u  
an I u ~ f i i t  r ~ o 0  nf i igpa~o$,  8 l a~ i ~ o 0 q  npou6 I op i<€ I ~ o u  UQ I 9y6 a d v ~ a f q ~ ,  
k g .  ~ E T U ~ ~ ~ O K U T ~ ~ W T U ,  bnw$ ~ i v a r  o .h2+ IEAr13d ''1 Kal To C#+ I [K r ] l  
4b "1, X U ~ U K T ~ ~ ~ < ~ V T U I  an6 ap18pS U~VTU{J< 4 ,  np f r xp~  nou 07p.a iu€  I 6-  
TI n p o ~  1po0v va nepr pBAAov~ar up6 4 av I 6 v ~ a  02- I [He12 3 2 2 p  4 
[He]), i lpagpa~c, TU 1 6 u ~ a  a u ~ a  T E ~ U ~ U V  va q q p a ~  iuouv 6~up.065 op010- 
r i o A ~ ~ o G  ~apU~T f i pa  T~ I~OU p-3p p€ -TU ~ I ? E K T ~ ~ v  l U TWV uv l ~ V T W V  n2-, 0 1 

on0 i 0  l K U T € U ~ ~ V O U T U  l np05 T IS KOPU~CS T E T ~ ~ ~ ~ ~ o P .  ' ETU) , K ~ T U ~ U ~ $ U -  
vouv $~OEIS fl UTO ~ p u a ~ a f i f i 1 ~ 6  n%&pa TOU un l v~ i l i l i ou ;  8 ~ 8 0 ~ 6 5  nou o6q- 
g€ i PTO U X ~ ~ U T  l up6 KUVOV l K O ~  ~ E P P  i Tq, AVT I '~ETu, ~ E T ~ ~ O K U T  1 ~ V T U ,  b- 
nwq ~ i v a l  TO tii2+ [[Ar13 d8) KUI TO er3+ ([Fir33 d32 ~ a p a ~ ~ q p i < o v ~ a ~  a- 
rib apt9pb aGv~a[q$ 6, enc16fi or ~ p e r q  EVEP&EIUK&S UTUQ~CS,  0 1  ~ a ~ q 6 -  
prvES an6 Ta a d < € u ~ ~ a  3 d ~ ~ ~ E K T P ~ V  16 TOUS, &XOUV p I K ~ ~ T E P O  €V€Pr(E I a- 
K6 IlCp I CXOpEUO an' U U T ~ ,  n0U UUT I UTO l X €  i UTo <€Ggo~ ~ ~ ~ E K T P O V  ( wv , ' E- 
T U ~ ,  npoTlpo!h T ~ V  ~ K T U E ~ ~ I K ~ ~  6 1 6 ~ a t q  TWV 6 a v 1 6 v ~ w u  o fu~6vou  TWV %- 
a ~ w v  B pc ano~kf icupa ~ q v  ~ 6 u q  u f lqpa~  I up.& a u ~  I o~p6qwv $€pp I TWV , 

J, X CI/MT/X.# E I /@~P/~Y n7Lf ~ ( ' ~ L I c ~ T ~ ~ ~ I A ' L ' I L ~  rn?$~y~mg ' au T 4 uup@ A A E I 
en iUq$ UTOV ~ a 9 o p  r op.6 E U ~ E  iaq  fi UVT iUTpo$qS K U T U U O ~ ~ ~ $  UTo K~uCJTUI?~ I K ~  

nACgpa e u 6 ~  q ~ p p i ~ q ,  ~ n r  161j a ~ p l p w q  6 r v  ~ i v a ~  n o d  q i 6 1  a KU I 8 1  a 
TIS 600 a u ~ i ~  ~ a ~ a u o p f ~ ,  f l p o ~ c l p k ~ o u ,  Aor nbv, va q q p a ~ 1 a 9 c i  TO upu- 
U l a f i f i l ~ 6  nAfgpa, TO U G U T ~ ~ U  ~ i v a r  ~ u v b q ~ s  611 T E ~ V E ~  Ua €n l i l i t c l  TqU 
~ a ~ a u o p f i  pc TY p p q A 6 ~ e p q  EV&~&EI a, Exe I ano& I x9e i 6~ I a u ~ 6  ~ t a p ~ 6 -  
TU I an6 T ~ V  m p + f ~ p  ,%!q5- TWV uv I ~ V T W V  of U ~ ~ V O U  I U 1, 6nwq a u ~ l i  o- 
P/(€& l UTO Exfipa 5, K U l  U~)gK€Kplp~va, UV U > 0,379, EUVOE ~ T U  l q €U- 

