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ADDITION D' ORGANOZINCIQUES ALLYLIQUES A DES THIOETH- 
ERS PROPARGYLIQUES ET ENYNIQUES 

J. AUGER et Y. KOUSSOURAKOS 

INSTITUT de BIOCENOTIQUE EXPERIMENTA LE des AR GOSYSTEMES 
UA CNRS 340, Universitt F. Rabelais, Parc Grandm,ont 37200 TOURS, 
FRANCE 

(Received February 24,1986) 
Running title: Additions d' organozinciques A des thiokthers. 

Les organozinciques allyliques S' additionnent B la triple liaison des thioCthers 
propargyliques et Cnyniques, B fonction acttylknique vraie, par chauffage B reflux 
durant plusieurs heures dans le THF. Dans certaines conditions, la rkaction conduit 
principalement aux thioCthers dikniques et trikniques rksultant d' une monoaddition. 

Key - words: Thioethers, organozineincs, plants-insects relations. 

Dans le cadre d' une ttude de la synth'ese et des propriktks de composks 
soufrts B intkr2t biologique, avec application en particulier aux relations entre 
le poireau (Allium porrum) et la teigne (Acrolepiopsis assectella Z.)"), insecte 
qui lui est inftodk, nous avons envisagk le cas des thiokthers dikniques et 
trikniques; en effet, de m2me que les thiokthers, disulfures et trisulfures saturts 
ou monoin~aturQ(~'~), oxydks ou non, les thiotthers dikniques et trikniques 
sont susceptibles de prksenter un inttr2t biologique. 

Dans ce travail, nous ktudions la rtaction d' addition entre un 
organizincique allylique et un thiotther propargylique ou knynique. I1 a ktt 
montrk que les organozinciques allyliques S' additionnent facilement A la triple 
liaison de carbures acktyltniques vrais(4,5,6a7) d' a l c ~ o l s ( ~ ~ ~ ~ ~ ~ ~ ) ,  d' halogCnures(*, 1•‹,") 
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d' t t h e r s - o ~ ~ d e s ( ~ ~ ~ ~ " )  et d' aqines b-a~ttyltniques(~*'~~'~); il en est de m&me 
dans le cas d'tnynes conjuguts, simples et fonctionnel~(~, 14' 

16, 1 7 3  18) . E n 
pratique, lors de S--addition d' un zincique R-ZnBr 5 la triple liaison d' un 
compost HCrC-CHZY, le groupement R se fixe sur l' atome de carbone le 
plus proche du groupement Y(4,5,7,8,9) sauf lorsque la structure du zincique est 
enc~mbrCe( '~.~~,~') ;  en 'outre, suivant les proportions zincique/compost 
acttyltnique utiliskes et suivant la nature du groupement Y, on peut obtenir le 
produit de monoaddition 1, le produit de bis-addition 2 et un cyclopropane 3: 

1) R-ZnBr 
HC E C - CHzY 

2) H20 

CH2 = C(R) - CHzY 1 
CH3 - C(R)2 - CH2Y 2 

La formation du cyclopropane peut S' expliquer par une rtaction de bis - 
addition sur la triple liaison, suivie d' une rtaction d' tlimination 1-3 lorsque 
Y est un bon groupement  arta ant(^.^* 1•‹, 'l). 

PARTIE EXPERIMENTALE 

- Thiotthers utilists: 

Notre ttude a t t t  rkalisCe sur les thiotthers suivants: 
4 H C G C - C H ~ - S - C ~ H ~ ;  5 HC--C-CH(CH3)-S-C2H5; 
6 H C F C - C ( C H ~ ) ~ - S - C ~ H ~ ;  7 C H ~ - . C = C - C H Z - S - C ~ H S ;  
8 H C = C - C H ~ - S - C ~ H = J ;  9 BC--C-CH=CH-S-C2Hs(Z) 
10 HCGC-CH=CH-CH2S-CzHs(E) 

Les composts 4 2 8 et 10 utilisQ dans cette ttude ont tt6 prtparQ par 
action de 1' alkyl - (ou du pheny1)thiolate sur le bromure (ou le chlorure) 
propargylique ou Cnynque c~rrespondant(~~~) (~dt=60-8@?6): Le composk 9 a 
ktk prkpar6 par action du butadiyne monosodk sur SCthonethiol (Rdt=75%). 

- Mtthode ginkale d' addition de l'.organometallique sur les thioithers: 

La rkaction est gknkralement CffectuCe de la maniere suivante: le thioether 
acttyltnique ou enynique (0,l mole) est ajout6, a 20•‹C, au zincique (0,3 mole) 
prtpart dans le THF(*,~), 1e milieu rkactionnel est chaufft sous agitation 
pendant 15h h reflux. Les rtsultats obtenus figurent sur le tableau I. 
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Tableau I: Addition d' organozinciques allyliques aux thiokthers propargyliques 
et knyniques. 

(a) contact B 20•‹C pendant 48h; on retrouve une part importante du produit 
de dkpart. 

R-ZnBr 

ally1 
ally1 
ally1 
crotyl 

ally1 
ally1 
ally1 

ally1 
ally1 

ally1 

Les produits l .et 3, liquides, sont isolts h 1' ktat pur, soit par distillation 
fractionnee, soit par chromatographie en phase vapeur prkparative. 

Les rendements sont ceux mesurb sur la C.P.V.. Les absorbtions IR sont 
exprimkes en cm-', les dkplacements d des spectres RMN sont exprimQ en 
p.p.m. par rapport au TMS et les constantes de couplage J sont exprimkes en 
Hz. 

Lorsque les rendements globaux sont infkrieurs B 5 % et pour le produit de 
la rkaction sur 10, qui se polymkrise, il n' a Ras,ktk possible d' isoler un 
composk dkfini. Nkanmoins, par analogie avec les autres additions, 
l' observation de la C.P.V. nous permet de conclure B 1' existence d' un 
produit de monoaddition l. 

- Description d' une expkrience: 

ally1 3/ 1 1 3/1 
100 0 0. ; 

crotyl 1 48% 100 0 0 

Thiokther 

4 
4 
4 
4 

5 
6 
7 

8 
8 

9 

8 Prkparation du brornure d' allyl-zinc 

Proportions 
des rkactifs 

3/ 1 
2/ 1 
2/1(") 
3/1 

3/1 
3/1 
3/1 

3/1 
2/1 

3/1 

Rdt 
global 

40 % 
18% 

< 5%, 
60 % 

< 5 %  
0 

< 5% 

48 % 
20 % 

40 % 

Produits 
1% 2% 3% 

25 0 75 
100 0 0 
100 0 0 
100 0 0 ' 

100 0 0 
- - 

100 0 0 

20 0 80 
100 0 0 

100 0 0 
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L' organozincique est obtenu selon Ga~dernar~'~) B partir de 0'4 at. g 
(26'2 g) de zinc en poudre, 0,38 mole (46 g) de bromure d' allyle fraichemenl 
distillt et 250 cm3 de T.H.F. anhydre. La temptrature du milieu est maintenue 
entre 25" et 28•‹C pendant l' addition goutte B goutte de la solution 
bromure-THF. 

Aprks 2 h d' agitation B temptrature ambiante et repos d' une nuit, le 
zincique est utilisk aprts dtcantation. 

Le rendement (75-80 %) est dttermint par peste du zinc restant. 

Addition de bromure d' allyl-zinc au thiokther 4 

A 0'3 mole d' organomttallique (54 g), on ajoute goutte B-goutte en 15 
minutes environ 0,1 mole de thiotther 4 (10 g) diluk dans un volume kgal de 
THF anhydre. La temptrature du milieu S' Clkve de 10 B 15•‹C. 

On chauffe temptrature de reflux'du solvant (65•‹C) pendant 15 heures. 
Le milieu rtactionnel est trait6 par une solution glacte ammoniacale B 20 %. 

Aprb dtcantation, extraction par 4 x  100 cm3 d' &her et skchage des 
phases organiques sur les solvants sont chassQ sous vide et Ies 
produits de la rtaction sont isolts par distillation sous pression rkduite (10 A 15 
torrs), au bain d' eau. 

Une premikre fraction qui bout entre 30 et 32OC contient essentiellement le 
compost 3 (3,6 g soit 0,03 mole) avec un rendement de 30% accompagnt d' un 
peu d' htxkne-l yne-5. Leur stparation S' effectue aiskment par CPV 
prkparative. 

Une deuxikme fraction qui bout entre 35 et 40•‹C est constituke de 
disulfure de dikthyle (1,9 g spit 0,15 mole) avec un rendement de 15%. 

Une troisikme fraction qui bout entre 65 et 68OC contient principalement 
le produit de,monoaddition 1 (1,4 g soit 0,01 mole) avec un rendement de 10%. 

I1 reste un rtsidu indistillable qui se polymtrise au refroidissement. 

- Broduits gbtenus 

Ally1 Znbr (O,2 mole) + thioCther 4(0,01 mole) ---- Ethylthio-5 methylhe-4 pentkne-l (0,01 mole) 
H f 

\ c=c-CH~-S-CH&CH:  
H, / 
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Ebu = 65OC 
IR: 910 995 1640 3085 
RMN: d = 1,19 (t,3,@H3 - CH2 - ) ; 2,35 (q,2,CH3 - CH2 - ) ; 

2,9 (d,2 - CH2 - CH =) ; 3,5 (s,2, - CH2 - 5 - ) ; 
4,82 ( m , 2 , C ~ 2  = C) ; 5,15 (m,2, C H ~ =  CH - ) ; 
5,8 (m,l, - - CH = CH2). Jab = 2; Jac = 17; Jbc = 9 3 ;  Jcd = 7; 
Jef= 1; Jgh = 7. 

Crotyl Znbr (0,3 mole) + thiokther 4 (0,l mole) - Ethylthio-5 methyl-3 mCthyEne-4 pentkne-l (0,06 mole) 

Ebls = 78-79•‹C 
IR: 910 ; 990 ; 1635 ; 3090 
RMN: d = 1,l (d,3,CH3 - CH) ; 1,25 (t,3, CH3 - CH2 - ) ; 

2,35 (q,2, CH3 - CH2 - ) ; 3,l (~ ,2 ,  - S - CH2 - C) ; 
4,8 (s,2 CH2 = C) ; 5,l (m,2, CH2 = CH = ) ; 
5,7 (m,l, E = CH2). Jab = 1,5 ; Jac = 17,5 ; Jbc = 9 ; Jcd = 7 ; 
Jde = 6,5 ; Jfg = 1 ; Jhj = 53.  

Ally1 ZnBr (0,2 mole) + thiokther 8 (0,l mole) -- Phknylthio-5 mkthylkne-5 penthe-l (0,02 mole) 

Eb4 = 130•‹C 
IR: 735 (F);910 (F )CHz=C;  995(m); 1640(m); 3085 ( m ) C = C  
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RMN: d = 2,95 (d,2, - CH2 - CH =); 3 3  (s,2 - CH2 - S - ); 
4,9 (m,2, CH2 = C); 
5,4 (m,2, CH2 = CH - ) ; 5,8 (m,l, - CH = CH4) ; 
7,3(m75,-O). Jab = 2 ; J a c = 1 7 ; ~ b c = 9 ~ ~ ~ d = 7 ; ~ ~ f = 1 .  

Allyl ZnBr (0,3 mole) + thiotther 9 (0,l mole) - Ethylthio-6 mtthylkne-4 hexadikne-1,5 (0,04 mole) 

Hc 
Eb24 = 107-1 10•‹C 
IR : 735 ; 880 ; 910 ; 990 ; 1605 ; 1635 ; 3080 
RMN : d = 1,25 (t,3, CH, - CH2 - ) ; 2,6 (q,2, CH3 - CH2 - ) ; 

2,95 (d,2, - CH2 - CH =) ; 4,8 (m,2, CH2 =) ; 
5,O (m,2, CH2 =CH - ) ; 
5,65 (m,& - CH=CH2) ; 5,9 ( m , 2 , - E =  C l - ) .  
Jab = 1,5 ; Jac = 18 ; Jbc = 9 3  ; Jcd = 7 ; 
Jef = 1,5 ; Jgh = 12 ; Jij = 7. 

Allyl ZnBr (0,3 mole) + thiotther 10 (0,l mole) - Ethylthio-7 mtthylkne-4 heptadikne-1,5 (0,035 mole) 

Hc 
Eboal = 65-66•‹C 
IR : 9 10 ; 990 ; 1600 ; 1640 ; 3090 
RMN : d = 1,2 (t,3, CH3 - CH2 - ) ; 2,4 (q,2, CH3 -S - ) ; 

2,95 (d,2, - CH2 - CH =) ; 3,l (d,2, CH - - C& - S - ) ; 
4,85 (m,2, CH2 =C) ; 5,15 (m,2, CH2 = CH - ) ; 
5,75(m,l, -CH=CH2);6 ,0(m,2, -E=CH-) .  
J a b =  1 ; Jac=  17; J d c = 7 ;  Jef= 1 ; 
Jhg = 15 (E) ; Jhi = 6,5 ; Jik = 7 



Ally1 ZnBr (0,3 mole) + thiokthers 4 ou 8 (0'1 mole) - Diallyl-1,1 cyclopropane (0,03 mole) 

IR : 910 (F) ; 995 (F) ; 3080 (F) ; 1640 (F) 
RMN:d=0,3  (~,4,9);2,0(d,4,-CH2-CH=);5,8(m,2,-CH=); 

4,95 (m,4, = CH2 ). 
Jab = 2,5 ; Jac = 18 ; Jbc = 9 ; Jcd = 6,5. 

DISCUSSION 

Cas des thiotthers propagyliques: Lorsque le groupe propargyle ne 
posskde pas de substituants (thiotthers 4 et g), la rtaction d' addition a lieu 
comme pour les autres dtrivts propargyliques; elle peut conduire 2 une 
quantitt importante de dtrivts cyclopropaniques 3 lorsque 1' on utilise un 
excks de zincique (3/1), mais on obtient uniquement le produit de 
monoaddition 1 lorsque les rtactifs sont dans les proportions 2/1. Avec le 
bromure de crotyl-zinc, la rtaction a lieu avec transposition allylique au niveau 
de 1' organomttallique~7~8~'2). 

Les rendements moyens gtntralement observts sont dus en partie B 
1' intervention concurrente de la rtaction de substitution qui conduit B 
1' htxine-l yne-5, un carbure frtquemment isolt et identifit(11"3). 

1) CH2 = CH - CH2 - ZnBr 
H C e C - C H 2 - S - R '  

2) H20 > 

HCEC-CH2-CH2-CH zCH2i- R'SH 

En plus, lorsque la rtaction n' est pas effectute sous atmosphkre rigoureusement 
inerte, on obtient, 2 c6tt du produit d' addition, de 15 B 20% du disulfure R'S - SR', 
compost provenant vraisemblablement d' une oxydation du thiolate par 1' oxygkne 
de l' air(23): 
2R'S - ZnBr + 1/2 0 2  + R'S - SR' + ZnBr2 + ZnO. Ce disulfiue est is016 en tete de 
distillation fractionnke pour chaque exptrience rtaliste. I1 est identifit par 
comparaison de ses spectres IR et de RMN avec ceux d' un tchantillon authentique. 
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Lorsque la structure propargylique est substitute en a de la triple liaison 
(thiotthers 5et 6), la rtaction n' a pratiquement pas lieu, vraisemblablement B cause 
de 1' encombrement ~ t t r i ~ u e ( ~ , ~ , ' ~ ) .  

Lorsque la triple liaison est substitute par un groupement mtthyle (thiotther 7), 
la rtaction n' a pas lieu non plus, ce qui est analogue aux observations faites lors des 
essais d' addition de zinciques B d' autres dtrivts a-acttyltniques s u b s t i t ~ t s ( ~ , ~ ~ ' ~ , ~ ' ) .  

Cas des thiotthers knyniques: La rtaction conduit au produit de 
monoaddition attendu, avec des rendements moyens (rbidus importants). 
Avec le bromure de crotyl-zinc, la rtaction a lieu avec transposition allylique. 

Ces rtsultats sont conformes B ceux observts avec d' autres tnynes 
conjuguts f o n ~ t i o n n e l s ( ' ~ ~ ' ~ ~ ~ )  pour lesquels il a tt6 montrt que les zinciques 
S' additionnaient B la triple liaison (en 3,4), les lithiens B la double liaison (en 
1,2) et les rnagntsiens soit en (1,2) soit en (1,4). 

Cette etude nous a permis de prtparer par rtaction d' addition de 
zinciques allyliques B des thiotthers posddant une liaison acttylhique vraie, 
des thi6thers ditniques et tritniques: 

CH2 = C(CH(R') - CH = CH2) - CH2 - S - R" 
R' = H, CH3 ; R = alkyle, phtnyle ; 
CH2 = C(CH(R') - CH = CH - (CH2)n - S - R 
R' = H, CH3 ; n = 0,1 ; R = alkyle. 

Certains de ces compasts font 1' objet actuellement de tests olfacto- 
metriques sur la teigne du poireau Acrolepiopsis assectella Z. et sur son 
parasitoide Diadromus pulchellus WSM. 
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SUMMARY 

Addition of Allylic Organozincics to Propargylic and Enynic Thiothers 

Allylic - zinc compounds add on the terminal acetylenic bond of 
propargylic and enynic thioethers by refluxing a THF solution for several 
hours. Under suitable conditions, this reaction leads chiefly to dienic 
thioethers (mono-addition products). 
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SUMMARY 

In the present study psychrotrophic bacteria of cow's raw milk in the region of Epiros- 
Greece were investigated. 
The determinations carried out were Total and Psychrotrophic Bacterial Counts (T.B.C. and 
P.B.C.). 
Initial T.B.C. and P.B.C. values were 17.5x106/ml to 110~10~/ml  and 7 ~ 1 0 ~ / m l  to 20~10~/ml,  
respectively, the P.B.C. value comprising 18.2 to 40% of the T.B.C. depending on the season 
of examination. After refrigeration of milk, the above percentage values were significantly 
increased. 
A total of 112 psychrotrophic strains were isolated, 92 of which where found to be Gram 
negative. From the latter 40 were identified to be of the Pseudomonas genus. 
Of the Gram negative isolates at 4 ' ~  the proteolytic strains comprised the 35,0% and the 
lipolytic ones the 47.8% whereas at 25'C the corresponding values were 48.9 and 53.2%. 

Key words: Psychrotrophs, lipolytic bacteria, proteolytic bacteria. 

INTRODUCTION 

Today raw bulk milk is stored at 4 ' ~  and subsequently delivered to the dairy plant 

for processing. 

The advantages of this handling system are: 

a) Elimination of spoilage associated with the growth of lactic acid bacteria and most 

pathogens, 

b) Reduction of unit cost for transport, and 

c) Achievement of uniform supply. 

However, despite these handling advantages, multiplication of phychrotrophic bacteria 

introduces a serious problem. These bacteria, of environmental source, degrade important 

milk constituents by the excretion of heat stable enzymes, mainly proteases and lipases. 

The most important respresentative genera of these contaminants are: 

a) Gram negatives: Pseudomonas, Alcaligens, Achromobacter-Acinetobacter, 

Flavobacterium, Xanthomonas and members of the Enterobacteriaceae family' 
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b) Gram positives: some thermoduric species from genera Bacillus and ~lostridiurn*'~ 

The significance of psychrotrophic bacteria is well understood and it has been 

proposed that the presence of psychrotrophs along with the coliforms could comprise an 

index of production and handling conditions of milk4. 

In the present study psychrotrophic bacteria of cow's milk from several collecting and 

cooling stations in the region of Epiros-Greece were investigated. 

The determinations carried out concerned counts of total and psychrotrophic bacterial 

flora. In addition, psychrotrophs from milk on the day of sampling were isolated and 

identified. Proteolytic and lipolytic activities of isolated species among Gram negatives were 

also examined. 

EXPERIMENTAL 

Raw cow's milk was obtained from cooling stations in the region of Epiros-Greece. 

Samples were taken during the four-seasons of the year as follows: October-November, 

January-February, March-April and June-July. 

For Total Bacterial Counts (T.B.C.) and Psychrotrophic Bacterial Counts (P.B.C.) 

plates were incubated at 32+1•‹c for 48+3h and 7+1•‹c for 10 days respectively5. 

The standard plate count method was employed5 for T.B.C. and P.B.C., determination 

using quarter strenght Ringer's Solution as diluent6 and Plate Count Agar as substrate. 

Representative single colonies were taken and transferred into Nutrient Broth. They 

were purified by the streak method on Nutrient Agar and subcultured for a month. Before 

every use, strains were recovered in Nutrient Broth and subsequently on Nutrient Agar at 

2 5 ' ~  for 18-24h. 

To test proteolysis, Skim Milk Agar was used as substrate. Plates were inoculated by 

streaking and were incubated at 4 ' ~  and 25OC for 10 and 5 days, respectively. Protein 

hydrolysis was observed by formation of clear zones around the growing bacterial colonies 

following addition of 1% HCI'. 
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Fat lipolysis was observed by formation of clear zones as above in plates containing 

Tributyrin ~ ~ a r ~ .  

Genus classification was determined on the basis of morphological and biochemical 

characteristics included in Bergey's  annual', Cowan and steelg, Hendriew and  wew wan", 
~ a ~ w a r d "  and sneath12 (Table l), as described by ~ a l o ~ r i d o u ' ~ .  

In summary, classification tests were as follows: 

Gram stain, cell morphology, oxidation - fermentation (O/F) test, oxidase test, 

catalase test, growth under aerobic and anaerobic conditions, motilityg, stain of flagella using 

the modified Montana method7, diffusion and/or fluorescence of produced pigment'4 and 

growth spreadingE (Table 1). 

TABLE I Characteristics of Gram rwgative bactaria Wnus detormhstion cont'd 

G e n e r a  
Stain 

Pssudomonas 1 
,ranthornonas 
Flavobsclsrium 
F l ~ ~ o b a c t e r i u m  
Aeromones-Vibrio- 
Plesiomonas 
Alcaligenes 
Moraxella 
Acinetobacter 
Chromobaorsrium 
Enterobacteriace.b family 
Enterodacteriacsae farniiy 
Cytophage-Flsxibacter 

G e n e r a  

Pseudornonas 

Xanthomonss 
Flavobacterium 
Flavobacterium 
Aeromonas-Vibrio. 
Plesiomonas 

Alcsligenes 
Moraxeila 
Ac,netObacter 
Chromobacfer,urn 
Enterobaoter,aceae family 
Enterobacterlaceae family 
Cyrophage-Ftexibacter 

_C= 

cox 
morph 

o-wly 

R 

R 
R 
R 
R 

R,RC, 
C 
R 
R,RC 
R 
R 
R 
R 

producti- 
on of gas 

+ - 

+ - 
- - 

Catalase 

Non d i f f u r h  I 
MM, y.Iow. 
red.hown. 

I 
t h . r o s y . l l c k  
y.Wow, bown 

Y h W  
yeow, Mange 
nom, ydow, blue.red 

- 
Oxidase 

+ 
rarely - 
- or (+) 
+ - 
+ 

+ 

+ 
+ 

+ 
. . 

- 

Aerobic 

.L 

+ 
+ 

+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ - 

- 
Anaar 
otnc 

+ 

+ - 
+ 
+ - 

- 
Spead- 

ir9 
growth 

R. Rods 
C: COCCI 
(7). Weak 
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RESULTS AND DISCUSSION 

Total and Psychrotrophic Bacterial Counts were determined in totally 48 milk samples, 

12 from each of the four seasons. The autumn's samples were examined after 0 (initial), 1,2 

and 3 days of storage at ~OC, while the rest of Wem, after 0 (initial) and 3 days of storage 

at the above temperature. 

The initial values of T.B.C., 17.5x10~/ml to 110xl0~rnl, depending on the season of 

examination (Table 11) were relatively high as compared to most values in the literature, for 

example 15~10~/ml~%nd 15xl0~/ml to 29.6~10~/m1", while were similar to other's values, 

for example 6.1~10~/m1'~, 25x10~ to 68~10~/rn1'~. 

TABLE II. Changes of T.B.C. and P.B.C. in the four seasons of the year during storage of 
raw mikl at 4 ' ~  for 0 and 3 days 

* 
Errors given are standard deviatjon of the mean for n=12 

Range 

11.5-25.0 
33.0-68.0 

Days of 
storage 

The initial counts of psychrotrophs (P.B.C.), 7x10"ml to 20~10~/ml, depending on 

T.B.C.X~O~ I P.B.C.X~O~ 

winter 

Spr~ng 

Summer 

Autumn 

the season of examination (Table II) were also high as compared to published data. Whang 

Percenta 

D 
3 

0 
3 

0 
3 

0 
3 

ge of 
P.B.C. Ito 
T.B.C. 

40.0 
70.0 

Average 

7.0L2.9 
35.027.4 

Average 

17.525.4* 
50.0L9.2 

Range 

3.5-12.0 
20.0-48.5 

- 
- 

28.0L4.6 
82.5L11.8 

110.0+19.4 
260.0L37.5 

44.0L12.5 
135.0L20.4 - 



GRAM N E G A T I V E  P S Y C H R O T R O P H S  I N  M I L K  79 

and who2' for example have reported P.B.C. 2.5x10'/rnl to 10xl0~/ml while ~ichard*' 

~ . I X I O ~ / ~ I  to 7.7x10~/ml. Counts of psyqhotrophs were also somewhat higher than the 

upper limit sirggested by Muir and ~ h i l l i ~ s ~ *  for rejection of milk. 

The initial percentage ratios of P.B.C. to T.B.C. increased with a high rate for the milk 

samples stored at 4 ' ~  (Table Ill). The above ratios ranged from 18.2 to 40.0%. The 

corresponding percentage ratios were ranged from 48.0 to 70.0% after storage of samples 

for 3 days at 4 ' ~  (Table 11). ~ o c k e l m a n ~ ~  found initial ratio of P.B.C. to T.B.C. 26% which 

increased to 65% after refrigeration for 72h, while ~ a l o ~ r i d o u ' ~  reported initially 34% and after 

refrigeration for 2,4,6 and 8 days 49,59,67 and 71% respectively. 

TABLE Ill. Changes of T.B.C. and P.B.C. during storage of raw milk at 4OC for 0,1,2 and 3 
days (Period of examination autumn) 

Days of 
storage 

Average + 
Errors given are standard deviation of the mean for n= 12 

Range 

31.5-64.0 

T.B.C. values after storage of samples for 3 days at ~ O C ,  increased by 2.36 to 3.07 

times, depending on the season af examination and P.B.C. by 5.0 to 6.5 times (Table II), 

while Bloquel and veillet-~oncet" observed increzse 1 . l3  and 8.0 times, respectively, after 

storage for 4 days at 4OC. 

Percentag 
e of P.B.C 
to T.B.C. 

("W 

32.9 

. P.B.c.x~o" 

Average 

14.5k4.2 

Range 

7.5-24.5 
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The lowest T.B.C and P.B.C. values were those of winter samples and the highest 

were those of summer ones. These results are in agreement with those of Whang and 

cho20. 

112 strains were isolated from autumn samples, 92 of which were Gram negative. Our 

interest was focused on Gram negatives, since these mainly introduce problems in dairy 

products24, thus, the 20 Gram positive isolates were not further examined. 

The percentages of Gram negatives to total isolates (82%), is on the high side among 

values reported in the literature such as 84.814, 66.623 and 59%13. 

Gram negative psychrotr0,phs- were present in all milk samples. Their genus, 

frequency of appearance and number of isolated strains are given in Table IV. 

TABLE IV. Frequency of appearance and number of isolates of Gram negative psychrotrophs 

Genera 

Pseudornonas 
Acinetobacter 
Flavobacterium 
Moraxella 
Aerornonas-vibrio- 
Plesiornonas 
Enterobacteriaceae family 

Total isolates 

Percentage 
Number 

4.3 
8.7 

16 17.3 

12 samples of milk were tested. Those containing the corresponding isolates were 
characterized as positive 

Strains of Pseudornonas and Acinetobacter genera and of Enterobacteriaceae 

family appeared more frequently comprising 43.5, 17.5 and 17.5% of Gram negative isolates, 

respectively. Other reported values for Pseudornonas include 82.lZ5, 135,6~~, 58.0'~ 36.327 

and 31.2%13. As compared to the above values, our value was rather low, although this 

genus appeared more frequently among the others genera. Reported values for 

Acinefobacter include 21 .827 and 12.5'~ while for Enterobacteriaceae similar values to our 

own have been reported. 
23,28,14,13 The percentage values of the other genera were small 
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and in general agreement with literature  value^^^"^ although there are some differences 

among them. 

Isolated Gram negative strains were examined for proteolytic and lipolytic activity. 

Proteolytic strains comprised 3 5 . 9  and 48.9% the total Gram negative isolates while 

lipolytic strains comprised 47.8 and 53.2% at 4OC and 25OC, respectively (Table V). 

TABLE V .  Number and percentage of proteolytic and lipolytic Gram negative psychrotrophic 
bacteria of raw milk 

Genera 

Pseodomonas 
Acinetobacter 
Flavobacterium 
Moraxella 
Aeromonas-Vibrio-Plesiomonas 
Enferobacteriaceae family 

L i p o l y t i c  P r o t e o l y t i c  Y 

+: with lipolytic or proteolytic activity 
-: without lipolytic or proteolytic activity 

Psychrotrophs excrete larger amounts of protease at room temperature than at 4-7•‹~29'30 

while often the opposite occurs for lipase excretion. In contrast, both enzymes are more 

active at room termperatures than at 4 - 7 ' ~ .  On the basis that psychrotrophs act by their 

extracellular enzymes24, it can be explained why these were foundto be more active at 2 5 ' ~  

than 4 ' ~ .  

Pseudornonas strains were both the most active proteolytic and lipolytic among the 

other genera in agreement with the Acinetobacter strains also showed high 

proteolytic and lipolytic activity while those of the Enterobacteriaceae family did not, in spite 

of their high frequency of appearance. 

In conclusion, since the P.B.C. values appear to be relatively high, there is a possible 

risk for spoilage of milk and its products, considering the large number of proteolytic and 

lipolytic bacteria within the P.B.C.  population especially at 4 ' ~ .  
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IlEPIAHIH 

Gram a p v q ~ ~ ~ a  1p~xp6~pocpa PaK~fipla vwnoli yaXaKToq neploxfiq Hneipou. 

M E X E T ~ ~ ~ ~ K ~ V  T a  apvQTlK6 KaT6 Gram L#tJ)(p~Tp~cpCl paKTfipla TOU VU~OU 

aycia6~vo6 y 6 i a ~ ~ o q  ~ q q  n~ploxi lq Hnsipou. 

flpoa6~opicrrq~av o o h ~ ~ o q  p a ~ r q p ~ a ~ 6 . q  niqeuopoq (0.B.n.) KUI o niqeuapoq ~ w v  

quxpo~pocpwv pamqpiwv (UJ.B.n.). 0 0.B.n. a p x ~ ~ a ,  avaioya PE T ~ V  ~ n o x d  EcdTa~~[q 

f i ~ a v  17,5~10~/rnl- 110xl0~/ml KaL o IV.B.n. 7x106/ml - 20xl0~/ml nou a v r ~ o r o ~ x ~ i  a& 18,2- 

40,0% TOU 0.B.n. ME 6 l a ~ f i p r l u ~  TOU ~6k lKT0q !.l& Q U ~ Q  yla 1,2 K a l  3 q y k p s ~  TO 

napanavw % noaoa~o a6t;ave a t l p a v r ~ ~ a .  Anopovheq~av 112 qu~po~pocpa UTE?~XQ, 92 

a p v q ~ ~ ~ a  ~ a ~ a  Gram ano Ta onoia 40 drav TOU ydvouq Pseudomonas. 

Ano Ta apvllTlK6 KaT6 Gram qu~poTp0cpa TO 35.0 Kal48.9% ~ I T ~ v  I ~ ~ W T E O ~ U T ~ K ~ ,  E V ~  TO 

47.8 Kat 53.2% ~ L ~ o ~ u T I K ~  orouq 4 ' ~  Kai 25OC, avriarotxa. 
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SUMMARY 

The preparation of N,N'-bis( P-carboxyethy1)-and N,N,N',N'- 

tetra(@-carboxyethyl) derivatives of ethylenediamine, propy- 

lenediamine and butylenediamine was effected by adding ethyl 

acrylate to the parent diamines followed by acidic hydrolysis 

of the intermediate esters. The procedure was simpler compa- 

red to cyanoethylation-hydrolysis route and afforded better 

yields. 

Key words: Spermic acid, N,N'-bis(2-carboxyethyl) diamines, 
N,N,N',N'-tetra(2-carboxyethyl) diamines. 

INTRODUCTION 

Spermine, H2N(CH2)3NH(CH2)4NH(CH2)3NH2, an important po- 

lyamine for a cell, is catabolized mainly1 by oxidation 

its dialdehyde2 .to the diacid, spermic acid, 2.3 Spermic 

acid was found only in the brain and spinal cord of rabbit, 

rat and oxen3 and in the urine of rats.' While spermine and 

spermine diol stimulate DNA degradati~n~'~ and the dial- 
2 dehyde of spermine is toxic to bacteria and spermatozoa vir- 

about the role of spermic acid in the 

The catabolic fate of thermine, 

)3NH2, found in certain thermophilic 

tually nothing is known 

central nervous system. 

H2N(CH2)3NH(CH2)3NH(CH2 

bacteria, is not known. 

The diacids 1-2 -and the tetraacids G-12 can act as 

complexones, for L and 10 form compexes with metal cations 6-8 

which are of theoretical9 analytical '''l2 and, probably, 

of .biochemical13 interest. 
From the various routes for the preparation of L-9- and 
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10-1_2, the cyanoethylation-hydrolysis route for the prepara- 
tion of 1 ,l4-l6 92t3p17 and u6 and the reaction of P-chlo- 

ropropionic acid with ethylenediamine for the synthesis of 
10" have been followed. These procedures are tedious with - 
low to moderate overall yields. 

I found that the addition of ethyl acrylate to the ali- 

phatic diamines followed by mild hydrolysis of the purified 

intermediates, 1-6, was a much simpler procedure for the pre- 
paration of 7-12 and the yields were better than those re- 

ported in the literature for 2, 2 and 10. 

RESULTS AND DISCUSSION 

Reaction of the diamine in absolute ethanol (95% ethanol 

was not a suitable solvent) with two equivalents of ethyl 

acrylate under high dilution and slow addition conditions 

gave the desired diester with traces of mono- and triester. 

The formation of by-products could not be avoided. Isolation 

of the diester by distillation under reduced pressu;eAled to 

decomposition6'18, isolation by disso1;ing in ether and bub- 

bling hydrogen chloride gave sticky gums which were difficult 

to work with, while isolation as described in the experimen- 

tal afforded pure, anhydrous 1-2 in acceptable yields. 
For the syntheses of tetraesters, it is important that 

the triester by-product not be present by more than trace 

amounts because its removal by recrystallizations leads to 

considerable loss. The triester was present in large amounts 

when the reaction was carried out in ether instead of anhy- 

drous ethanol. The salt 4 crystallizes as a hydrate': &is an- 

hydrous while 5 could not be crystallized. 
The acidic hydrolysis of 1-2 could not be followed by 

TLC. Isolation of the products as the dihydrochloride salts 

was effected by adding acetone. The oil which may result cry- 

stallized relatively easily. For better yields the water used 

in the recrystallizations should be kept as little as pos- 

sible (1.5-0.5 ml/g) . For 2 I found a capillary m.p. 240-242O~ 
(dec. ) as did Haydock and ~ulholland'~ while Martell and Cha- 

6 berek reported 194-198~~ (dec.). The m.p. was, however, 



211-218'~ (dec.) when determined on a hot stage m.p. appara- 

tus.'* The salt 9 crystallized as a dihydrate which can be 

dehydrated at 1 4 0 ~ ~ ;  both salts gave the same m.p. (202-205~~ 

dec.). However, Tabor et al. 2f17 reported a m.p. 221-222Oc 

(dec.) for the anhydrous 2. 
The hydrolysis of 4-5 can be followed by TLC (vide infra). 