Sc ia  ~ a ~ a v o p f i ,  EVW, av (3/8=)0,375~ N 10,379, ruvoe i ~ a  I 7 a v ~  i u ~ p o g q  
~ a ~ a v o p f j .  
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ku/n.d n ~ p i  TIC I I I / T ~ L + ~ ~ Y L T I ) ~  )+p?/ 1 - ~ 7 m i y q q  

0 I an I vcilil I K O  i qcpp i ~ e q  E i va  I 6uua~C) ua napauti~uau9oljv pc ancu- 

9 r  fa5 a u ~  i6pauq T W V  r n  I p€pouq anAwv I 6 i w v ,  an6 Ta ono i a  a n ~ ~ r A o 6 v -  

T a l l :  
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' E ~ a l ,  ~ u 5  ~ p f 8 q ~ ~ w  6 ~ l  n . ~ .  81a ~ o u  MgflI2O4 q aniuc%i I K ~  lp6aq axq- 
p a ~ i < ~ r a ~  KUI npos TIS 660 n i l ~ u p i s  T ~ S  6 1  e n 1 g 6 u ~ i a ~  TWU IgO KUI A1203 
w avafioxiu 1+3 a ~ p l p & ,  81a  TQU I gFq04  q a v ~ i u ~ o l ~ q  availozia ppigq- 
KE ~ T I  ~ i v a l  i aq  n p o ~  1+2,7. ' O n q  e i ua l  ~ E U I K U  n a p a 6 € ~ ~ 6 ~ ~ - ~ ~ ,  q 
+€pp t ~ o n o  iqaq T ~ V  on I u ~ i l i l  i wu n p o ~ ~ p c  i PE T U U T ~ X ~ O U ~  yc~apoi l f l  T ~ S  o- 
{EI&UTIK~S paSpiBas Tau U I ~ ~ ~ O L !  (an6 +3 UE +2], p p d ~  U U U E ~ U ~ ~ ~ E U O  

T ~ V  anGAe I U o(up5vou. EU~KEKP t piuu, q  pp I T O ~ O  i qaq npoxwpc i MS r(4~ : 

Karb TU a p ~ ~ ~ d  0 ~ 6 6 i a ,  q u u ~ i 6 p a a q  ~ u u i a ~ a ~ a t  UTO u ~ q p a ~ i u y 6  ~ q q  
K O I V ~ S  61enrp6ue1aq aubpraa aTouS K ~ K K O U S  TMV o 5 ~ 1 6 i w u  MO Kai Fq03 
KUI ~ r )  6 g p 1 a u p ~ i a  TWU npS~wu ~ p u ~ r 6 A A w u  T ~ S  a n ~ v ~ i l i ) ~ ~ l j q  915aq5~.  Kai 
o!  63, a u ~ f s  6pBur 15 npa8pa~onolo6uaai y r  ~q po49era TWV 6uv6ytwu 
uuvoxfg, o I ono i e ~  auan~ i ruaou~a m u  6 I u ~ e u a ,  Ta U$ I a~dpEua auupcaa 
M 660 a6a~ouq  fl U' i u u  K ~ K K O  ha1 p i a  cnine6q E ~ I $ ~ V E I U ,  0 pu8y6q 
q q p a ~  I q o 4  T ~ S  6 I en I 96uc I as a ~ o A o w 9 ~ i  ~ 6 n o  I o v6po T ~ S  yopq f i ~  : 

.X5 = f(  f ) ( 1  l 





1. ERKEAARP I BHE 



flAPHEKEQH KA I BODH Efl I HEAA I KQH 9EPP l TQH 169 

~ i v a ~  n ~ p l a a b ~ ~ p o  a v a p 3 1 ~ k q  (6qAaB$, bao p I K P ~ T E P ~  ~ i u a ~  a '  a u ~  j v  q 
~ C P I K I ~  n i cuq  TOU 41, ~ 6 a o  ncp1aa6~epo 9a ~ u u e e i ~ a i  ~ a ~ 6  TO ~ ~ 6 6 1 0  
~ q q  qepp I Tono iquqq q "6 I 6Auoq" ~ o u  a I p a ~  i ~ q  U T ~  an I v d f l  I K I ~  quoq , 

To qa1v6p~vo  Kirkendal l, 6nwq k p  i 6 I an i U T W ~ E  i ~ c l i  n~ I  papa^ I ~ b ,  
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SUMMARY 

The spinel  f e r r i  tes  are r ixed oxides o f  i r on  oxide and a metal 
(M1 oxide and may be described by the  general forwuia: 

( Mx2+Fe ) ~ e ~ ~ + 0 ~ ~ -  

where the value o f  X may range betaeen D and 1 . Thus, one could con- 
s ider  tha t  the spinel  f e r r i t e s  are obtained from ~wtyncfite (FQ4 o r  
Fe2+~e2a+042-) i f  a p a r t i a l  subs t i t u t i on  o f  metal cat ions Fe2+ by M2+ 
occurs, When the value o f  X i s  1, the chemical formula corresponds t o  
the s t o i  ch iomctr i c  compound MFe D+. 