Isolation and purification of the products were effected as 

in the diacid case, without any difficulties except of 2. The 
salt 10 was anhydrous, 11 was an alcoholate and 12 was a hy- 
drate. When these salts were left at 1 1 0 ~ ~  for 24 h, 10 did 

not lose weight but its m.p. increased -20•‹c, g.2EtOH decom- 
posed,and Z.5H20 lost its waters without decomposition with 

a concomitant increase of its m.p. by - 40•‹c. 
The TLC developing solvents A and B can separate the mono-, 

di-,tri- and tetraesters and therefore are useful for follow- 

ing their syntheses and the purity of the products &-&. Sol- 
vent C,used in conjuction with non-activated ca2+ -treated 

silica gel H,did not separate the diesters 1-2 from the di- 

acids Z-9 but did separate the tetraesters 4-5 from the te- 

traacids 10-2. However it did not separate the intermediates 
(mono-, di- and triacid) during the hydrolysis of the tetra- 

esters &-& even if catalytic amounts of HC1 were used to slow 
down the hydro1ysis.Various other developing systems were 

tried (acidic, e.g. AcOH/H20; neutral, e.g. EtOH/H20; basic e.g. 

CHC13/MeOH/conc. NH3) for silica gel and for cellulose TLC 

supports in order to.achieve the desired separations but with- 

out any success. 

EXPERIMENTAL 

The diamines and stabilized ethyl acrylate were used as 

such.19 TLCS were run on microscope slides coated with Merck 

silica gel H with developing systems: A:CHC13/MeOH 6:l V/V 

(for the esters); B:CHC13/MeOH&onc.NH3 60:10:1 v/v (for the 

hydrochlorides of the esters) and with non-activated silica 
gel H containing CaC12 with conc. NH3 as developing solvent 

(solvent C) for the hydrochlorides of all acids.Visualization 



SYNTHESIS OF SPERMIC ACID 89 

was effected by spraying with 35% H2S04 and charring. Melting 

points were taken in open capillaries and are uncorrected. 

Infrared spectra were recorded as KBr discs with a Perkin 

Elmer model 577 spectrophotometer and 'H-NMR spectra were ta- 

ken on a Varian EM-60 spectrometer at 60 MHz in D20 with DSS 

(dimethylsilapentanesulphonate) as internal standard. 

To a solution of ethylenediamine (30.009, 0.5 moll in 300 

m1 absolute ethanol was added dropwise over 25h a solution 

of ethyl acrylate (100.00 g, lmol) in 500 m1 absolute ethanol. 

The yellow solution was stirred at room temperature for 10 h. 

TLC of the pink solution (solvent A) showed the product, Rf 

0.30, and traces of mono-, Rf 0.03, and triester , Rf 0.50. After 
cooling to OOC, 94 m1 conc. hydrochloric acid was added and 

the system was left at OOC for l h. Filtration and washing with 

absolute ethanol gave virtually pure,by TLC (solvent B),pro- 

duct (Rf 0.27) as small flakes, which was recrystallized from 

95% EtOH (300 ml) to yield 82.96 g (50%) of product 1 as big 

white flakes after drying in vacuum at room temperature. M.p. 

206-208~~. Calcd for C12H28N208.2HC1: C 43.25, H 7.86, N 8.41%; 

found C 43.74, H 7.63, N 8.34%. IR: 1270 cm-'. 'H-NMR(G) : 1.3(t, 
4. 

J = 6Hz, 6H, CH3), 3.0(m, 4H, E2CO), 3.50(m, 8H, Cg2NCH_Z), 4.3(qr 
4H, OCH2 ) . 
N , N 1  - b h  ( 2 - canbethoxyetL~yl) - 1,3 - diaminaplropane dihydtlackeahide, 2 

Prepared as in 1 (0.5 m01 scale) and recrystallized from 
420 m1 95% E~OH. Yield 84.03 g (49%) of pure 2 a s  big white 
flakes, m.p. 231-234O~. Calcd for C13H26N204.2H~1 : C 44.96, 

H 8.13, N 8.07%; found C 44.41, H 8.33, N 8.71%. IR : 1720 cm-'. 

H -  ( 6 )  : 1.3 t ,  J=6Hz, 6H. CH3!, 2.35 (m. 2H. CH2CHCH2). 

3.0(m, 4H, CH2CO), 3.3(m, 8H, CH2NCH2), 4.3(q, 4Hr -OE2). 

Prepared on a 0.244 m01 scale as in 1 but using twice as 
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high dilution. Yield 57.47 g (65%) of white crystals, pure by 

TLC. M.p. 238-240~~ (lit. 237-8O~ [161).Calcd for C14H28N204.2HC1 

: C 46.54, H 8.37, N 7.76%; found C 46.13, H 8.49, N 7.45%. 

IR : 1720 ~~-'.'H-NMR 16):1.3(t, J=6Hz, 6H, CH?), 1.80(m,4H, 

N,N,Ni ,Ni - t&a (2- c~bethoxyet lzg l  ! -1,2- diaminoetlzane dihydhocMonide 
3 hy&cLte, 4. 7 H2U 

To a cold solution of ethylenediamine (15.00 g, 0.25 mol) 

in 75 m1 absolute ethanol, ethyl acrylate (130 ml, 1.2mol)was 

added dropwise over l h  in such a way that the temperature 

did not exceed 40•‹~.19 The yellow solution was then stirred 

at room temperature for 9 days i.e. till disappearance of the 

triester (TLC solvent A : triester Rf 0.50, tetraester Rf 0.68 1 .  

The dark red solution was cooled to OOC and 47 m1 conc. hy- 

drochloric acid was added. Addition of 300 m1 acetone and 

cooling at -20•‹c for 12 h gave a precipitate which was filte- 

red, washed with acetone (3x30 ml) and ether (2x 50 ml) and 

recrystallized from 500 m1 absolute ethanol warmed to 40•‹c, 

and cooling at OOC overnight. Filtration and washing with 

ether afforded the pure by TLC product (109 g, 78%) as white 

thin needles after drying in vacuo at room temperature.M.p. 

137-141'~. Calcd for C22H40N208.2HC1.3/2 H20 : C 47.14, H 8.09, 

N 5.00%; found C 47.15, H 8.71, N 4.23%. IR : 3490, 1705, 

1715 cm-'. 'H-NMR ( 8 )  : 1.2(t, J = 6Hz. 12H, CH3), 3.0(m, 8H. + 
CH2CO), 3.5(m, 12 H, CH2N(CH2!2), 4.2(q, 8H, OCH2), - 

Crude 2 was prepared as in 4 (0.51 m01 scale) after 4 days 
reaction. Addition of 94 m1 conc. hydrochloric acid and eva- 

poration of the solvents afforded a pink oil which could not 

be crystallized. 
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N,N,N ' , N ' - t eaha  ( 2 - cmbethoxuethyk!  ) -l,$ -d iuminubatane dchl idtLucldaL- 

de, 6 

Crude tetraester was prepared as In 4 (0.186 m01 scale) 

after 3 days reaction. After the addition of 35 m1 conc. hy- 

drochloric acid, absolute ethanol was added to give a 5 m1 

EtOH: l g product ratio and cooled at -20•‹c overnight-Filtra- 

tion afforded virtually pure by TLC product which was recry- 

stallized from 400 m1 absolute ethanol, warmed at 70•‹C, and 

leaving at room temperature for 24h. Pure 6 (needles, 85.739, 
82%) m.p. 167-169'~. Calcd for C24H44N208.2HC1 : C 51.33, 

H 8.26, N 4.99%; found C 50.89, H 8.59, N 4.38%. IR : 1705, 

FrtepmcLtion 04 t h e  uo i& 1-12 

N,N ' - b i n  ! 2- cmboxqetCzyL ) -1 ,2-d iu tn inoethune d ihydr ruch loa ide ,  

A solution of L (76.59 g, 0.23 mol) in 153 m1 water and 
38 m1 6 M hydrochloric acid was stirred at 90•‹C for 7 h. TLC 

(solvent C) did not differentiate between reactant and pro- 

duct. Addition of 1150 m1 acetone, leaving at room tempera- 

ture overnight, filtration and washing with acetone yielded 

639 white shiny microcrystals. These were dissolved in 95 m1 

boiling water, 190 m1 warm 95% EtOH was added and the system 

left to crystallize at room temperature overnight. Filtration 

and drying in vacuo at room temperature yielded pure l 
(54.79 g, 86%). M.p.240-242OC (dec.) (lit. [6] : 194-8O~, 

[ i 4 ]  : 238-240~~). Calcd for C8H16N204,2HCl : C 34,67, H6.55, 

N 10.11%; found C 34.21, H 6.77, N 9.83%. IR : 1720 cm-'. 
i 

H - M  : 2.81m. 4H, g2CO), 3.5(mr 8H. CH2NgZ). 

N,; - b i n  ( 2 - cmboxqet izy l  ) - 1 ,3 - d i ~ ~ n L i ~ o p t o p a n e  d i h ~ , d h ~ c h . ~ ~ m d e ,  8 

Prepared as in 1 on a 0.23 m01 scale and recrystallized 
from boillng water (0.75 ml/q) and warm 95% EtOH (4 ml/g). 

Yield 53.37 g (80%). M.p. 203-204~~. Calcd for CgH18N204- 2HCl: 

C 37.24, H 6.92, N 9.62%;found C 37.24, H 6.99, N 9.48%. 



Prepared as in 7 on a 0.144 m01 scale. Recrystallization 
from boiling water (0.5 ml/g) and warm 95% EtOH (2 ml/g) gave 

big white crystals which on prolonged drying in vacuo at room 

temperature collapsed to the dihydrate (powder, 40.27 g, 82%). 

M.p. 201-205~~ (dec.). IR : 3400, 1710 cm-'. The product on 

drying at 1 4 0 ~ ~  for 66 h loses 9.29% H20 which corresponds to 

a loss of 2H20. M.p. 202-206~~-(dec.) (Lit. [2, 171 :221-2O~ dec.). 

Calcd for C10H20N204.2HC1:C 39.35, H 7.27, N 9.18%; found 

C 39.68, H 7.33, N 9.14%. IR : 1710 cm-'. 'H-NMR(G) : 1.8(mr 
i- 

4H, CH2CH2C132CH2), 2.8(m, 4H, CH2CO), 3-.3(m, 8H, CE2NCH2). 

N , N , N  , N  - t&a ( 2- ciurboxyethql -1,2-diaminoethane dihydtochlonide,~ 

A solution of 4 (109.00 g, 0.1946 moll in 218 m1 water and 
65 m1 6M hydrochloric acid was stirred at 90•‹c for 7 h. TLC 

(solvent C) showed only the product 10 (Rf 0.50) and no fl 
(Rf 0.00) after 1 h reaction. Addition of 2L acetone gave a 

precipitate which was left at room temperature overnight.Fi1- 

tration, washing with acetone gave white shiny microcrystals 

(63 g) which were recrystallized from 63 m1 boiling water by 

adding 136 m1 warm 95% EtOH and leaving at O'C overnight.Fi1- 

tration and drying in vacuo at room temperature yielded 10 
(48.39 g, 59%). M.p. 204-208O(dec.). Calcd for C14H24N208 -2HC1: 

C 39.91, H 6.22, N 6.65%; found C 40.06, H 6.46, N 6.81%. 

IR : 1720 cm-'. 'H-NMR(~) : 3.0(m1 8H. CE12C0), 3.8(mr 12H. + 
Cg2N(Cg2) 2). The product can be dried at 1 1 0 ~ ~  for 22 h without 

decomposition or loss of weight but its m.p. rises to 

226-229Oc. 

N,N,N l ,NI-t&a (2-civtboxydzy~) -1,3-diaminophopane dihyhochtohide did.- 

cohohte, 2 . 2  EtOH 

The impure 2 was treated as in 10. Addition of acetone 
(4L) gave an oil which was separated by decantation and dis- 
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solved in 300 m1 absolute ethanol. Addition of ether (1L) ga- 

ve a gum which did not crystallize. The solvents were decan- 

ted and 200 m1 absolute ethanol was added. Heating to boiling 

while stirring and scratching induced the transformation of 

the gum to a white microcrystalline solid. After 24h at room 

temperature it was filtered and dried in vacuo at room tempe- 

rature to give 84.14 g (35% overall yield based on the diami- 

ne) of white microcrystalline, hygroscopic product, m.p. 

116-119~~. Calcd for C35H26N208.2HC1.2C2H50H : C 43.26, H 7.64, 

N 5.31%; found C 43.41, H 7.58, N 6.06%. IR : 3400, 1710 cm-'. 

'H-NMR( 6 )  : l. 2 (t, 3 = 6Hz. 6H, Cg3CF120H) . 2.5 (m, 2H. CH2Cg2CH2). 
3.0(m, 8H, CH2CO), 3.6(m, 16H, Cli2N(Cg2)2 and Cg20H).The pro- 

duct cannot be dried at 110'~ because it decomposes to a sti- 
cky, transparent, glassy mass. 

Prepared as for 10 on a 0.1426 m01 scale. Drying in vacuo 
at room temperature gave 62.55 g (82%) of white crystalline 

12.5H20, m.p. 138-140•‹(dec. ) (premelting at 85O~). IR : 3500, - 
3360, 1710 cm-'. This product can be dried at 1 1 0 ~ ~  for 22 h 

without decomposition. It loses 9.03% H20 corresponging to 

a loss of 5H20. M.p. 180-182O~( dec .) . ~alcd for C16H28N208. 2HC1: 
C 42.77, H 6.73, N 6.23%; found C 42.67, H 6..99, N 6.44%. 

IR : 1710, cm-'. 'H-NMR(~) : 2.0(m, 4H. CH2Cg2Cg2CH2), 3.0(m, + 
8H, Cg2CO), 3.5(m, 12H, Cg2N(Cg2)2). 

rfEPIAHYH. E U V ~ E U ~ ~  TOU ~KEPU.LUOU OEEOS UaL UUYYEV&V EV(~SEOV. 

Crqv apyaoia n ~ p ~ y p a q ~ r a ~  q rtapaouaufi rwv N,N-SLS (P-uap- 

poEua~Suh)- waL N,N,N',~'-r~rpa(~-uap~o~ua~9uh)-~apaycby0~ rnc 

a~8uhavo6~a~.ivn~, nponuh~v06~avivqc uaL Pouruhevo6~apivn~ PE 

rrpou3fiun aupuh~u06 a~9uheor~pa UTLG II~TPLHES 6 ~ a v i v a ~  naL 6- 

E L V ~  u6p6hu~q TOV EUT~POV KOU K~OU&LTOUV..H ?.~~6060hoyia auri 
aiva~ na~pauar~ucj~ anhoUorapq an6 autfiv rnc uuavoa~Suh~Buao~- 

ubpoh0aso~ PE ouv~na~a rqv aOEnan rwv ano660aov. 
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CONFORMATIONAL CHANGES OF THE INTERACTION BETWEEN PEPSIN AND 
POLYIONS BY CIRCULAR DICHROISM STUDIES 

CHRISTOS I MEKRAS* 

Department of Chemistry, Imperial College of Science Technology and 
Medicine, University of London, London SW7 2AY, ENGLAND - UK. 

( R e c e i v e d  O c t o b e r  2 0 ,  1988) 

ABSTRACT 
A study has been made of the  e f f e c t s  of se lec ted  polycat ions 

on t h e  c i r c u l a r  dichroism (CD) spectrum of the  enzyme pepsin A(E.E. 
3.4. 23.1) i n  the  wavelength range 240nm t o  310nm where t h e  
polycat ions d id  not  have a CD spectrum. The polycations were: 
polybrene, protamine, poly (L-lysine) ,  spermine and spermidine, and 
each had been shown previously1 t o  i n h i b i t  the  enzyme. Each of  t h e  
polycations had a d e f i n i t e  e f f e c t  on the  CD spectrum, showing 
s t r o n g  binding t o  the  enzyme. The n e u t r a l  polymer, 
polyvinylpyrrolidone (PVP) was a l s o  found t o  modify t h e  CD spectrum 
of pepsin. The s t reng ths  of the  in te rac t ions  a s  indicated by t h e  
magnitudes of t h e  changes i n  the  CD spectrum of pepsin a t  270nm 
were: polybrene > protamine > poly (L-lysine) > PVP > spermidine > 
spermine . 
Key Words: Circular  Dichroism, Enzyme, Pepsin, Protamine Sulphate ,  
Polybrene, Poly(L-lysine) ,  Spermine, Spermidine, Polyvinyl 
Pyrrolidone. 

ABBREVIATIONS AND SYMBOLS 
CD Ci rcu la r  dichroism 

E l i p t i c i t y  i n  radians 
Molecular e l i p t i c i t y  
Wavelength i n  nm 
Imaginary p a r t  of t h e  complex r e f r a c t i v e  index f o r  l e f t  
c i r c u l a r l y  polarized l i g h t  
Imaginary p a r t  of the complex r e f r a c t i v e  index f o r  r i g h t  
c i r c u l a r l y  polar ized l i g h t  
Decadic molar ex t inc t ion  coef f ic ien t  (litre/mole-cm o r  (Molar 
absorbance index) 
Molar concentration of the sample {moles / l i t re )  
Light pathlength through the  sample (cm) 
Transmittance of sample 
Gram-molecular weight of the sample 
Concentration i n  grams per  cm3 
Absorbance difference of a sample f o r  l e f t -  and r i g h t -  
c i r c u l a r l y  polarized l i g h t :  A=AL-AR 

Correspondence: 
D r .  Chris tos  I Mekras, BSc, PGDip, MSc, PhD. LRSC, ASC, CBiol, 
MIBiol . 
Department of Chemical Engineering, South Bank Polytechnic, 103 
Borough Road, London SE1 OAA 
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h Planck constant (h=6.62 X 10-'7 ergs) 

NI Number of optically active molecules per cm3 
OK( ) Measured circular dichroism (elipticity) per unit pathlength 

due to the Kth transition (radians/cm) 

RK Rotational strength of the Kth optically active transition 
PAGE- Polyacrylamide Gel Electrophoresis 
SDS Sodium Dodecyl Sulphate 

INTRODUCTION 
. Recently I have shown that porcine pepsin (E.C. 3.'4.21.1) is 

inhibited by the polycations: protamine, polybrene, spermine and 
spermidine. This is in agreement wit the earlier reports of the 
inhibitory action of poly(L-lysine)2-'. Evidence has also been 
presented to show that protamine, polybrene and poly (L-lysine) 
form complexes with pepsin5-7. In an attempt to obtain a clearer 
understanding of the nature of the pepsin - polycation complexes, a 
study has been made of the circular dichroism (CD) of pepsin alone 
and in the presence of each of the polycations. Previous CD 
studies of pepsin have reported the effects of pH and 
the changes caused by two slightly different forms of he naturally 
occurring, low molecular weight inhibitor. pepstatin9 *l0. The 
present work reports for the first time the influence of 
polycations on the CD spectrum of pepsin. 

Historical Role of Circular Dichroism (CD) 
Considerable information concerning the structure of proteins 

in solution can be obtained from measurement of their optical 
activity. Because of the small volume and low concentration 
required, a protein sam le of less than 0.1 mg is often sufficient 

l? for a CD determination . 
CD is extraordinarily sensitive probe of conformational 

changes in polynucleotides. There is a huge chanffs in CD relative 
to absorbance of the same sample and conentration . Furthermore, 
with computer techniques, it is possible to determine the nearest- 
neighbour frequencies from a CD spectrum, which is of tremendous 
practical value in determining base sequences. The precision of CD 
analysis is no greater than that of standard enzymatic methods, but 
to obtain a CD spectrum requires a few hours, whereas the enzymatic 
analysis would take about a week provided the pure enzymes were 
available. Changes such as these can be used to study: 
1. The loss of helical structure of single-stranded polymers by 

various agents such as high temperature of extremes of pH; 
2.  the transition from single- to double-stranded polynucleotides 

and vice versa; 
3. structural changes introduced by the binding of cations, 

peptides, proteins, and sd forth. 

In the present study the changes in circular dichroism of the 
enzyme, pepsin, in the presence of polyions such as poly (L- 
lysine), polyvinyl-sulphate, polyvinyl pyrrolydone, protamine 
sulphate, spermidine, spermine, polybrene and Kappa-carrageenan. 
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have been invest igated using the  modified Cary 61 CD instrument. 
Di f fe ren t  polyions concentrations were used and in te rpre ted  as 
evidence of binding t o  the  enzyme under t h e  experimental 
condit ions.  

A l l  o p t i c a l  measurements including c i r c u l a r  dichroism were 
performed i n  l-cm pathlength quartz c e l l s ,  a t  25-27•‹C temperature. 

Ci rcu la r  dichroism spec t ra  were recorded on a modified Cary 
61 spectropolarimeter15. The enzyme spec t ra  a s  well a s  t h e  spec t ra  
involving the  polycations used i n  t h i s  work were run with a 100- 
second time constant.  The c e l l  compartment was f lashed with dry 
ni t rogen and t h e  sample cavi ty was thermostated a t  27•‹C. Spectra  
were rou t ine ly  corrected f o r  base-line s h i f t s  by running samples of 
t h e  solvent  (water) .  The c i r c u l a r  dichroism scans were general ly  
run i n  dupl icate .  Results a r e  expressed a s  molecular e l i p t i c i t y  
Le ]  i n  degrees -cm2 per decimole and a l s o  a s  the  d i f fe rence  i n  t h e  
e x t i n c t i o n  coef f ic ien t s  of the  sample f o r  l e f t -  and r i g h t -  
c i r c u l a r l y  polar ized l i g h t  A = EL -ER i n  litre/mole-cm. The 
c i r c u l a r  dichroism curves were measured i n  the  wavelength range 
240-310nm; wavelength readings were reproducible t o  i 0.5nm. A l l  
CD measurements were checke by reference t o  a so lu t ion  (0.1%) of 

$6 camphor-d-10-sulphonic acid . 
Molecular Weight Determination of Pepsin and Invest igat ion of t h e  
Degradation on i ts  Own and i n  the  Presence of Protarnine Sulphate 

The molecular weight has been determined i n  two ways. The 
f i r s t  was by the  ca l ib ra t ion  curve of phosphorus, using the  
molybdenum blue method, assuming t h a t  the  pepsin has one phosphate 
group, and t h e  second by PAGE-SDS e l e c t r o p h o ~ e s i s ~ ~ .  

Both methods gave a s a t i s f a c t o r y  value of the  molecular 
weight of pepsin of  34,440 and 34,640 respect ively,  which agrees 
well  with the  l i t e r a t u r e  value 34,700 Daltons. The pepsin is not  
degraded by various temperatures 25". 37" and 100•‹C n e i t h e r  i n  t h e  
presence of protamine sulphate a s  PAGE-SDS. 

pH Measurement 
DH me<surements were ca r r ied  out using a Radiometer 

~openhHgen pH M 64 research pH meter o r  a  ye Unicam model 292 Mk 
11. pH meter was ca l ib ra ted  with standard buf fe rs  each time before 
measurement taken. The buf fe rs  used i n  t h i s  work were prepared 
using standard t a b l e t s .  

MATERIALS 
Pepsin A (E.C.3.4.23.1), from porcine stomach mocosa had been 

twice c r y s t a l l i z e d  and t h e  lyophil ized powder was obtained from t h e  
Stigma Chemical Company and s tored a t  0-5•‹C i n  a desiccator .  
Haemoglobin which had been prepared from washed, lysed and dialysed 
bovine erythrocytes ,  was obtained from Sigma (Type 11) and s to red  
a t  0-5•‹C i n  a desiccator .  Sigma a l so  supplied protamine sulphate  
(Grade X )  which had been obtained from salmon and gave a negative 
millon t e x t .  The mater ial  was used i n  extensive g e l  
e lec t rophores i s  experiments and found it t o  be homogeneous. Poly 
(L-lysine) hydrobromide, molecular weight 2,500 Daltons; and 
Polybrene (poly(dimethylimino)-1,3-propanediyl(dimethylimino)-1,6- 
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hexanediyl dibromide)) were both of synthe t ic  or ig in  and were 
obtained from Sigma, as  were spermine te t rach lor ide ;  spermidine 
t r i ch lo r i de ,  Polyvinyl-pyrrolidon (PVP-40) and Folin and 
Ciocal teu 's  phenol reagent. A l l  these materials  were s tored  under 
appropriate  conditions. The other  chemicals used were of 
ana ly t i c a l  pu r i t y  . ( A R ) .  
Note: Concentrations of each polycation have been expressed a s  
"base moles per  l i t r e "  where one base mole is the  mass of a 
polycation associated with one pos i t ive  charge. 

METHODS 
The a c t i v i t y  of the sample of pepsin used i n  these s t ud i e s  

has been reportedpreviouslyl ,  The purity of the  enzyme was 
fu r t he r  checked by three methods. The f i r s t  was by est imation of 
the phosphor s content of the pepsin using the inethod given by 
Cohen e t  a l l y .  The second was by the use of polyacrylamide ge l  
electroph r e s i s  (PAGE) using a method based on t h a t  of Weber and 
Osbournel'. The t h i rd  was by estimation of the  ni t rogen content. 
This was car r ied  out  by Butterworths Laboratories of Teddington, 
Middlesex. 

For most of the  experiments, espec ia l ly  the  s tud ies  of 
c i r cu l a r  dichroism, a l l  the  solut ions were made up using t r i p l y  
d i s t i l l e d  water. 

RESULTS 
The phosphorus content was found t o  b 0.09% and s ince  pepsin 

contains only one phosphorus atom per mole1', the  molecular weight 
of the  pepsin was calculated t o  be 34,440 compared with the  
general ly accepted value of 34,700. The 'PAGE' method gave a value 
of 34,640. The nitrogen content of the  pepsin was 16.4% 
( t heo re t i c a l  v a l  e 16.9%) The e f f ec t s  f the  se lec ted  
polycations (10-' L 4 X lgL4 base mole I-') on the  CD spectrum of 
pepsin (1 .l8 o r  1.20mg cm- ) a r e  shown i n  Figures 1 t o  6 ,  i n  the  
range 240-310nm. The main bands a t  280nm and 27lnm may be 
a t t r i bu t ed  t o  tryptophan, o r  tyrosine residues i n  the  pepsin and 
t he  band a t  265nm t o  phenyl alanine residues. 

Figure 1 shows the e f f e c t  of adding poly(L-lysine 
hydrobromide) t o  the  pepsin. A change occurred i n  the  i n t ens i t y  of 
each of the main CD bands a t  280, 271 and 265nm, ind ica t ing  a 
s t rong  in te rac t ion  between the  enzyme and the polycation. 

Figure 2 shows t ha t  the  neut ra l  polymer polyvinylpyrrolidone 
(PVPi7has a s imi la r  e f f ec t  on tne  CD spectrum of pepsin. (Other 
work has shown tha t  PVP is an e f fec t ive  i nh ib i t o r  of pepsin) .  

Protamine sulphate (Figure 3) showed s imi la r  e f f e c t s ,  
-although i n  t h i s  case the changes i n  the spectrumwere more 
pronounced. 

Polybrene (Figure 4 )  showed the Largest changes i n  the  CD 
spectrum of pepsin t ha t  were observed i n  the present  experiments. 
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Figure 1 Circular dichroism spectra of Pepsin (1.18 mg/ml)in the 
presence of Poly (L-lysine) (P-L-L) in aqueous solution 27•‹C and 
~ ~ 6 . 2  ( ) Pepsin; ( . . . . ) and (-. -. ) Pepsin + P-L-L of 10-5 and 
2.0~10-3se mol/litre, respectively. 
Figure 2 Circular dichroism spectra of Pepsin (1.18 mg/ml) in the 
presence of Polyvinyl-pyrrolidone (PVP) in aqueous solution at 2 7 " ~  
and pH 6.2 ) Pepsin; ( .  . . .) and (-.-.) Pepsin PVP of 2.0~10-5 
and 4. OXIO-~ base mol/litre. respectivelv. 

WAVELENGTH ( nm 1 
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Figure 3 Circular dichroism spectra of Pepsin (1.18 mg/ml in the 
presence of Protamine sulphate in aqueous solution at 27" and pH 6.2. 
( 1 Pepsin: ( ) and (-.-. ) Pepsin + Protamine of 10-~ and 0x10-5 base 
moi/litre, respectively. 
Figure 4 Circular dichrosm spectra of Pepsin (1.2 mgyml) in the 
presence of Polybrene in aqueous solution at 27•‹C and pH 6.2 ) 
Pepsin; ( ) and (-.-. ) Pepsin + Polybrene of 10-5 and 2.0X10-4 base 
mol/litre, respectively. 
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Figure 5 Circular dichroism spectra of Pepsin (1.18 mg/ml in the 
presence of Spermidine in aqueous solution at 27•‹C and pH6.2. ( ) 
Pepsin; ( ) and (-.-. ) Pepsin + Spermidine of 2.0-5 base mol/litre. 
Fimre 6 Circular dichroism spectra of Pepsin (1.2 mg/ml) in the 
presence of Spermine in aqueous solution at 2T•‹C, and H612 ( ) 
Pepsin: ( . . . . ) and ( -  . -. ) Pepsin + Spermine of 2 .OX1O-y and 4 .OXIO-~ 
base mol/litre, respectively. 
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Spermidine (Figure 5)  and spermine (Figure 6)  were expected t o  
behave s imi la r ly ,  but i n  f a c t  were qui te  d i f f e r en t ,  although each 
in te rac ted  qui te  strongly with the pepsin. 

A summary of the quanti tat ive changes caused by the 
polycations i n  the CD spectrum of pepsin a re  given i n  Table l f o r  
the wavelength of.270nm. 

It is important t o  note t ha t  none of the polycations showed 
any CD spectrum i n  the range of wavelengths used when they were run 
i n  aqueous solut ions alone. 

DISCUSSION 
The r e su l t s  show tha t  each of the polycations causes d e f i n i t e  

changes i n  the  CD spectrum of pepsin. Since the enzyme used had a 
high degree of pur i ty ,  it follows t ha t  these e f f ec t s  must be caused 
by changes i n  the  conformation of the pepsin a s  i t  in t e r ac t s  with 
the polycations. ( I f  no conformational change had taken place,  the 
CD pectrum would have been unchanged, a s  f o r  example, Kuramoto e t  
a l l 4  reported recently fo r  the in te rac t ion  of polyacrylic acid and 
bovine serum albumin). 

Several features a re  of i n t e r e s t ,  especial ly the f a c t  t ha t  
the  bes t  inhibitors1: protamine and polybrene, caused s imi la r  
changes i n  the  CD spectrum of the pepsin. The spec t ra  of the 
pepsin, the presence of these polyca ions (Figures 3 and 4) 5 resembles ha t  given by Kozlov e t  a1 fo r  pepsin a t  pH 1-5 and by 
Turk e t  a16 f o r  pepsin a t  pH 3.5. ( A  s imi la r  e f f e c t  is a lso  shown 
by spermidine i n  Figure 5 ) .  The changes i n  the CD spectrum shown 
i n  Figures 3 ,  4 and 5 on the addition of the polycations, resemble 
very closely the changes t ha t  Kozlov e t  a l9  reported when pepsin 
was taken from pH 6 t o  a lower pH, and may indica te  t ha t  the 
polycations caused similar  conformational changes t o  those 
accompanying protonation of the pepsin. 

The other  polycations and PVP had a d i f fe ren t  type of e f f e c t  
on the  CD spectrum of pepsin, and t ha t  may indica te  t ha t  they a c t  
a s  i nh ib i t o r s  by a d i f fe ren t  mechanism. 

It is of i n t e r e s t  t o  note tha t  spermidine (Figure 5)  with 
three pos i t ive  charges per  molecule, behaved d i f f e r en t l y  t o  
spermine (Figure 6) which has only one more pos i t ive  charge per  
molecule. 

The two previous CD s tudies of pepsin-inhibitor interact ion$ 
by Kozlov e t  a19 and Nakatani e t  a l l 0  showed tha t  the binding of 
the  i nh ib i t o r  ha the e f f e  of enhancing the e l i p t i c i t y  values, 8 s l i g h t l y  at PH 3 and ph 5'6 The spectrum given by Kozlov e t  a19 
f o r  pepsin plus pepstat in is very similar  t o  our spec t ra  f o r  pepsin 
plus polybrene (Figure 4) ,  or  protamine (Figure 3 ) ,  although we 
worked a t  pH 6.2 and then a t  pH 3.0. 

The da ta  i n  Table 1, which shows the percentage of the 
& l i p t i c i t y  of the pepsin tha t  remains i n  the presence of the 
polycations, allows us t o  list the polycations i n  order of t h e i r  
effect iveness i n  changing the CD spectrum of pepsin. 



Conformat ional  changens o f  p e p s i n  

TABLE 1 
The. Effect of Polycations on the ~ircula~ Dichroism of Pepsin (1.18mg 
ml-l) in Aqueous Solutions at 25•‹C and pH 6.2 
Polycation Concentration Percentage of 

Elipticity 
of Polycation Remaining at 270 nm 
(base m01 I-' in Presence of 

Polycation 
Polybrene 10-5 76 
Polybrene 2 X 10-5 58 
Protamine 10-5 80 
Protamine 2 X 10-5 
Polyvinylpyrrolidone 

69 
2 X 10-5 80 

Polyvinylpyrrolidone 4 X 10-5 72 
Poly(L-lysine) 10-5 82 
Poly(L-lysine) 2 X 10-5 
Spermidine 

76 
2 X 10-5 

Spermine 
87 

2 X 10-5 
Spermine 

94 
4 X 10-5 81 

The order is: 
polybrene > protamine > poly(L-lysine) > PVP > spermidine > 

spermine . 
In previout studies using fluorescence depolarisation19 and dy- 

displacement , we have shown t at pepsin forms definite complexes f :  with protamine1l and polybrene . The present CD studies have 
confirmed those results and also shown evidence of strong 
interactions between pepsin and po1y)L-lysine), polyvinylpyrrolidine, 
spermine and spermidine. 
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CONCLUSION 
Considerable information concerning the structure of pepsin in the - - 

presence of polyions has been obtained from the studies of the 
circular dichroism of pepsin-polycation complexes. The results for 
the interaction of poly(L-lysine), plyvinyl sulphate, protamine, 
spermidine, spermine and polybrene are shown in Figures 1-6. 
It appears to be a change in circular dichroism spectra due to 

binding of pepsin to polyions. The spectra of the polyions when run 
alone, did not show any change at all in the range of wavelengths 
used, thus indicating that the observed changes are due to changes in 
the conformational structure of pepsin. These results have been 
taken as a further evidence for a strong interaction between the 
pepsin and each of the polycations. 
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M e r a B o h b c  r q C  6 ~ a y 6 p q ~ w o q c  a n 6  a h h q h ~ n i 6 p a o q  n & $ i v q c  KaL n o h u -  

~ a r ~ 6 v r w v  o r a  9 6 o u a r a  K U K ~ L K O ~  6 ~ x p o C o p o b .  