The t p i n e l  f e r r i t e s  c r  s ta l? i ze  i n  the cubic system and spec i f i -  
eal  l y  they have the so cal  !7' ed spine/ Y ~ ' # W C ~ W C  f i, P, a s t ruc tu re  ana- 
logous t o  tha t  o f  mineral spi~ef, MgRi2D4). I n  the spinel l a t t i c e  the 
metal cat ions ray  be s i tua ted  r i t h  respect t o  the oxygen anion 02- 
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U ~ I K ~  K ~ U O T ~ A A W V O V T P I  OTO K U ~ I K ~  U ~ O T ~ ~ U  K U T ~  ~ p 6 n o  atJ6fl0zo npoC; TO 

O P U K T ~  tmf&3Ft ty  (MgR l&+). 

q. ETO UTO I XE I K ~ T T U P O  TDU on l V€%?  I K O ~  nak)jparoq Ta au 1 6 v m  

02- E iVal  K U T U V E ~ ~ ~ ~ V U  KUT& T ~ T O I O V  T p h ,  ~ T E  VU nppo61op ~ < O U U  660 
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u ~ A A i o u  un6ppuu 64 a u u o a l ~ 6  9 C o ~  15 fl KUI 32 96ae l q  B, an6 T I ~  onoi-  

o u p n ~ q p ~ v o u t a ~  pe ~ E T U A ~ ~ O K U T I ~ V T U  01 8 an6 T I  5 fl 9 6 0 ~  15 KUI  01 16 
an6 TIC; B 9 i u r 1 ~ .  

03 .  RuBAoVa PE TqV K U T U V O ~ ~ ~  TWu ~ E T U ~ ~ ~ O K ~ T ~ ~ V T W V  oT 15 Kal B 
9iae r q Tau on i v d A  I ~ o 6  n a i ~ y a ~ o C ; ,  o I )€pp ~ T E C ;  6opqq an I VEAA iou 6 I a- 
~ p i v o v r a t  UE L C C ~ ~ ~ Z , ' ~ .  fl , v t r ~ m ~ . i , v t i ,  o r  t w r i m p y o u g  4 rr{&vpo)rwg, UE 

&tf,vrtxjg KU I UE r ~ r t r r ~ t v f ~ ~ i  r r , v t r ~ d w t ~ r t ~ ~ ~  0 I nap an6 v W KU ~ a v o p  Cq €[up- 
T ~ T U I  an6 n a p 6 p v ~ ~ q ,  6nw5 e i v a l  q U K T ~ V U  ToU ~ E T U ~ ~ ? ~ K U T I  ~ V T O C ; ,  q 1- 
I?EKT~OV I ~4 6op4 TOUS KU I q EUWT I ~4 e u i p g  I a ~ o u  6qp I oupp6p€uou ~ p u -  

otaAA I K O ~  na ig ta ro5 ,  

. H 6qp r oupv i a  TWV on lur i l i l iwu E iua I ano~ f i l r opa  ~ r g  xqy I K ~ S  av- 

~ i 6 p a o q q  p e ~ a 5 6  TWU o[r 16iwv TWU a v ~ ~ a ~ o i x w u  pc~6AAwu, q onoia o h -  
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l a t t i c e  on two k i n d s  o f  l a t t i c e  s i t e s :  t e t r a h e d r a l  s i t e s  R and octa- 
hedral  s i t e s  B ,  According t o  t h e  d i s t r i b u t i o n  o f  t h e  metal c a t i o n s  on 

t h e  f c r r  i t es a re  character  i zed as nmwt?/, i/pvwse and 
, For example, i n  t h e  case o f  n i c k e l  s p i n e l  f e r r i t e s ,  
a r e  occup i ed by ha l f o f  t h e  metal cat  ions F$+ and 

s i t e s  B a r c  occupied by t h e  remaining metal ca t  ions F$+ and by t h e  
whole o f  t h e  d i v a l e n t  c a t i o n s  (Ni2+ and/or Fe2+), the  f e r r i t e s  a r e  
charact e r  i zed as i nuerse . 