M & h & r & r a ~  q  e n L 6 p a o q  & n ~ h & y u k v w v  ~ O ~ U K ~ ~ L ~ V T W V  0 x 0  9 6 o u a  r O U  

o n r ~ ~ o i  6 ~ x p o C o u o b  ( C D )  T U C  n ~ $ i v q c  A ( E . E .  3 . 4 .  2 3 . 1 )  o r q v  

n ~ p ~ o x f i  ~ b p a r o g  240nm fwc 310 nm, o r q v  o n o i a  ra n o h u ~ a r L 6 v r a  ~ E V  6 i6ouv  

q a o u a  CD.Ta n o h u ~ a r ~ 6 v r a  polybrene,protamine,poly(L-lysine), 

s p e r m i n e  KaL s p e r m i d i n e  a v a o r i A A o u v  r o  b v < u p o .  K68e n o A u ~ a r ~ 6 v  

e n q p e & < e ~  r o  c p h o ~ a  C D ,  ~ y ~ a v i < o v r a c  ~ a x u p f i  o6vbeot1  P E  r o  ~ V T U U O  
E n i o q c  r o  o u 6 k r ~ p o  n o h u y e p b c  n o h u ~ u v ~ h o n u p p o h ~ 6 6 v q  ( P V P )  r p o -  

n o n o ~ ~ i  r o  q ~ 6 o p a  C D  r q c  n s a i v q c .  H L O X ~ C  r w v  a A h ~ h e n ~ 6 p b o ~ w v ,  

6nwg E K ~ ~ ~ ~ V E T ~ L  a n 6  r o  u t y & e o c  r w v  a h h a y h v  r o u  ~ t t o ~ ~ a s o c  C D  

r q c  n e $ i v q c  o r a  270 n m  ~ i v a ~ : p o l y b r e n e  p r o t a m  

l y s i n e )  P V P  s p e r m i d i n e  s p e r m i n e  
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CATALYTIC DECOMPOSITION OF FORMIC ACID ON HYDROTHERMALLY 

TREATED POROUS ANODIC ALUMINA FILMS 
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SUMMARY 

The catalytic dehydration reaction of dCOOH over porous 
anodic alumina films on A1 metal substrate, prepared in a 
15% w/v &:>SO,+ bath at 30•‹C bath temperature and 3.5 A/drrfz 
current density and which were treated hydrothermally in 
boiling water prior Yo catalysis, was studied at 'reaction 
temperatures 290-3501'C. The kinetic parameters activation 
energy, frequency factor and catalytic activity at constant 
temperature of the HCOOH dehydration reaction, were found to 
be significantly higher in the case of hydrothermally 
treated than those of dry anodic aluminas. The catalytic 
promotion factor was found to decrease sharply with decreas- 
ing reaction temperature as well as with anodization time at 
constant reaction temperature until the time at which the 
maximum in activity is observed and beyond which the promo- 
tion factor remains constant.-It is believed that the micro- 
crystalline nature of anodic Al2Orrr is responsible for this 
particular catalytic behaviour. Hydrothermal treatment of 
dry anodic aluminas results in the addition of OH groups and 
Hi.0 molecules on the surface of microcrystallites followed 
by the separation of the latter. During heating in catalysis 
experiments and although some shrinking of the hydrated and 
therefore swelled layer takes place on the pore wall sur- 
face, on yemoval of the greater portion of &.?O uptaken, 
74%. a significantly larger and catalytically more active 
surface, i.e. that of separated- microcrystallites. is 
exposed. The variation of microcrystallite size and p-semi- 
conductivity across pore wall oxide emerged as the'determin- 
i n s  factors for the kinetic parameter changes with anodiza- 
tion time for hydrated as well as for dry oxide films. 
Although a significant amount of protons remains during 
catalysis experiments. corresponding to K-<O which amounts to 
3.8% of the mass of the dry oxide, they do not. behave as 
active centers for HCOOH dehydration. Instead. Lewis acid 
sites appear as the active centers for HCOOH dehydration on 
both hydrared and dry anodic alumina catalysts. 

K e y  words: Catalysis, hydrothermally treated anodic alumina, 
inrnlc acid decomposition. 
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INTRODUCTION 

The catalytlc decomposltlon of HCOOH on porous anodlc 

alumlnas prepared by the anodlc oxldatlon of A1 metal In a 

15% K-LSO~ bath was previously lnvestlgatedL ' In a 

laboratory mlcroreactor whlle thls reference reactlon was 

also used for examnlng the appllcablllty of anodlc aluml- 

nas In a semllndustrlal catalytlc reactorL. The HCOOH 

decomposltlon test reactlon was employed for the reason 

that ~ t s  dehydratlon/dehydrogenat10n relatlon 1s wldely 

used as a model In catalyst selectlvltFB . The decomposltlon 
of HCOOH over anodlc porous alumlnas was found to be, up to 

350•‹C reactlon temperature, an exclusively dehydratlon 

reactlon'l--. They showed a much hlgher actlvlty as compared 

to that of bulk x-Al~0- chemlcally preparedf desplte the 
fact that the catalytlc real surrace of porous anodlc alu- 

mlnas 1s much smal ler, about 10-20 m /g, - than that of 

chemlcal ly prepared y-Al- 0-L whlch usual ly has a speclf lc 

real surface around or above 100m /g. The A1 metal under- 

lying the Al.O fllm does not Influence the HCOOH decompo- 

sltlon2 The reactlon order was found to be zero for HCOOH 

partlal pressure above a certaln value for each reactlon 

temperature employed whlch Increases wlth reactlon tempera- 

ture, belns l .e. 0 38 and 0.55 at 320 and 350•‹C respec- 

tlvely. The condltlons of anodlc A l r 0 ~  fllm preparation 

such as anodlzatlon tlme, current denslty and bath tempera- 

ture slgnlflcantly affect the catalytlc actlvlty of alu- 

mina- ' l .  Two factors were suggested to be of importance for 
thls effect. mlcrocrysaillte slze and oxygen surplus (P-se- 

mlconductlvlty) whlch change across the pore wall oxlde and 

are considerably affected by anodlc oxldatlon condltlons 

The catalytlc effect of chemlcally prepared X-Al-0 ln the 

HCOOH decomposltlon reactlon was also studled earlier* " a t  
reactlon temperatures 1190•‹C and an almost excluslvelv 

dehydratlon reactlon was also reported. 

Porous anodlc alumlna has been reported as belna why- 

drousd"nd of mlcrocrystalllne nature - ' "  " Mlcrocrystal- 

llte slze derermlned by NMF: spectroscopy studles was rmnd 

to be around 25 X 1 j .  An amount of electrolyte anlnns 1s 
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always incorporated into the film depending on electrolyte 

choise. this amount being higher in the case of K-?SOLI.. This 

amount is located at the deep end of pores and can be 

easily removed on film neutralization; it is also present 

on the crystallite surfaces or intercrvstallite spaces. The 

hydrothermal treatment of porous anodic aluminas in boiling 

water is essentially a process by means of which the crys- 

tallite surfaces adsorb water converting it to surface OH 

groups which in return. adsorb molecular water (physical 

adsorption) or molecular water is trapped in the intercrys- 
tall ite voids.~ .I 'I. . The hydroxylation of crystallite s u r -  

faces replaces the surface electrolyte anions"" and anions 

present in the intercrystallite spaces are certainly 

removed. As H5,SOn is a good dehydrative agent for HCOOH and 

as the surface protons supplied by the HCOOH dissociative 

adsorption on chemically prepared y-A17.052: were suggested to 

be the main active centers for HCOOH dehydration at reac- 

tion temperatures 1190L3C' '. then. the hydroxylation of 

crystallite surfaces of anodic aluminas, on hydration, 

could reveal the influence of both SOn%,-- anions and OH 

groups on the catalytic properties of anodic aluminas. This 

together with the effort to optimise the catalytic activity 

of anodic aluminas, besides that achleved by varying the 

conditions of their preparation. 1s the scope of the pre- 

sent work. Hydrotherrna l l y treated anodic aluminas. prepared 

in a 15% H-S& bath, were used without pretreatment in the 

HCOdH decomposition reaction. Altnouyh the iargest portion 

of the adsorbed OH or H-.b 1s expected to be removed on 

heatlns at the catalyt~ react.ion ~ernpei-atures (290-350'-'C) 

employed. a slsniflcan~. amount of OH groups is expected to 

remaln. sufficient to produce the OH effect on the HCOOH 

catalytic dehydrat Ion. 

EXPERIMENTAL 

The rnaterlals and procedure for the vreparatlon of the 

A1 strips carrvlns the anodic Al.. .G. film catalyst were 

out I ined in detnl l e y e  . Anodic Al::O., films of 

v n r y i n g  illm thickness using different anodizatlon times 
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were prepared at 3UL3C bath temperature and 3.5 A/drriL 

current denslty. The neutrallzatlon of anodlzed A1 specl- 

mens wlth NaOH 0.1 N as previously described' was per- 

formed carefully In order to remove H=.SQs. accumulated at 

the depth of pores and the maxlmum posslble amount of SOL,' 

anlons adsorbed on the pore wall surface. Anodlzed specl- 

mens were then hydrothermally treated In boll~ng water, 

100nC, for tlme Intervals varylng from 0.5 up to 20 mln. 

The experimental set UP and procedure for both HCOOH cata- 

lytlc decomposltlon In the Schwab laboratory mlcroreactor 

and reaction rate measurments at reactlon temperatures 

290-350•‹C whlch were also employed In the present study 

were outllned In detall e a r l e .  The hydrated A1-Ch 

fllms were used for the catalysis experlments exactly as 

they were wlthout any further treatment The welght galn 

durlng hydrothermal treatment and loss after catal~sls 

experlments and the concomitant neutrallzatlon of spent 

catalysts wlth NaOH 0 . 1  N Tor removlng adsorbed HCOOH were 

measured gravlmetrlcal ly The thickness and mass of dry 

oxlde fllms prepared at different anodlzatlon tlmes for 

calculating the %aqe of K 0 galned durlng hydrothermal 
treatment. the welght changes after catalvsls experlments 

and catalyst neutrallzatlon and the relevant reduced 

klnetlc parameters (per gram of dry oxlde) In the HCQOH 

dehydration reactlon were taken from previously published 

data . 

RESULTS 

Durlng hydrothermal treatment oT porous anodlc aiumlna 

f l lms water 1s galned eltner In the form of OH groups 

adsnrhed on the surface of mlcrocrystailltes constltutlns 

the compact pore wail h 1 . 0 '  or ~t 1s Fnyslcally adsorbed on 
the hydroxylated surfaces"' " or In the Torm of free water 

molecules In the vacuum space lnslde pores The %acre of 

water salned and calculated on tne basls of the mass of the 

drv lnltlally produced A 1 . 0 -  fllms lncrcdses wlth nvdruth- 

ermal t-reatment tlme (h. t . t. J ~n bol ilns water as s n o w  In 

Flg. 1 concerning a fllm prepared ac 77 mln anodlzatlcn 
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h.t.t., min 

tlme. The water uptake was esserrtlally completed wlthln 20 

mln of hydrothermal treatment. Flg. 2 deplcts a sectlon of 

a row of cells parallel to the pore axls. The porous anodlc 

alurnlna 1s essentially a close packed array of 

approximately hexagonal columnar cells' 5 The barrler 

layer, porous layer, pore wall materlal and conlcal pore 

shape4 are clearly lndlcated In Flg. 2. After lntroduclng 

the A 1 . 0 ~  film In bolllng water the pores begln belng 

fllled by ~t and a "reaction" wlth pore wall Al70$ sets on. 

Thls process 1s fast at the very early stages. Hydration o t  

pore wall crystalllte surfaces causes thelr separation and 

the water adsorbed on them In the form of OH groups or 

physlcall~ adsorbed molecular H.>O causes also the swelllng 

of the hydrated layer of pore wall A1-0. and a narrowlng of 

p w e s  The dlffuslon of H . 0  In the dlrectlon along the pore 

axis as well as to the innermost layers of pore wall A1: 0. 

is rerarded wlth h.t.t. probably because of the narrowlng 

~f pores. the delayed dlffuslon of water through the dense, 

swelled hyarated iayer and the change In lntercrystalllt- 
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FIG. 2. Idealized sec-tlcm of a IDV of cel ls ,  L W - ~ I ~ ~ I  t o  t~ 
axis I W ~ E T P  t f P  W I ' L P I '  ldJ 'e~~,  JXU'OLIS Iayep, mol1lcal -m~y s l ~ ~ ,  
wall -W'face prlc'~. t n f m p a t  mn 1 - ) arxi t ~ ~ e  swel I eel, ~ l y m a t  ed l aye~ ,  
of WI-e wall AI@?? i5ru'lng fgd.rc~tlmnr-ll t p e a t m ~ ~ t  (- - -) a-e 
d l s t  lI?&"LZlSk?d. 

spaces across pore wall A1..0.1 owlng posslbly to the 

Increase of crystalllte slze along the same dlrectlon. The 

depletion of dry materlal at some polnts. 1.e. pore wall 

materlal at the mouths of pores whlch has thlnned down. 

could also be a cause tor the retardation of H-0 uptake. 
Hydration stops when the swelled layer of A1..0. fllls the 

l n l t l a l  pore vold volume to the greatest posslble extent, 

at a pore depth from ~ t s  base at whlch the depletion of 

pore wall dry AI70.- 1s complete and the Increase In the 

volume occupled by the hydrated layer due to ~ t s  swelllns 

becomes ldentlcal to pore lnltlal vold volume at thls 

point . 
Hydrated A1 0 durlng heatlng for the catalysis ewer- 

lments are quickly and extensively dehydrated and OH sroups 

and physically adsorbed H . 0  on crystalllte surtaces as well 

as free &.O are easlly removed. Although some shrlnklnq of 

the hydrated. swelled layer must occur-, the mlcrocrystai- 

lltes must remaln separated to some extent around the Dole 

wall surface and a slgnlflcantly hlgher surface than the 
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lnitlal pore wall surface 1s exposed to the gaseous HCOOH 

molecules. Hence, the catalytlc activlty of hydrated A12& 
fllms must lncrease In comparison to that of non-hydrated 

ones. 

The HCOOH decomposltlon on hydrated anodlc alumlna 

fllms was found to be an excluslvel~ dehvdratlon reactlon 

of zero order under the experimental condltlons employed. 

Hence the reactlon rate (r In mol/s) is ldentlcal to the 

reaction rate constant (k). HCOOH catalytlc dehydratlon 

reactlon experiments were carrled out on hydrated anodic 

alumlna fllrns prepared at 27 mln anodlzatlon tlme ('L). The 
f 1 lms had a thlckness of 27 um and the total mass (m) of 

the dry oxlde present on the 20 strlps of the A1:-Oz/A1 

catalyst used was 119 mg. The duration of hydrothermal 

treatment varled from 0 .5  up to 20 mln. The Arrhenlus 

klnetlc parameters actlvatlon energy ( E  In kJ/mol), 

frequancy factor ( A  In mol/s) and reduced frequency factor 

per gram of dry oxlde (A/m In mol/s.g) whlch were calcu- 

lated from the reactlon rate measurements at varlous reac- 

tlon temperatures, varled wlth hydrothermal treatment tlme 

as shown In Flg. 3(a). The correspondlns changes In both 

total actlvlty exhlblted by the fllm present on the 20.2 

cm-' of anodlzed seometrlc surface of the 20 strips of 

A~-~O;I/A~ catalysts usedP*" and speclflc actlvlty at 

constant reactlon temperature 350•‹C (k(35OnC) and 

kf3501-'C)/m respectively) are shown In Fls. 3(b) . A 1  l the 

above param&ers lncrease considerably wlth h.t.t. In the 

same fashlon. By comparing Flgs 1 and 3 ~t 1s ohserved that 

these parameters lncrease together wlth the %age amount of 

water uptaken or the average thlckness of hydrated layer of 

compact pore wall A1707. The fact that the klnetlc parame- 

ters remalned essentially constant after 3 mln of h.t.t., 

eventhough the water uptake Increased appreciably further, 

probably denotes that the hydrated layer does not partlcl- 

pate In the HCOOH dehydratlon "en masse". Slnce a shrlnklng 

of the hydrated layer takes place durlns heatlng. then, the 

catalytlcally effective surface of m~crocrystall~tes, 

accessible to HCOOH molecules, must be that of crystallltes 



belonging to the outermost sublayer of the lnltlall~ 

hydrated layer. Another reason for thls phenomenom could be 



the quick depletion of Al.;.& materlal around pore mouths 

durlns hydrothermal treatment. It was previously reported4 

that the extent of catalytlc effectlveness of the pore wall 

surface 1s malnly determined by the part of the surface 

which neighbours pore mouths, thls becomlns more Intense as 

the thickness of fllm Increases, due to the Increase In 

pore dlameter and catalytlc surface along the pore axls 

from pore base to pore mouths as well as to the strong 

Increase of klnetlc parameters and actlvlty of AL&. along 

the pore wall/cell boundarles dlrectlon The latter 

suggestion also partially explains the slgnlflcantly 

increased catal~tlc parameter values of hydrated fllms In 

comparison to those of dry A1707 fllms. The hydration of 

mlcrocrystalllte surfaces and thelr subsequent separatlon 

makes Al-.O= crystallltes sltuated at the innermost layers 

of pore wall A1202, whlch display hlgher values In klnetlc 

parameters", accessible to HCOOH molecules. The separatlon 

of crystallltes slves rlse to the catalytlc surface and 

thus to the oxlde actlvlty whether total or speclflc. The 

greater number and lntenslty of unsaturated bonds present 

on the surface of collapsed crystallltes slves rlse to the 

number and lntenslty of actlve centers for HCOOH adsorptlon 

and subsequent reactlon and explalns the hlgher frequency 

factor and actlvatlon energy. Slnce the enthalpy of HCOOH 

dlssoclatlve adsorptlon Increases. the actlvatlon energy 

will also 1ncreasei'. Hydrothermal treatment could also 

release the surplus oxygen present on the mlcrocrystalllte 

surfaces followed by a dlmlnutlon In P-semlconductlvlty. 