For t h e  p repara t ion  o f  s p i n e l  f e r r i t e s  a "&g- o r  @PE - ~.:he~itw/ 
Pr~?.haiptP' mav be emp l oyed. The f i r s t  techn i que i nvol  ves g r a i n  redu- 
c t i o n  and optimum e i x i n g  o f  t h e  pure i r o n  ox ide and o f  the  metal o x i -  
de chosen, fo l l owed  by f i r i n g  over a long p e r i o d  o f  t ime  a t  e levated 
temperatures. I n  the  wet-chemical technique t h e  s t a r t i n g  m a t e r i a l s  a- 
r e  obta ined by t h e  method o f  c o p r e c i p i t a t  ion o f  t h e  i r o n  and metal i- 
ons u s i n g  a common s a l t  s o l u t i o n  o f  those m a t e r i a l s  w i t h  t h e  a i d  o f  
base so l u t  ions, 
Key words: F e r r i t e s ,  sp ine ls ,  n i c k e l - i r o n  oxides, t r e v o r i t e .  
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INTRODUCTION 

* 1 Recently we have reported the synthesis of some pyrazole- and pyra- 

zoline-1,2-di oxi des by lead tetraacetate  ( L T A )  oxidation of 1,3-dioximes 

dial kylated in the active methylene group. 

The growing in te res t2  in the u t i l i sa t ion  of such molecules for  biolo- 
, 

gical purposes prompted us t o  extend our investigation in th i s  f i e ld .  

Accordingly, we studied the oxidation of some 1,3-dioximes with the 

=NOH moieties attached to  the cyclohexane ring. 

RESULTS AND DISCUSSION 

The 1,3-dioximes (1)  employed in th i s  work were prepared by treatment 

of the ~0rreSponding 1;3-diketone with two equivalents of hydroxylamine 

in ethanol solution and subsequently t reated with LTA. However, the main 

products isolated were the nitrosoacetates (2)  and (3)  - the valence bond 

isomers of the desired pyrazol i ne-1,2-di oxi des - as unstable deep green 

compounds. These may be kept a t  - 5 ' ~  fo r  about two months and a t  room 



temperature f o r  24hr. On the other  hand i t  i s  known1 t h a t  analogues oximes 

such as 2-acetylcyclohexanone-dioxime ( 4 ) ,  dimedone-dioxime ( 5 )  and 1,2,3- 

cyclohexanetrione-l,3-dioxime ( 6 )  undergo oxidative cycl isa t ion w i t h  LTA 

a t  room temperature t o  y ie ld  pyrazole- and pyrazoline-1,2-dioxides ( 7 ) ,  

(8) and ( 9 )  respectively (Scheme 1 ) .  

Therefore, we attempt t o  epla in  the d i f fe ren t  reaction subsequence of 

l i c y c l i  c 1,3-dioximes ( 1 )  and of the above mentioned e a r l i e r  reported 1 

with LTA. On the basis of the uns tab i l i ty  of nitrosocompounds i t  i s  not 

unreasonable t o  assume t h a t  i n  the case of the  dioximes ( 4 ) - ( 6 )  the  corre- 

sponding gem-nitrosoacetates intermediates might have been i n i t i a l  ly  for- 

med and being unstable were not i so la ted .  Experiments were carr ied out t o  

t e s t  the above assumption. 

Thus, the oxidation of ( 4 ) - ( 6 )  by LTA a t  temperature ranging from -5 

t o  O O C  has examined. In the case of ( 4 )  the  products obtained in  reason- 

able y i e l d  were subs t i tu ted  pyrazoline-1,2-dioxide ( 7 )  along with a gem- 

nitroso-acetoxy compound whose s t ruc tu re  could be (10) o r  (11) .  Further- 

more, although in the oxidation of (5) and (6) a t  -5 - O'C a green colou- 

ration of the reaction mixture was i n i t i a l l y  observed, no n i t roso  compound 

was f i n a l l y  i so la ted .  The only products of importance (8)  and ( g ) ,  obta i -  

ned a f t e r  column chromatography, are  the pyrazole- and pyrazoline-1,2-di- 
1 oxides t h a t  were previously i so la ted  a t  room temperature. 

The presence of resinous products, phenomenon known in  LTA oxidations 3 

was a l s o  observed in  a l l  cases.  

The formation of gem-nitrosoacetates (2 ) ,  (3)  and (10) and of pyrazo- 

line-1,2-dioxi des ( 7 ) - ( 9 )  i s  presumably influenced by the conformational 

e f f e c t s  of the cyclohexane ring. 

Furthermore, in the oxidation of ( 4 )  the i so la ted  products (7 )  and 

(10) were obviously the r e s u l t  of the p o s s i b i l i t y  of f ree  rota t ion about 

the exocyclic C-C bond. 

Besides, in the case of dioximes ( 5 ) - ( 6 )  the valence-bond isomeric 

gem-nitrosoacetates of (8) and (9 )  might have been a l s o  i n i t i a l l y  formed 

as intermedi a tes  and being unstable e i t h e r  polymerized o r  undergo cycliza- 

t ion t o  the corresponding heterocycles (8) and ( 9 ) .  The deep green colou- 

ration of the l a t t e r  reaction mixtures may be thought as an indication for  

the correctness of the above assumption. 

A p lausible  mechanistic pathway t o  explain the formation of gem-nitro- 

soacetates by oxidation of a1 i c y c l i c  1,3-dioximes with ~ T A  i s  given in  
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Scheme 2.  The N-metallated species (15) ,  derived- from electrophil i c  attack 

of LTA on the dioximes i s  thought o f  as the key intermediate of ( 2 ) ,  ( 3 )  

and ( 10 ) .  

SCHEME- 2 
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Treatment of the ( 2 ) ,  (3)  and (10) with hydrogen peroxide yielded the 

corresponding ni t ro compounds (Table I and 11). whereas w i t h  d i lu te  hydro- 

chloric acid the parent 1,3-diketones were regenerated. The nitrosoaceta-; 

t es  with ani l ine gave complex mixtures. Azo- and azoxybenzene were the 

main products that  were isolated, evidently derived from the oxidation of 

a r ~ i l i n e ~ - ~ .  In contrast ,  a l ipha t ic  gem-nitrosoacetates, under s imilar  con- 
7 di t ions,  have been known to lead to  the formation of t he i r  azo-analogues . 

Besides, we have found recently that  commercially available sodium 

hypochlorite i s  a vastly superior reagent for  the oxidative cyclisation 

of al iphat ic  1,3-dioximes. However, attempts t o  oxidize the a l icyc l ic  di- 

oximes (1) and (4)-(6) with sodium hypochlorite were not successful. The 

use of th i s  oxidant proved disadvantageous in that  i t  hydrolyzes the di- 

oximes. Thus, the parent diketones as well as intractable o i l s  were obtai- 

ned. 

EXPERIMENTAL 

M.p.s. were obtained on a Kofler hot-stage apparatus and are uncorrec- 

ted. I r  spectra were recorded on a Perkin-Elmer 297 spectrophotometer. 

'~.m.r. sprectra were taken on a Varian Associates A-60A instrument with 

tetramethyl s i  lane as an internal standard. Mass spectra were obtained on 

a Hi tachi -Perkin-Elmer RMU-6L spectrometer and elemental analyses on a 

Perkin-Elmer B Analyser. 

Preparation of the aZ<cyclic 1,s-dioximes f 1) and f 4 ) .  

Dioximes of 1,3-a1 cyclic di ketones were prepared according t o  a 
8 known procedure . 1,3-Cyclohexanedione-dioxime had m.p. 156-157'~ (from 

E ~ o H ) ~ ~ .  2-Methyl -1,3-cyclohexanedione-dioxime had m.p. 219-220'~ (from 

E ~ o H ) ~ ~ .  Finally, 2-acetylcyclohexanone-dioxime had m.p. 177-179'~ (from 

E ~ o H ) ~ ~ .  

Oxidation of the dioximes (11 and (41 

To a suspension of the corresponding dioxime (0.01 mol) in  methylene 

chloride (30 ml), a solution of LTA (0.015 mol) in methylene chloride 



A. KOTALI, V. P .  PAPAGEORGIOU 

TABLE I : Analytical data of  the compounds (2 ) ,  ( 3 ) ,  (10) and t h e i r  
bis-nitro-analogues.  

Found ("i) 
Comp. 0 Y i e l d ( % )  !?.p C (Required) 

(Formula) C H . Y 

1 7 88-89 

13 Oil 

2 1 13 1- 102 

10 Oil 
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TABLE I i s  continued 

Corres~onding ni t ro  compounds 
Found (%) 

(Formuiaj H.P? C (Required) 



TABLE I1  : Spectra l  data of the  compounds ( Z ) ,  (3),  (10) and t h e i r  n i t r o -  
analogues. 

Comp i r 'H Nmr (COC13) 

V,,, ( ~ u j o l ) c m - l  6,, (60HiIz; CUCI3 so lvent ;  m /z  

standard Me4Si) . 

3350 (011) 1 7 0 ( 1 1 f ~ 0 . 2 ~ )  

2a 1740 (OAc) 1.66-2.60 (m)a 1 6 9 ( d N 0 ~ , 2 % )  

1650 (C = N) 
8.8 ( S ,  OH) 

1 4 1 ( ~ ! 0 ~ c ,  b )  

1565 ( N  = 0) 11O( 170-AcOH ,5%) 

184(~fN0.3%) 

1.63-2.68 (m) 183(M1~0ti ,ZZ) 

155(Mf0~c, b )  
8.9 ( S ,  OH) 

124( 184-AcOti.42) 

-- --p 

a: CClq as so lvent ;  b: f r a g m n t s  on ly  i n  t races. 
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TABLE I1  i s  continued 
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(30 ml) was added ; the mixture was then s t i r r ed  a t  room temperature for  

3 hours. The methylene chloride solution was treated with water and f i l t e -  

red. The organic layer was washed with sodium carbonate solution and water 

and then dried. Removal of the solvent l e f t  an o i l ,  which was column chrop 

matographed on s i l i c a  gel ( l i gh t  petroleum-ethylacetate 5 : l ) .  The analyti- 

cal data of the 2,2-dialkyl-1,3-dinitroso-l,3-diacetoxy-cyclohexane ( 2 ) ,  

2,2-dialkyl-3-nitroso-3-acetoxy-cyclohexanone oxime (3)  and l-nitroso-2- 

( l -ni  troso-ethyl idene-) cyclohexyl acetate ( 10) are given in ~ a b l e s  I and 

11. From Table I i t  i s  seen tha t  the product yield ranges from 8-21 %. 

The unchanged dioxime as well as the parent di ketone was recovered by co- 

lumn chromatography. The presence of resinous products was also observed. 