Slnce the oxygen atoms surplus 1s responsible for the 

depresslon In the actlvlty, frequency factor and actlvatlon 

energy values , l b ,  hydrothermal treatment reduces ~ t s  

~nfluence. Hence the values of the above parameters rlse 

desplte the fact that by hydrothermal treatment 

crystallltes of greater slze are revealed. Thls tendency 

lncreases along the pore wall/cell boundarles dlrectlon and 

causes a certaln depresslon In klnetlc parameter values4. 

Anodlc A1.U fllms of varlous thicknesses, prepared at 

different anodlzatlon tlmes, were also hydro~hermally 
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treated. Slnce prolonged treatment. longer than 3 mln, does 

not exert any slgnlflcant effect on the catalytic actlvlty 

of A ~ Z ~ O X  the hydrothermal treatment Intervals applied were 

5 mln for fllms prepared at anodlzatlon tlmes L27 mln, but 

for anodlzatlon tlmes longer than 27 mln the applled h.t.t. 

was 15 mln slnce the lncrease In fllm thlckness up to 48 

mlnz probably demands a more extensive treatment tlme. 

falllns Into the tlme Interval reslon at whlch constant 

catalvtlc parameters are observed. The klnetlc parameters 

E, A and A/m obtalned from catalysis experiments over these 

hydrated alumlnas are slven In Flss 4(a. b and c )  where 
they are also belng compared to those yielded by the dry 

A L 0 -  f 1 lms Although dry A1,OC f llms y1,eld maxlma wlth 

respect to all these parameters at anodlzatlon tlme Inter- 

val belng close to that at wh~ch the llmltlng maxlmum mass 

and thlckness are flrst achleved (48 mln)'. hydrated fllms 

yleld also maxlma clearly displaced nevertheless at lower 

anodlzatlon tlme value. Two reglons are observed: one cor- 

respondlng to anodlzatlon tlmes <48 mln lnslde whlch the 

effect of hydrothermal treatment on parameter values 1s 

remarkable and one corresponding to anodlzatlon tlmes L48 

mln where the same effect 1s observed but of much lower 

~ntenslty. Actlvatlon energy Increases UP to 75.5 kJ/mol 

are observed. The dependence of total and speclflc actlv- 

I ~ Y ,  the latter belns based on dry oxlde mass, at constant 

reactlon temperatufes 350 and 330•‹C. on anodlzatlon tlme 1s 

depicted In Flgs 5(a and b) respectively where a comparison 

wlth dry A1--0.: catalysts 1s also made In both cases a 

maxlmum In actlvlty 1s observed at an ldentlcal anodlzatlon 

tlme, 48 mln, for both dry and hydrated oxlde catalysts. As 

~t was earller statedx+ the appearance of maxlma In klnetlc 

parameters cannot be attrlbuted solely to a fllm thlckness 

dlstrlbutlon on the A 1  speclmen surface, whlch In any case 

1s ~nslsnlflcant, or to the speclflc posltlon on the specl- 

men from whlch the 20 Al,O,/Al strlps of catalyst were 

taken (around the mlddle of the speclmen). Maxlma must be 

attrlbuted rather to changes In the nature of A1,O- across 

the pore wall materlal for both hydrated and dry oxlde as 
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a dry 

A hydrated 

\ 

? . has been shown". 4 . 
The promotion of oxide activity is much higher at short 

.?. ;. - A;-L .u lza t ion  times or film thicknesses. The ratio of the 

activity of hydrated AlxOy to that of dry oxide. i .e. the 
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A v hydrated 

t ,  min 
(b) 

FIG. 5. Plots of total ( a )  ;uxl speci f ic  (bl ac t i v i t i e s  of  I w t h  &y am2 
hydrothenmlly treated + ~ 1 ~ o u s  mcxllc AlF3 film at constant ~ a c t l o n  
tmp?ratur~es, 350 ancl 3.70~C, in ~ I E  HXX'W-i cataly t ic  deIlp&aticm vs 
anodizat icm t BE of mpmat ice.  

promotion factor (p .f .-) , at reaction temperatures 350 and 

330•‹C are dedicted in Fig. 6. Initially, at 35OUC reaction 

temperature the promotion is much higher than at 33OC'C, but 

after 48 min they become almost equal. The promotion factor 

falls abruptly with anodization time or film thickness UP 

to 48 min while beyond 48 rnin the promoti~n factor remains 

constant for both reaction temperatures. At the lower Al~(r": 

f i lm thickness used, 9 pm, the promotion factor in 'the 

HCOOH dehydration reaction at 350•‹C is four times that 

corresponding to films with maximum thickness, 33 pm, 

achieved at anodization times 148 mirP. 

The more intense effect on kinetic parameters displayed 

by ,the low thickness Alz.:.lOli film catalysts on hydrothermal 

treatment can also be explained on the basis of the theory 

formulated previousl~"--~. The decrease in p-semiconductiv- 

ity with concomitant increase in microcrystallite size 

across the pore wall oxide in the pore wall to cell bound- 
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t , min 

FIG. 6.Plots of t 1 ~  s a t m  cif the ac t l v l t y  displayed by the 
hydrothermally t ~ ~ a t e c ?  A I F ~  film t o  t&t dlspldyec? I)y &y film 

(prctmotloI1 f a c t m ,  p.f .) at r ~ a c t l o n  te~ngesaturvs of IR:OXi drfz*atlczn 
350 m1 330•‹C vs ancxI~zatlcx~ t m of A 1 F 3  g-e&xu'at lon. 

arles dlrectlon. Fig. 2, means that the pore wall conlcal 

surface of lower thlckness fllms possesses on average a 

greater oxygen surplus and exhlblts a smaller crystalllte 

slze. Therefore the expected extensive removal of oxygen 

surplus from crystallzte surfaces durlns hydrothermal 

treatment and the separation of the smaller cr~stallltes 

around the pore wall surface Increase the number and ~nten- 

s l t ~  of catalytically actlve centers more appreciably at 
lower than at hlgher fllm thicknesses. Hence the effect on 

klnetlc Parameters upon hydration of pore wall surfaces 

becomes much more remarkable, ~t belng also the case for 

the actlvatlon energy, frequency factor and oxlde actlvlty 

at a slven reactlon temperature. The displacement of the 

maxlma of E. A and A / m  to the left, Flgs 5(a, b and c), 1s 

owed probably to the different way In which the heteroge- 

nelty of the pore wall surface 1s establlshea In comparison 

to that of dry A1 .G catalysts along the pore axls, due 

flrst of all to the varlable thlckness of the pore wall 

hydrated layer and hence to the varlable thlckness of ~ t s  

catalvtlcaily effective sublayer. Although thls displace- 



ment takes place in the case of the activation energy and 

frequency factor, the maximum in activity appears at about 

48 min anodization time as in the case of the dry oxide. 

For the higher AlzGi!: film thicknesses, in which the cata- 

.lytic behaviour is determined primarily by the zone of pore 

mouths", the hydrated layer at pore mouths is much thinner 

and.the influence of hydrothermal treatment is much lower. 

This is also consistent with the fact that pore wall Ah-fD?; 

in cell boundaries has the lowest oxygen surplus and the 

highest crystallite size; then, the effect of hydration on 

the catalytic parameters is not very significant. It also 

appears that the results of the present study essentially 

confirm the formulated theory In previous works"", the 

baslc aspect of which was the determination of catalytic 

behaviour of porous anodlc AlLr.03 films with respect to two 

factors namely oxygen surplus (P-semiconductivity) and 

mlcrocrystalllne fllm nature both of whlch vary across the 

pore wall material. 

The presence of SO4-'- anlons around mlcrocrystalllte 

surfaces, removed on hydrothermal treatment, appears to 

have no slgnlflcant effect on the oxlde catalytlc effectl- 

vlty. An Increase In the actlvlty should be expected on 

Sonr' anlons removal slnce they OCCUPY Lewls acldlc centers 

on the surface, although ~t mlght have some dehydratlve 

effect on HCOOH Concentrated RS04 1s a known dehydratlve 

agent for HCOOH but ~ t s  dehydratlve actlon could be attrlb- 

uted rather to protons attached to the S04- anions. The 

posslble effect due to the presence of the SOLL- must then 

be small and overshadowed by the strong Influence of 

hydrothermal treatment "per se" on the catalytlc effectlve- 

ness of the oxlde. 
The water galned durlng hydrothermal treatment was on 

average 14.5% above the mass of the dry oxlde lnltlally 

produced and varled roughly between 1 0  and 15.5% corre- 

spondlnsly for the lower (9 pm) and hlsher ( 3 3  urn) oxlde 

thickness of Al..& f llms used The welsht of oxlde cata- 

lysts after catalysis experlments was on average 5% hlgher 

than that of dry oxlde whlle after neutrallzatlon l t  was 
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about 3.8% higher than that of dry oxide, the difference of 

1.2% corresponding to the HCOOH adsorbed and subsequently 

removed on neutralization. The 3.8% weight remaining above 

the weight of the dry oxide after catalysls corresponds 

roughly to 26% of the water uptaken durlng hydrothermal 

treatment. This approximate estimation of the amount of 
water remaining after catalysis experiments represents 

water whlch 1s stronglL bound to crystallite surfaces, not 

removed on heating up to 350•‹C and existing mainly in the 

form of OH groups. Catalysis on dry oxide catalysts pro- 

duced almost no change in their weight4. This reinforces 

the above mentioned reasoning that most of the &O uptaken 

either as OH groups or as &O molecules 1s removed on heat- 

ing revealing active centers for subsequent HCOOH decompo- 

sition. The strongly bound water retained during catalysls. 

existing rather as OH groups and for the additional reason. 

that G O  IS not appreciably adsorbed under the catalytic 

reaction conditions as shown by the zero order of reaction, 

was not consistent with the variation of catalytic activ- 

ity. The portlon of water remaining after catalysis in the 

case of hydrated oxides was smaller for low-thickness oxide 

catalysts whereas thelr ciltalytlc promotion was much 

greater compared to that of high-thickness films. Hence the 

direct participation of OH groups as active centers in the 

mechanism of HCOOH catalytic dehydration must be rather 

excluded. 

DISCUSSION 

The catalytic decomposition of HCOOH on X-Al,& chemi- 

cally prepared was also examined by other at 

reaction temperatures L19O0C, by means of IR spectroscopy. 

It was stated that, when y-Al.~& is exposed to HCOOH 

vapour, formate ions and protons are formed as a result of 
i 

the dlssoclatlve adsorption of HCOOH. Durlng formlc acld 

decomposltlon on y-Al?Ox the chemlsorbed specles were 

formate Ions, protons and water whlle no carbon monoxide 

nor formlc acld molecules were adsorbed under the reaction 

condltlons'?. A nearly complete dehydration reaction of 
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HCOOH on X-Al-0-C was notedc3. Formate Ions on the alumlna 

surface do not decompose dlrectly to reactlon products 

whlle a fractlon of them rapidly desorbs by exchange wlth 

formlc acld7. The decomposltlon of HCOOH takes place In two 

stages'. Flrst, carbon monoxlde 1s evolved at a conslder- 

able rate probably at the Lewls acldlc sltes on the sur- 

f ace. The reactlon rate 1s slven by r=kPncoc~n (l-alILOlad~) , 

where Pr+caon=ambient partial pressure of HCOOH, a=constant 

and [H?OI=fractxon of surface sltes occupled by KTO mole- 

cules. The reactlon mechanism provlded lnvolves gaseous 

HCOOH molecules collldlng with formate Ions adsorbed on 

Lewls acldlc sltes producing carbon monoxlde whlle the 

Lewls acldlc sltes are destroyed by the water produced. 

Secondly, durlng the stationary state of the reactlon the 

decomposltlon takes place between HCOOH molecules and 

Bronsted acldlc sites 1.e. the surface protons whlch are 

supplled from the dlssoclatlve adsorptlon of HCOOH. The 

reactlon rate 1s glven by r=kl P I - ~ ~ - ~ J ~ ~ ~ ~  [Hr l / (l+b[H~.Ol~~~) , 

where [H"]=surface concentration of protons and b=constant. 

Hence, the formate Ion present on the catalyst surface does 

not behave as the maln ~ntermedlate. The surface formate 

Ion IS stable and In vacuum decomposes malnly to K-0 and CO 

only at temperatures considerably hlgher than those at 

whlch formlc acld decomposltlon takes place. The decomposx- 

tlon rate of the formate specles on the alurnlna catalyst zn 

vacuum 1s about two orders of magnitude slower than the 

rate of decomposltlon of HCOOH vapour at the same reaction 

temperature and coverage9. Although the baslc tenet 

extracted from these works was that HCOOH decomposltlon 

takes place malnly between HCOOH molecules In the amblent 

gas and protons supplled to the surface from the dlssocia- 

tlve adsorptlon of HCOOH, the possxbllltv of HCOOH decompo- 

sitlon vla a formate Ion under other reactlon condltlons 

was not excluded. Slnce the decomposltlon of HCOOH vla a 

formate Ion has seemingly a hlgher actlvatlon energy than 
the decomposltlon vla the lnteractlon of HCOOH w ~ t h  the 

surface protons, the decomposltlon may proceed through the 

formate lon at much hlgher temperatures9. 
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In a previous work by the author2 it was demonstrated 

that, under the experimental conditions employed, a 

mechanism of HCOOH dehydration on dry anodic alurnina via 

the decomposition of formate ions on Lewis acidic sites 

must be adopted. The results of the present study 

strengthen this view for the following reasons: (i) The 
reaction temperatures at which the catalytic effectivity of 

anodic aluminas either dry or hydrated was examined were 

considerably high i.e. 290-350•‹C. (ii) The reaction order 

under experimental conditions was found to be zero for both 

dry and hydrated A12Qs catalysts; this denotes that the 

catalytically effective surface of pore walls or that of 

separated crystallites is saturated by the dissociatively 

adsorbed HCOOH and that &O does not inhibit the reaction 

or that HTZO produced is quickly desorbed. (iii) It has been 

shown that the small quantity of water initially contained 

in the dry oxide diminishes during catalysis experiments in 

cases where the changes in weight become measurable i.e. 

for oxide films prepared at bath temperatures greater than 

30•‹C4. This also denotes that not only water produced 

during HCOOH decomposition is not being adsorbed or 

incorporated into the oxide, but even the initially 

contained water is removed to a great extent during 

catalysis experiments. This is also consistent with the 

results of the present study, although a significant amount 

of water remains after catalysis over the hydrated oxide 

owing to the considerably higher catalytic surface of 

separated crystallites as compared to that of pore wall 

surface in the case of dry oxide and probably to some 

increased tendency for adsorption or enclosure at some 

sites on their surface or in the bulk. (iv) The activation 

energy is always sufficiently high depending on the 

condltlons of anodlc Al2Oz, preparation as well as on ~ t s  

hydrothermal treatment and varles between 83.5 and 167.5 

kJ/molr' " .  (v) The amount of water retalned on hydrated 

oxldes durlng catalysis experiments 1s not produced durlng 

HCOOH decomposltlon but exlsts prlor to ~t as lndlcated by 

the zero order reaction. Since molecular water 1s easlly 



removed from the catalyst -surface the remaining water gain 

exists rather in the form of OH groups on the AI=%, 

surface. Its amount does not correspond quantitatively to 

the promotion of catalytic activity followed by the 

hydration of ALCh f i lms prepared at dif ierent anodi,zation 

times and having thus varying thickness and porosity. The 

OH groups remaining on the surface of crystallites are 

strongly bound on it since they persist to adhere even at 

35OUC. Hence protons are strongly bound to oxygen atoms and 

cannot in anyway behave as Bronsted acidic sites. Then, the 

dehydration of HCOOH is excluded from taking place on 

Bronsted acidic sites, i.e. OH groups present on the 

surface of anodic aluminas are not implicated in the HCOOH 

dehydration mechanism. The catalytic effect of 

hydrothermally treated anodic aluminas on HCOOH dehydraticn 

must be attributed to the Lewis acidic sites (Al"") present 

on the catalyst surface. Since HCOOH molecules are not 

present on A 1 ~ 0 . ~  surfaces during the HCOOH dehydration 

reaction9 even for reaction temperatures significantly 

lower than those employed in the present work, the reaction 

must take place via the decomposition of formate ions 

adsorbed on Lewis acidic sites. This is valid for both 

hydroxylated and dry anodic aluminas. 

The part played by OH groups could be an indirect pro- 

motion of catalytic effectivity. Their presence in crystal- 

lite surfaces probably helps crystallites to remain separ- 

ated. The complete removal of OH groups on heating at tem- 

peratures much higher than 35O0C could cause a packing of 

crystallites whereafter a diminution of oxide activity 

could probably be observed. 

CONCLUSIONS 

From the results of the present study the following 

conclusions can be drawn. 

1.Hydrotherma1 treatment of poxous anodlc A L O r  films 

significantly affects their catalytic efficiency during the 

HCOOH dehydration reaction. Water uptake during treatment 
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In bolllng water Increases wlth treatment tlme at a contl- 

nuously decreasing rate. The klnetlc parameters activation 

energy, frequency factor and actlvlty at constant reactlon 

temperature dlsplayed by the hydrothermally treated anodlc 

Al-O-, f l lms durlng the HCOOH catalyt lc dehydration 

slgnlflcantly lncrease wlth treatment tlme up to a 

particular tlme Interval from whlch onwards they remaln 

constant although the H?O uptaken durlng hydrothermal 

treatment stlll Increases. Thls 1s due to the fact that the 

hydrated layer on pore walls does not partlclpate "en 

masse" In the promotlon of catalytlc actlvlty. 