Oxidation of the gem-nitrosoacetates ( 2 ) ,  ( 3 )  and ( 2 0 )  

The compounds ( 2 ) ,  (3)  and (10) were oxidized with hydrogen hyperoxide 

in acet ic  acid by analogy t o  a known The mixture of the reac- 

tion was subjected t o  \column chromatography on s i l i c a  gel ( l i g h t  petrole- 

um-ethyl acetate 5 : l ) .  The analytical data of the corresponding bis-nitro- 

compounds are given in Tables I and 11. 

Reaction of the gem-nitrosoacetates ( 2 ) ,  ( 3 )  and ( 2 0 )  with hydroehZoric 
ac id  . 

The compounds ( 2 ) ,  (3)  and (10) were t reated with hydrochloric acid 

2~ by analogy t o  a method described in l i t e r a tu re lob  The parent diketones 

were regenarated. 

Reaction of ( 2 ) ,  (3) and ( 2 0 )  with ani l ine 

The compounds ( 2 ) ,  (3)  and (10) were treated with aniline by analogy 

t o  a described procedure9. The main products isolated in a l l  cases were 

azobenzene and azoxybenzene in yields ranging from 20-35 %. 

SUMMARY 

The dioximes of some a l icyc l ic  1,3-diketones are oxidised by lead 
tetraacetate  into the gem-nitrosoacetates ( 2 ) ,  (3)  and (10) .  No oxidative 
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cyc l i sa t ion  products a re  obtained from these  oxidat ions .  The r ea t t ion  me- 
chanism a s  well a s  some react ions  of  the  gem-nitroso-acetoxy compounds 
( 2 ) ,  (3)  and (10) a re  discussed.  

Key words : Lead t e t r a a c e t a t e  oxidat ion,  a1 i cycl i  c 1,3-dioximes, gem- 
ni t rosoace ta t e .  

2rqv ~ p ~ a o i a  auth n a p o u o ~ 6 T ~ r a ~  p ~ h e r q  rqq ~n i6paoqc  tou T E T P U O E L K O ~ ~  
p0hbg60~ OE U ~ E L K U K ~ L K ~ ~  1 ,3-6~0Eip&C, Ta KdpLa npoLbvra ROU U ~ O ~ O V ~ ~ ~ K U V  
E ~ V ~ L  g e m - ~ ~ t ~ ~ 6 0 - a ~ ~ t ~ ~ ~ - ~ v ~ ~ ~ ~  KaL ~ X L  npol'6vta O < E L ~ W T L K ~ ~ ~  K U K A O T T O C Q -  
oqq. n p o r ~ l v r - c a ~  ~ n l o q q  n ~ 8 a v 6  ~ ~ X ~ V L V C L K ~  oxtjpa nou ~ S q v ~ i  tqv n o p ~ i a  
tqq a v r i 6 p a o q ~ .  Enioqc napouo~6Tovra~  q ~ a o p a t o o ~ o n ~ ~ i c  KaL X ~ ~ L K ~ C  ~ 6 ~ 6 - c ~ -  
r ec  rwv npoU6vrwv. 

REFERENCES 

1. Kotali A .  and Papageorgiou V . P . ,  J. Chern. Soc. Perkin Trans 1,2083 
(1985).  

2. Unterhalt  B .  and Pindur U . ,  Arch. Pharm., 318(10), 956 (1985).  
3. Bu t l e r  R . N . ,  Chern. Ilev., 249 (19841. 
4. Neugebauer F.A. and Ramberger S. ,  Angew. Chern. , 8 3 , 4 8  (1971).  
5 .  Pausacker K . H .  and Scroggie J . G . ,  J .  Chern. Soc. ,  4083 (1954).  
6 .  Rindone B . ,  San tan ie l lo  E .  and Sco las t i co  C . ,  Tetrahedron Le t . ,  19 

(1972).  
7. Amarosa M. and Gesaroni M . R . ,  Gazz. Chim. ItaZ., 83, 853 (1953). 
8.  B e i l s t e i n ,  rrHmdbuch dev Organisehen Conemie", Verlang Springer,  Berlin 

a )  2, 555 ; b) 7,  558 ; c )  1, 785. 
9 .  F ieser  L.F. and Fieser  M . ,  "Reaqenta for  Orqanic @nthes i sU,  J .Wiley 

and Sons, Inc . ,  USA, 1976, Vol. 1, p. 462. ' 
10. Few H .  , "The Chemistry of the  Nitre- and Nitroso-poups ", J . Wi l ey 

and Sons, Inc . ,  USA, 1969. 



Chimika Chronika, New Series, 18, 191 -197(1989) 

SHORT PAPER 

REACTIVITY OF B I S - S C H I F F  BASES OF a-DIKETONES TOWARDS LEAD 

TETRAACETATE 

ANTIGONI KOTALI and VASSILIOS P. PAPAGEORGIOU 

Laboratory o f  Organic &ernis try,  CO ZZege of ~ n & n e e r f n ~ ,  ~ n i v e r s i t y  of 
ThessaZoniki, FhessaZoniki W-54006, Greece. 

(Received June 15, 1987) 

INTRODUCTION 

D e s p i t e  t h e  numerous r e p o r t s 7  on t h e  r e a c t i o n  o f  l e a d  t e t r a a c e t a t e  

(LTA) w i t h  v a r i o u s  n i  t r o g e n - c o n t a i n i n g  d e r i v a t i v e s  o f  d i c a r b o n y l  compounds, 

i t s  a c t i o n  on b i s - S c h i f f  bases has r e c e i v e d  no a t t e n t i o n .  However, t h e r e  

have been a  few papers d e a l i n g  w i t h  t h e  o x i d a t i o n  o f  S c h i f f  bases w i t h  

L T A ~ - ~ .  

I n  t h e  course o f  o u r  i n t e r e s t  i n  t h e  l e a d  t e t r a a c e t a t e  o x i d a t i o n s  and 

i n  o r d e r  t o  i n c r e a s e  t h e  unders tand ing  o f  t h e  r e a c t i v i t y  o f  S c h i f f  bases 

towards t h e  reagen t  we have s t u d i e d  t h e  r e a c t i o n  o f  b i s - S c h i f f  bases o f  a- 

d i  ketones w i t h  LTA. 

RESULTS AND DISCUSSION 

. The Schi  ff bases employed i n  t h i s  work a r e  shovn i n  Scheme 1. Reac t ion  
w i t h  LTA i n  benzene, a t  room temperature,  gave c o m p l i c a t e d  m i x t u r e s  o f  

p r o d u c t s  f rom which t h e  m a j o r  components, i s o l a t e d  b y  column chromatogra- 

phy, were a' s u b s t i t u t e d  a c e t a n i l i d e  4 and an a z o - d e r i v a t i v e  5 (Scheme 1 ) .  



LTA . 
l 

c : Ar=4-Cl -C6H5 c:, Ar=4-C1 -C 6 H 5 
SCHEME 1 

In a l l  cases the parent diketone 1 and the corres-ponding amine 2 were for- 

med, in considerable and minor yields respectively, along with intractable 

material. Table I summarises the yields obtained. . 
Plausible reaction pathways that  could account for  the observed reacti - 

vity of bis-Schiff bases 3 towards LTA are delineated in Scheme 2. 

The organolead 6 ,  derived from electrophil ic  a t tack  of LTA on the 

Schiff base, might rearrange further t o  7 ,  which represents e i ther  an 

intermediate or  a t ransi t ion s t a t e .  The species 7 that  i s  thought of ds 

the key intermediate ih the formation of 4 and 5 ,  suffers cleavage of 

the Pb-N bonds t o  e i t he r  8 cpath I )  o r  14 (path 11) .  

8 could be converted into 9 by an oxygen-to-nitrogen migration of 

acetyl group. Analogous acyl rearrangements9 involving migration of an 
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TABLE I 

Acetani l id@ Azo-derivati ve Parent Oiketone Parent Ami ne 

Schiff  base Comp. Yield Comp. Yield Comp. Yield Cornp. Yield 

acyl o r  an acyloxy group from one heteroatom t o  another have been reported 

from the l a t e  1970 S .  F inal ly ,  fu r the r  hydrolysis of 9 yielded 4.  However, 

i t  i s  qui te  l i k e l y  t h a t  9 could be cleaved gradually via homolytic path 

yielding the acetani l ide  4. The presence of acetoxyl radicals  a s  well as 
1 t h e i r  corresponding ions in  LTA reactions i s  well known . 

Furthermore, the  f ina l  azo-compound 5 can be ra t ional ized from i n t e r -  

mediate 7 as  shown in  Scheme 2 ,  path 11. 