2.Durlng the HCOOH decomposltlon, hydrothermally 

treated anodlc Al:,G= prepared at bath temperature 30•‹C, 

current denslty 3.5 A / W  and varlous anodlzatlon tlme 

Intervals ylelded klnetlc parameters whlch vary wlth anodl- 

zatlon tlme In a slmllar way to that dlsplayed by the dry 

anodlc Al7OI.r. Actlvatlon energy and frequency factor 

displayed by the hydrated Al?& as well as by dry A120.:. 

gave a maxlmum. In the case of hydrated A12& the maxlmum 

was displaced at an anodlzatlon tlme value whlch 1s lower 

than that at whlch the llmltlng maxlmum values of fllm 

thlckness, mass and porosity are flrst achleved (48 mln) 

and at whlch the dry oxlde exhlblted maxlma. Total and spe- 

clflc actlvlty values also showed a maxlmum but at exactly 

the anodlzatlon tlme Interval at whlch the dry oxlde 

yielded a maxlmum I n  actlvlty (48 mln). 

3.The rat10 of the catalytlc actlvlty of hydrated AlzOs 

to that of dry AI7@ at constant reactlon temperature, or 

promotlon factor, decreases wlth anodlzatlon tlme up to 48 

mln beyond wh~ch the promotlon factor remalns constant. At 

reactlon temperature 350L'C the promotlon factor was 6.5 and 

1.5 for the lower ( 9  pm) and the hlgher (33 pm) thlckness 

of A1 0 -  fllms employed respectively. The promotlon factor 

strongly Increased wlth increasing reactlon temperature for 
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films prepared at anodization times (48 min, but it was 

rather independent of reaction temperature for anodlzation 

tlmes 248 mln, being 1.5. 

4.The clted catalytic behaviour is owed to the mlcro- 

crystalline nature of porous anodic Al,& films. The 

hydrothermal treatment of the oxide adds to the crystallite 

surfaces OH groups and %O molecules while crystallites 

become separated. During heating in the catalytic process 

the largest amount of water uptaken (1.74%) 1s removed. 

Desplte shrlnklng of the hydrated layer around pore walls, 

to some extent, crystallltes remaln predominantly separ- 

ated, exhlbltlng a surface much greater and more actlve 

than the pore wall surface of dry oxldes. 

5.The OH groups remalnlng on crystalllte surfaces are 

not lmpllcated as Bronsted acldlc sltes In the HCOOH dehv- 

dratlon reactlon mechanlsm. The Lewls acldlc sltes (AIJ') 

are Indeed lmpllcated In the HCOOH dehydration mechanlsm 

vla a formate lon lntermedlate decomposltlon In both dry 

and hydrothermally treated anodlc alumlnas. 

REP I AHWH 

KATAAYTIKH AIAXITACH TOY MYPMHKIKOY OEEOZ ZE YAPOBEPMIKA 

KATEPTACMENEZ MEMBPANEC TTOPQAQN ANOAIKQN OZEIAIQN TOY 

APTIAIOY. 

C ~ n v  epyaoia auto p~hetn3n~e n ~axahut~~fi F~aanaan TOU 
!.AUP~~KLKOU O ~ E O ~  navw a& . p~pBpavec noprjSouc Al.?&: 
~AEKT~O?,UT L K ~  napao~~uaapiSIou. nou nponxoup€vwc; E ixav 
~ a ~ ~ p y a 0 9 e i  i~6poBepp~~tr OE V E ~ O  100C:'C. OL pEpfjp&v€~: A1:;rO.; 
napaa~eu&a~n~av ue av06LKh 0'5eiSwon tou A 1  ae ?\outpo H:?SOzt 
15%, nu~votn~a ~ E U ~ O T O C  3.5 A / W  KaL ae G~acpopowf xp6vowc 
a v o 6 ~ ~ h s  oTei6wonc. H S~aanaan TOU HCOOH nou p€hEtfl h K ~  
a-cnv 8~ppoKpa0LaKh nEp L O X ~  290-35OL3C 0 p ~ 9 n ~ ~  va E i v a ~  
avt i6paon arpu6atwonc. pnS~v  fie taxn~ OTLC n~ LPCI~~TLKEC, 
OUV~$KEC nou ~pno~pono~f19n~av. OL K L V ~ T L K € C  ~~P&PETPOL tnc 
avti6paonq. E V & ~ ~ E  ~a ~vepy ono inane , napaxovtac ouxvOtntac 
KaL o~a9epa tnc tayu~n~ac G~aanaanc fi Fpaat~~6tnxa TOU 
~ m a h u ~ n  OE a-ca8epfi B~ppoKpaaia avti6paonq Bpd8nK~ 6 t ~  
Eivab anpavt~~a pExaAuTEpec an6 a m ~ c  nou Bpe3n~av vn 
~vuFmwpCvo, 5npo a v o 6 ~ ~ 6  A1,~0.;. AUTCS ~ E V L K ~  autavov~a~ 
tnv noobtnta TOU npoa~apBavopevou vepo6 ~ a t a  xnv ~atepyaola 
TOU A~~,D.J ~ C X ~ L  K ~ O L ~  t~pil ,tnc, peta an6 tnv onoia 
napapevouv ataDepec, av~Xaprntec an6 tnv napanEpa autnon 
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T ~ S  nooo-cntac t o u  npoaAap~av6pevou vepo6. Aut6 ~ E ~ X V E L  6 t ~  
TO E V U ~ C ~ ; W ~ E V O  o~pL jpa  A l z &  ~Opw an6 t n v  E ~ L ( P ~ V E L ~  TWV 
nopwv t O U  OEELSLOU ~ E V  ~ i v a ~  K O X ~ A U S L K ~  EVEPyO 0 '  6An TOU 
t n v  B ~ r a o n .  Y 6 p o D e p p ~ ~ a  ~ a x p y a a p 8 v ~ s  p~pBp&ves nopd6ouq 
A 1 ~ 0 3 r  nou n a p a o ~ ~ u a a r n ~ a v  o~ F~tttpopouc xpbvouc; a v o 6 ~ ~ f i c  
0 % ~  ~ S W W C ,  86ooav ~ ~ O L O T L K ~  TTlV i 6 ~ a  pEtaB0Afi TWV K L V ~ T L K ~ V  
n a p a p ~ ~ p w v  t n c  ~ o r r ; a A u r ~ ~ n c  atpuSatwanc t o u  HCOOH PE auth twv 
n ~acepyaopkvwv . ' O A E ~  O L  napdpe rpo~  ~ p q a v  ~ a a v  p t x  ~ a r o  
a t L r  T L ~ E C  t o u r  OE xpdvo avo6LKfis oXei6wonc i 6 ~ o  PE CLIJT~V 

(OALKO 6 p a a t ~ K 6 t n t a  now 6 L v e t a ~  an6 pepBp&vsc A1,OS 
ota6epfis ~ E W ~ E T P  L K ~ S  E ~ L ~ ~ & V E  Lac K a L  E L ~ L K ~  ~PQOTLK~T~TCC)  h 
~ L K P ~ T E P O  m 6  aur6v ( E V @ ~ E L ~  ~ v ~ p ~ o n o l n a n c  K a L  napttyovtac 
ouyvdtntac)  o tov  onoio O L  ~ E ~ L O T E C  O ~ L ~ K ~ G  T L ~ ~ C  SOU 

nhxouc, Tnc p&ac K a L  TOU nopLj6ouc r n c  p~p5pavnc  a p y ~ ~ &  
& ~ L T ; U ' J ( X ~ V O V T ~ L  Kai. OTOV onoio t o  pn ~vu6arwpCvo A l z &  
~ v q a v  C%E L LOXO a '  ~ A E S  S L C  K L ~ ~ T L K ~ F  napaphpouc . 0 
Ba8po~  ev io~upnc :  xns ~ a c a A u t ~ ~ f i ~  S p a o t ~ ~ 6 t n ~ a c :  TOU Al:;.03 PE 
v u 6 p o 8 ~ p p ~ ~ K  ~ a r ~ p x a a i a  Bp&8nKE 6 t ~  pELdVE6aL ~ ~ ~ O T L K &  
PE Tn B ~ p p o ~ p a o i a  S~&onaanc TOU HCOOH Ka8dS EnianS K a L  p& 
t o  xp6vo ~ V O ~ L K ~ ~ C  o?,eiFwanc x L a  ota8eph 3~ppo~paoL.a  
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ABSTRACT 

The s tab i  l i t y  o f  d i  l u t e  o i  l - in-water  emulsions prepared 
us ing  a range o f  o i l s  i s  s tudied.  Three sur fac tants  are used 
as emuls i fy ing  agents, sodium dodecyl s u l f a t e  ( SDS 1, 
cetyldimethylbenzylammonium c h l o r i d e  ( CDBACl and 
cetyltrimethylammonium bromide ( CTAB ).  The t ime needed f o r  
the  appearance o f  t races  o f  o i l  phase onto the  sur face o f  t he  
emulsion, i n d i c a t i n g  the  'breaking o f  emulsion, i s  measured. 
The c -potent ia l  o f  t h e  d rop le t s  i s  ca lcu la ted  from 
microe lec t rophore t ic  measurements. The great  d i f fe rences 
observed i n  the  s t a b i l i t y  o f  t he  emulsions cannot be 
a t t r i b u t e d  t o  the  small d i f fe rences i n  [ -po tent ia l  nor can 
e n t i r e l y  be explained by the  molecular d i f f u s i o n  theory. 

key words: Surfactants,  emulsions, demuls i f i ca t ion ,  zeta 
p o t e n t i a l .  

INTRODUCTION 

An emulsion i s  an unstable heterogeneous system o f  a 

l i q u i d  i n  anather i n  t he  form o f  d rop le ts .  The types of 

i n s t a b i l i t y  are creaming, f l o c c u l a t i o n  and coalescence which 

may lead t o  phase separation1. I n s t a b i l i t y  i n  emulsions i s  

normally detected by changes i n  d rop le t  s i z e  o r  phase 

separat ion. According t o  t he  conventional t h e ~ r i e s " ~ ,  t he  

add i t i on  o f  a su r fac tan t  which i s  adsorbed from the  continous 

phase upon the  i n t e r n a l  i n t e r f a c e  ensures the  s t a b i l i t y  of 

t he  emulsions. The repu ls ive  double-layer fo rces  together 

w i t h  hydra t ion  fo rces  are considered t o  be responsib le f o r  

the s t a b ~ l i t y  when the  su r fac tan t  i s  i o n i c ,  and s t e r i c  

repu ls ion  as we l l  as hydra t ion  fo rces  are invo lved i n  
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s t a b i l i t y  when the  sur fac tan t  i s  nonionic. The i o n i c  

sur fac tan ts  impart a surface charge t o  t he  dispersed 

drop le ts .  This charge enhances emulsion s t a b i l i t y  by 

h inder ing  the  approach of emulsion d rop le t s  because of 

e l e c t r o s t a t i c  repu ls ive  fo rces  between them. c-  p o t e n t i a l  i s  

used t o  character ize the  sur face charge o f  emulsion drop le ts .  

I n  some cases emulsions o f  long-term s t a b i l i t y  are needed 

whereas i n  other  cases emulsions o f  l i m i t e d  s t a b i l i t y  are 

required. There are a l so  cases where unwanted s tab le  

emulsions have t o  be broken down, i e  the  O/W emulsions t h a t  

a r i s e  i n  e f f luent  waters. It i s  thus obvious t h a t  t he  

p red i c t i ng  o f  emulsion s t a b i l i t y  i s  o f  p r a c t i c a l  importance. 

However no r u l e s  are ava i l ab le  today f o r  p r e d i c t i n g  the  

s t a b i l i t y  o f  an emulsion and the  t r i a l  and e r r o r  method i s  

considered necessary. Many f a c t o r s  are known t o  a f f e c t  

emulsion s t a b i l i t y .  Among them, the  nature o f  t he  o i l  phase 

has received l i t t l e  a t t e n t i o n  and some authors have 

considered i t  t o  be o f  no consequence 4 - 7 .  

I n  t h i s  parer  t he  s t a b i l i t y  o f  d i l u t e  o i l - in -water  

emulsions was studied. Experiments were c a r r i e d  ou t  by using 

n ine o i l s  having d i f f e r e n t  p o l a r i t y  and s o l u b i l i t y  i n  water. 

Three i o n i c  sur fac tan ts  have been chosen among the  

sur fac tan ts  ava i l ab le  t o  serve as emuls i fy ing  agents which 

are among the  more commonly used. An anionic one, sodium 

dodecy l su l  f a te  ( SDS ) and two c a t i  oni  CS, 

cetyldimethylbenzylammonium ch lo r i de  ( CDBACl and 

cetyltrimethylammonium bromide ( CTAB ) . The <-potent ia l  o f  

the  emulsion drop le ts  was ca lcu la ted  from 

microelectrophoret ic  m o b i l i t y  data i n  order t o  c o r r e l a t e  t h i s  

value w i t h  the  s t a b i l i t y  o f  emulsions. The molecular 

d i f fus ion  theorys and some other  parameters were f u r t h e r  

examined t o  exp la in  the  s t a b i l i t y  data. 

EXPERIMENTAL 

The anionic sur fac tan t  was o f  Merck pu r i ss  

' q u a l i t y  ( n 99% ) and used as received. The two c a t i o n i c  

sur fac tan ts  were o f  Fluka purum q u a l i t y  ( > 98% ) and were 
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rec rys ta l  ized from acetone. Pur i t y  was checked by 

measurements o f  the surface tension o f  t h e i r  aqueous 

so lu t ions around the c r i t i c a l  m ice l l a r  concentrat ion 

( CMC )'. The CMC from a surface tension-log concentrat ion 

curve was 8.1 2 0 .2  X I O - ~ M  f o r  SDS, 5.0 2 0.2 X I O - ~  M f o r  

CDBACl and 9.4 * 0.3 X I O - ~ M  f o r  CTAB. 

The o i l  phases used were cyclohexane, methylcyclohexane, 

heptane, isooctane, octanol- l ,  toluene, ethylbenzene and 

benzylacetate. They were o f  Fluka purum q u a l i t y  and were 

f u r t h e r  pur i f ied10. Their s o l u b i l i t y  i n  water and the 

i n t e r f a c i a l  f r e e  energy between them and water i n  the absence 

o f  sur fac tant  are given i n  Table I "'" . Water was taken 

TABLE I: Some proper t ies  o f  pure o i l  phases a t  2 5 ' ~  "'" 

In ter fac ia l ,  f r e e  energy S o l u b i l i t y  i n  
O i l  row,[ mN m- 1 a t  25O~ water X W 1 

Cyclohexane 

Methylcyclohexane 

Heptane 

Octane 

Isooctane 

Octanol- l 

To l uene 

Ethylbenzene 

Benzylacetate 

from a M i l l i p o r e  apparatus; i t s  r e s i s t i v i t y  was about 100 MQ 

cm-' and i t s  surface tension was measured as 72 mN m-' a t  

2 5 ' ~ .  The water remained i n  equi l i b r i u m  w i th  the o i l  phase a t  

l eas t  24 hours before use. NaCl was o f  Merck analar qua l i t y .  

The emulsions were prepared by u l t rason ic  d ispersion by 

suspending 0.5% by volume o f  o i l  phase i n  a 0.01 M NaCl 

aqueous so lu t i on  contain ing the sur fac tant .  The emulsions 

were stored a t  25 f 0.1 '~ .  

The e lec t rophoret ic  mob i l i t y  o f  o i l  d rop le ts  was measured 

i n  a modif ied demountable microelectrophoret ic  apparatus as 

i t  has already been descr i bedI3' l4 . The recommended 
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procedure w i th  regard t o  the loca t ion  o f  the s ta t ionary  

levels,  t iming o f  droplets,  reversing o f  the cur rent  a f t e r  

each reading, etc.  was f ~ l l o w e d ' ~ .  The resu l t s  were accurate 

w i th in  2%. 

The time needed f o r  the appearance o f  traces o f  o i l  phase 

onto the surface o f  the emulsions, i e  breaking o f  the 

emulsions was used f o r  the estimation o f  emulsion s t a b i l i t y .  

RESULTS AND DISCUSSION 

The electrophoret ic mob i l i t y  measurements c lose ly  r e f l e c t  

changes i n  the degree o f  adsorption. The electrophoret ic 

m o b i l i t y  i s  d i r e c t l y  re la ted t o  the nature o f  the mobile p a r t  

o f  the e l e c t r i c  double layer and may only be in terpre ted i n  

terms o f  c-potent ia l  o r  the charge density a t  the surface o f  

shear. For a  curved surface such as the drop le t  surface the 

shape o f  the double layer i s  described i n  terms o f  the 

dimensionless quant i ty  xa, which i s  the r a t i o  o f  the radious 

a  o f  the drop le t  t o  double layer thickness, where x  i s  the 

Debye-~Gckel parameter. l / x  has the dimension o f  length and 

i s  a  good measure o f  the extension o f  the double layer.  When 

xa i s  large, the double layer i s  e f f e c t i v e l y  large and may be 
6 

t reated as such. I n  the present case where x  = 3.28 X 10 

cm-' ( f o r  0.01 M Mac1 ) and a  - 1 5  X cm the value f o r  

xa i s  500 ( >> l ). p-potent ia l  i s  therefore calculated by 

using the Helmholtz-Smoluchowski formula 

where uE i s  the electrophoret ic mob i l i t y ,  E the p e r m i t i v i t y  

o f  the d i e l e c t r i c  and q the v i scos i t y  o f  water. 