Al ternat ively ,  the  i n i t i a l  ly-formed product 4 could a l so  e f f e c t  the 

for6ation of 5. The intermediate 10 could be cleaved giving r i s e  t o  the 

arylni t renoid species 11 as intermediate which i s  known1' t o  y ie ld  azo- 

der ivat ives  ( 5 ) ,  amino rad ica l s  (12)  and an i l ines  (2 )  which are  oxidized 

a l so  t o  the azobenzenel' ( 5 ) .  Furthermore, the radical 12 t h a t  i s  dimeri- 
11 zed t o  hydrazobenzene 13 could afford 5 by subsequent oxidation with LTA . 

~ c c o r d i n ~ l y ,  a control experiment was carr ied out t o  t e s t  the above assump- 

t ion.  Thus, acetani l ide  4a was t rea ted  with LTA i n  benzene solut ion.  In 

t h i s  case azobenzene 5a was mainly i s o l a t e d ,  along with the parent amine 
\ 2a and resinous products, 

Final ly ,  a fu r the r  crossover experiment was performed on the  Schiff  

base 15 (Scheme 3) in order t o  have one more proof f o r  the homolytic for- 



J 

4 
A c O  ' 

p a t h  I 1  - P ~ ( O A C ) ~  l 

A 
R'- C- N - A r  R - C  = y - A r  

11 I - ACO- 1, 
0 C - C H 3  '---C -CH 

I1 I I 3 
0 0 

A r N = i q A r  +- ArKHP4HP.r 
LTA - 

3 13 

SCHEME 2 
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mation of the azobenzenes 5. The yields of the products obtained from t h i s  

reaction are shown in Table I .  The isolation of a l l  the three possible 

azobenzenes 5a, 56 and 16 seems to  favour the proposed homolytic formation 

(path I ) .  

EXPERIMENTAL 

PreparaGon of S c h i f f  bases 3 and 15. 

Following to  the literature12-15, the correspofiding ani l ine 2 (0.2mol) 

was added t o  a solution of a-diketone 1 (0.1 mol) in ethanol. After reflux 

for  5 h ,  the mi xture was cooled t o  room temperature and the known com- 

pounds 3 (except 3c) were perci pi tated,  f i l t e r ed  and recrystal l i zed from 

ethanol . The known compound 15 was also prepared by l i t e r a tu re  method 4b,16 

Equimolecular mixture of the diketone l b  and the aniline 2a was heated a t  

150 'C f o r  2 h and the product obtained (benzil monoanil16) was subsequet- 

ly refluxed with equimolecular quantity of the ani l ine 2b in ethanol, f o r  

3 h .  The mixture was then cooled t o  room temperature and the compound 15 

LTA ~ 

I 

M ~ + E I = N P ~  t lb + Za + ~b 

16 . SCHEME 3 



was percipitated, f i l t e r ed  and recrystal l ized from ethanol . A1 1 the known 

compounds 3 (except 3c) and 15 were identified by comparison of t he i r  

spectroscopic data with those of the l i t e ra ture  12-16 

Compound 3c m.p. 129 'C, y ield 92 %. E l m .  anaZ., found % (calcd. for  

C16H14N2C12) C ,  63.0 ( 6 2 ~ 7 )  ; H, 4.6 (4.8) ; N ,  9.8 (9.1).  'H NMR (CDC13): 

2.17 (6H, S ) ,  6.80-7.40 (8H, m ) .  MS m/z : 304, i52, 111, 105, 77. IR 

(nujol)  : 1640 cm-'. 

Reaction of 3 and 15 with LTA. 

To a solution of bis-Schiff .base 3 and 15 (0.01 mol) in benzene (20 ml) 

a suspension of LTA (0.01 mol) in benzene (20 ml) was added. The mixture 

was s t i r r ed  for  1 h a t  room temperature, diluted with water, extracted with 

chloroform. The chloroform extract  was washed with 20 % sodium carbonate 

and dried with sodium sulfate .  The o i l  obtained a f t e r  evaporation of the 

solvent, was subjected t o  column chromatography ( s i l i c a  gel 70-230 mesh 

ASTM), and eluted with a mixture of petroleum ether  /ethylacetate 10:l. 

The isolated products are shown in Table I .  Their identification was based 

in comparison of t he i r  spectral data with authentic samples. 

Reaction of 4a with LTA. 

To a solution of acetanilide 4a (0.01 mol) in benzene (20 ml) a sus- 

pension of LTA (9.01 mol) in benzene (20 ml) was added. The mixture was 

treated as described above in the reaction of 3 and 15 with LTA. The pro- 

ducts isolated were azobenzene 5a (75 % yield)  and ani l ine 2a (8 % yie ld) .  

SUMMARY 

The action of LTA on bis-Schiff bases of a-diketones was investigated. 
The main products isolated were substituted acetanilides and azobenzenes. 
Possjble reaction pathways are discussed. 

Key words : Bis-Schiff bases of a-di ketones, lead tetraacetate .  
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