Emulsions prepared-without emuls i f ie r  are unstable having 

large droplets o f  d i f f e r e n t  s ize w i th  a  very low negative 

<-potent ia l  ( which i s  due t o  the p re fe ren t ia l  adsorption of 

ch lor ide ions ). The ion ic  surfactants change <-potent ia l  and 

increase the s t a b i l i t y  o f  the emulsions g iv ing droplets of 

almost equal s ize.  No changes i n  <-potent ia l  are evident upon 

short-ageing. 
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The c-potent ia l  values o f  cyclohexane and heptane 

emulsions prepared w i th  SDS o r  CDBACl are given i n  Figure 1 .  

l o g  C 

FIG. 1 .  E f f e c t  o f  sur fac tant  concentration on P-potent ia l  of 
a d i  l u t e  o i  7-in-water emu7sion: ( a  sodium 
dodecy 7su7fateY ( b ) cety7dimethy lbenzy 7ammoniurn chlor ide.  
The o i 7 phases are U- heptane and Q- cyc lohexane. 

The addi t ion o f  SDS increases the absolute value o f  

c-potent ia l  ( which i s  negative ) and reaches a maximum a t  

higher concentrations. This maximum value i s  thought t o  

represent the po in t  o f  completion o f  a c lose ly  packed 

monolayer o f  molecules on the drop le t  surface16. The plateau 

value i s  reached below the CMC ( log CMC = -2.09 1. On 

increasing the concentration o f  CDBACl the p o s i t i v e  

p-potent ia l  increases and reaches a maximum value before the 

CMC o f  CDBACl. A t  higher concentrations, above CMC, a s l i g h t  

reduction observed i n  <-potent ia l  can be explained as a 

th inn ing o f  the double layer,  due t o  i o n i c  strength ef fects,  

without a compensating increase i n  the number of adsorbed 

ions3'14. Simi lar  curves are found f o r  CTAB; 

A l l  the emuisions are prepared using 1.5 X I O - ~  M 

surfactant concentration where P-potential has i t s  maximum 

value and the oi l -water in ter face i s  saturated. This 

concentration i s  below the CMC value o f  the surfactants.  

The <-potent ia l  values a t  25 * 0.1 'C are given i n  Table 

11. For a given o i l  phase, P-potential has almost the same 



TABLE 11: c-po ten t ia l  values o f  var ious  o i l  phases dispersed 

i n  1.5 X ~ o - ~ M  sur fac tan t  so lu t i on .  Measurements were made a t  

25 Q 0.1 OC 80 minutes a f t e r  emu ls i f i ca t i on .  

O i l  S D S  C D B A C l  C T A B  

Cyclohexane 

Methylcyclohexane 

Heptane 

Octane 

Isooctane 

Octanol- l 

To1 uene 

Ethy l  benzene 

Benzy l acetate 

value when CDBACl o r  CTAB are  used as e m u l s i f i e r s  wh i l e  i t  

has a lower value ( absolute ) when SDS i s  used as 

emu ls i f i e r .  Octanol- l  emulsions prepared w i t h  CDBACl are 

very unstable making measurements o f  < -po ten t i a l  impossible. 

I t  i s  c l ea r  from Table I1 t h a t  P-po ten t ia l  show some 

dependance on the  nature o f  t he  o i l  phase, s ince  i t 

determines the compactness o f  the  i n t e r f a c i a l  f i l m  and the  

d i s t r i b u t i o n  o f  the  sur face a c t i v e  agent. The same 

e l e c t r o k i n e t i c  behavior i s  observed among homologous o i l  

phases l i k e  cyclohexane and methylcyclohexane, to luene and 

ethylbenzene, octane and heptane. The sa tura ted  hydrocarbon 

d rop le t s  ( methylcyclohexane, cyclohexane ) possess grea ter  

charge compared t o  the  unsaturated hydrocarbon d rop le t s  

( ethylbenzene, to luene ) .  S im i l a r  r e s u l t s  have been repor ted 

fo r  emulsions prepared w i t h  l a u r i c  sa l ts17.  L t  must be 

mentioned t h a t  the  increase o f  o i l  p o l a r i t y  can e i t h e r  

decrease c -po ten t ia l  ( octane, oc tano l - l  ) o r  increase i t  

( ethylbenzene, benzylacetate ) .  The mean volume diameter, 

est imated from the  known phase volume and the  number o f  o i l  

d rop le t s  per u n i t  volume, s t rong l y  depends upon the  nature 

of t he  o i l  phase and the  su r fac tan t ,  ranging from 1 X 10-'cm 

t o  2 . 2  X 10-~crn ( depending on the  observat ion t ime ) .  
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~owever-  no r e l a t i o n  seems t o  e x i s t  between diameter and 

c-potent ia l .  

The time required f o r  the appearance o f  v i s i b l e  o i l  

phase on the surface o f  the emulsion i s  given i n  Table 111. 

TABLE 111: Time required f o r  the appearance o f  v i s i b l e  o i l  

phase on the surface o f  the emulsions. The emulsions were 

stored a t  25 * 0.1 'C. 

O i l  S D S C D B A C 1  . C T A B  

Cyclohexane 

Methylcyclohexane 

Heptane 

Octane 

Isooctane 

Octanol-l 

To l uene 

Ethyl  benzene 

Benzylacetate 

4 h  

4 h  

24 h ' 

25 h 

8 h  

3 days 

2 30 min 

5 30 min 

I h  

-- 

6 h  

7 h 

23 h 

30 h 

20 h 

10 min 

7 h  

8 h  

1 h 

6 h  

7 h 

23 h 

30 h 

20 h 

3 h  

12 h 

14 h 

90 min 

The emulsion s t a b i l i t y  i s  found t o  be h igh ly  dependent on the 

nature o f  the o i l  phase. The s t a b i l i t y  o f  SDS emulsions 

decreases i n  the order toluene - ethylbenzene < benzylacetate 

< cyclohexane - methylcyclohexane < isooctane < heptane S 

octane < octanol- l .  The octanol- l  emulsion prepared w i th  SDS 

i s  the most stable studied emulsion, whi le i t i s  the less 

s tab le  when it i s  prepared w i th  CDBACI. The s t a b i l i t y  o f  

CDBACl and CTAB emulsions i s  almost the same w i th  the 

exception o f  octanol- l .  The s t a b i l i t y  decreases i n  the order 

benzylacetate < cyclohexane 5 methylcyclohexane < toluene S 

ethylbenzene < isooctane < heptane < octane. 

According t o  the Derjaguin - Landau - Verwey - Overbeek 

( DLVO ) theory o f  c o l l o i d  s t a b i l i t y  there are a t t r a c t i v e  van 

der Waall 's forces between p a r t i c l e s  and repuls ive forces due 

t o  e l e c t r o s t a t i c  repulsion. The a t t r a c t i v e  po ten t ia l  f a l l s  

o f f  as the inverse square o f  the distance apart o f  the 

p a r t i c l e s  whi le the repuls ive term i s  more complex and o f  

longer term. This theory al lows the Gouy-Chapman theory o f  



136 A .  A V R A N A S ,  G .  S T A L I D I S  

the equ i l ib r ium double layer t o  be extended t o  s i tua t ions  

invo lv ing double layer overlaps, where surface po ten t ia l  can 

be replaced by c-potent ia l .  However not  good co r re la t ion  

e x i s t s  i n  a l l  the cases studied between s t a b i l i t y  and 

<-potent ia l .  For example heptane and octane emulsions having 

droplets t h a t  carry' the highest P-potential w i th  the 

exception o f  benzylacetate droplets ) are the most stable. 

However the isooctane emulsion w i th  SDS as emuls i f ie r  

presents a remarkably less s tab i  l i t y  despite the high value 

o f  c-potent ia l .  The saturated c y c l i c  hydrocarbons 

( cyclohexane and methylcyclohexane ) t h a t  have a lower 

value o f  c-potent ia l  have a decreased s t a b i l i t y .  The 

presence o f  benzene r i n g  ( toluene and ethylbenzene 1 
decreases fur ther  the <-potent ia l  as wel l  as the s t a b i l i t y .  

However the high <-potent ia l  value measured o f  the po lar  

benzylacetate drop le ts  cannot explain the poor s t a b i l i t y .  

The cause o f  discrepancies between <-potent ia l  and s t a b i l i t y  

may be t h a t  i n  an expanded i n t e r f a c i a l  f i l m  the surfactant  

molecules may be d ispe l led from the region o f  c losest  

approach by desorption i n t o  the aqueous phase o r  displacement 

around the drop le t  ~ u r f a c e ~ ' ' ~ .  

Various observations and theor ies o f  emu1 sion s tab i  1 i t y  

are f u r t h e r  examined. It has been found t h a t  the s t a b i l i t y  o f  

emulsion can be re la ted  t o  the i n t e r f a c i a l  f ree  energy y 
07; between the o i l  and water i n  the absence o f  surfactant  

( Table I ) .  Experiments have shown t h a t  i n  general the 

larger the yews the higher the s t a b i l i t y  o f  the emulsion. 

Since large values o f  row imply a very hydrophobic o i l  phase 

the in teract ions between the hydrocarbon t a i l s  o f  the 

surfactant  and the organic molecules as wel l  as those between 

the po lar  head groups of the surfactant  and water are 

expected t o  be strong. This s t a b i l i z e s  the in ter face between 

the two phases and thus increases the s t a b i l i t y  o f  the 

emulsion. I f  the organic molecules i n t e r a c t  w i th  the polar 

head group o f  the surfactant ,  t h i s  weakens the in teract ions 

between the polar head group and water, resu l t i ng  i n  F 

decreased s tab i  l i t y  . The increased s tab i  l i t y  o f  aromarlc 

compounds prepared w i th  CTAB compared t o  those prepared w i t b  
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CDBAC1, where an ~ n c e r a c t i o n  between the benzene r i n g  o f  the 

o i l  phase and po lar  group o f  the sur fac tant  i s  observed, can 

thus be explained. However the great d i f ferences observed i n  

s t a b i l i t y  between octane and methylcyclohexane o r  heptane and 

cyclohexane cannot be explained. 

It i s  very important not  only t o  consider the i n t e r f a c i a l  

f ree  energy T, , ,  but a lso the ra te  o f  decreasing row i n  the 

presence o f  surfactant ,  since t h i s  ra te  t h a t  gives 

information about the movement o f  the surfactant  molecules t o  

the in te r face  i s  more important than the steady value. 

According t o  the molecular d i f f u s i o n  theory, very smal l 

p a r t i c l e s  demonstrate deviat ions i n  t h e i r  physical propert ies 

as compared t o  larger pa r t i c les .  This theory pred ic ts  t h a t  

the greater the solubi  l i t y  o f  the o i  l i n  the continous phase 

the greater the i n s t a b i l i t y  due t o  the p re fe ren t ia l  

d isso lu t ion o f  small droplets onto larger  droplets.  However 

the order o f  s t a b i l i t y  f o r  the o i l s  considered i n  Table I11 

does not fo l low t h e i r  respective s o l u b i l i t y  i n  water given i n  

Table I .  I t  i s  also impossible t o  cor re la te  the s t a b i l i t y  

w i th  the p o l a r i t y  o f  the o i  l phases used f o r  the preparation 

o f   emulsion^^*^^. 
It i s  obvious from the above discussion t h a t  c-potent ia l  

alone cannot be stra ight forward correlated w i th  emulsion 

s t a b i l i t y .  Some other theor ies can p a r t l y  explain the 

s t a b i l i t y  and t h a t  more parameters are needed t o  be 

considered t o  explain the experimental f ind ings and t o  

provide an a p r i o r i  est imat ion o f  emulsion s t a b i l i t y  t h a t  i s  

o f  p rac t i ca l  importance. 

flEPIAHWH 
EnIAPAEH THE EAAIOAOYZ @AEHE ETH ZTAOEPOTHTA APAIQN 
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SUMMARY 

Fluid  C a t a l y t i c  Cracking ( K C )  i s  of  maj'or i n t e r e s t  i n  t h e  
petroleum indus t ry .  C a t a l y s t  eva lua t ion  procedure inc ludes  steam 
d e a c t i v a t i o n  and m i c r o a c t i v i t y  t e s t i n g  f o r  t h e  de t e rmina t ion  o f  
c a t a l y s t  a c t i v i t y  and s e l e c t i v i t y .  Four commercial FCC c a t a l y s t s  with 
d i f f e r e n t  Rare Ear th  Oxides (Re 0  ) con ten t  were eva lua t ed .  The f r e s h  
samples were steam deac t iva t ed  a[ d i f f e r e n t  cond i t i ons  ( tempera ture  and 
d u r a t i o n )  and t h e  a c t i v i t y  of  t h e  a r t i f i c i a l l y  d e a c t i v a t e d  c a t a l y s t  was 
measured i n  a  Mic roac t iv i ty  Tes t  Unit .  

I t  was found t h a t  t h e  steaming cond i t i ons  a f f e c t  g r e a t l y  t h e  
c a t a l y s t  s u r f a c e  a r e a ,  t h e  feed conversion and t h e  coke y i e l d .  A t  
s t anda rd  steaming cond i t i ons  Re 0, con ten t  a l s o  a f f e c t  feed  convers ion,  
coke y i e l d  and t h e  q u a l i t y  of  t h e  gasol i n e  produced. 

Key words: F lu id  cracking c a t a l y s t s ,  eva lua t ion ,  zeol i t e s ,  r a r e  e a r t h  
ox ides ,  Research Octane Number 

INTRODUCTION 

Most i n d u s t r i a l  r e a c t i o n s  a r e  c a t a l y t i c ,  and many process  

improvements r e s u l t  from t h e  d i scove ry  of  b e t t e r  chemical, r o u t e s ,  

u s u a l l y  involving new c a t a l y s t s .  One of  t h e  l a r g e s t  s c a l e  c a t a l y t i c  

p roces ses  p r a c t i c e d  today i s  c r ack ing ,  t h e  convers ion o f  l a r g e  

petroleum molecules i n t o  small e r  hydrocarbons,  p r imar i ly  i n  t h e  

gasol  i n e  range.  

Cracking processes  were f i r s t  c a r r i e d  ou t  i n  t h e  absence of  

c a t a l y s t s ,  but i n  t h e  l a s t  f i f t y  y e a r s  a  s e r i e s  of  cont inuously  

improved cracking c a t a l y s t s  has been app l i ed ,  a l l  o f  them s o l i d  a c i d s .  

The most important advance in  cracking technology in  t h e  l a s t  t h r e e  

decades has been t h e  development of z e o l i t e  c a t a l y s t s .  

'TO whom correspondence should be addressed 
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One o f  t h e  d e s i r a b l e  c h a r a c t e r i s t i c s  o f  a  commercial c r a c k i n g  

c a t a l y s t  i s  a  h i g h  s e l e c t i v i t y  t o  g a s o l i n e  range hydrocarbons 

e s p e c i a l l y  a roma t i cs  and i somer i c  a lkanes,  l o w  gas and coke y i e l d .  A l l  

c r a c k i n g  c a t a l y s t s  l o s e  a c t i v i t y  i n  use by  t h e  f o r m a t i o n  o f  coke on 

t h e i r  su r f aces .  The coke i s  bo th  a  by p roduc t  and a  po i son  o f  c a t a l y s t  

a c t i v i t y .  S ince t h e  cok ing  r e a c t i o n  i s  v e r y  f a s t ,  c a t a l y s t  a c t i v i t y  

decreases r a p i d l y  and t h e  c a t a l y s t  has t o  be removed f o r  r e g e n e r a t i o n  

a f t e r  a  r e l a t i v e l y  s h o r t  t i m e  on stream. Commercial r e a c t o r s  t a k e  t h i s  

i n t o  account b y  c i r c u l a t i n g  t h e  c a t a l y s t  between t h e  r e a c t o r  and a  

regene ra to r .  H igh  c i r c u l a t i o n  r a t e s  l e a d  t o  problems w i t h  a t t r i t i o n  and 

consequent c a t a l y s t  l o s s e s  i n  t h e  f o rm  o f  f i a e s .  The success fu l  

c a t a l y s t  must t h e r e f o r e  have h i g h  a t t r i t i o n  r e s i s t a n c e  as w e l l  as h i g h  

gas01 i n e  s e l e c t i v i t y  and s t a b i l i t y .  Never the less ,  even t h e  b e s t  

c a t a l y s t s  a re  f o u l e d  by  coke and need regene ra t i on .  Regenera t ion  i s  

c a r r i e d  o u t  i n  t h e  presence o f  a i r  and wa te r  vapor, a t  tempera tures  

h i g h e r  t han  t hose  used i n  c rack ing .  Thus, thermal  and hydro thermal  

s t a b i l i t y  becomes impo r tan t .  

The f i r s t  c r a c k i n g  c a t a l y s t s  used commerc ia l l y  on a  l a r g e  s c a l e  

were s y n t h e t i c  amorphous s i l i c a  aluminas and s i l i c a  magnesiasl. I n  t h e  

e a r l y  1960ts ,  z e o l i t e ~ ~ ' ~  w i t h  r a r e  e a r t h  i o n s  r e p l a c i n g  t h e  sodium 

c a t i o n  were added t o  t h e  amorphous m a t r i x  t o  improve c a t a l y s t  a c t i v i t y  

and s e l e c t i v i t y .  The new c a t a l y s t s  had remarkab ly  h i g h e r  a c t i v i t y ,  much 

b e t t e r  s e l e c t i v i t y  f o r  gaso l i ne ,  and a  h i g h e r  hydro thermal  s t a b i l i t y  

than t h e  amorphous c a t a l y s t s  used up t o  t h a t  t ime.  T y p i c a l  commercial 

c a t a l y s t s  o f  t h i s  t y p e  c o n s i s t  o f  10 t o  20% z e o l i t e  i n  an a t t r i t i o n  

r e s i s t a n t  s i l i c a  a lumina m a t r i x  which p rov ides  t h e  b u l k  o f  t h e  c a t a l y s t  

mass. The m a t r i x  i t s e l f  i s  h i g h l y  porous and a l l o w s  access t o  t h e  

c r y s t a l l i t e s  o f  z e o l i t e  embedded i n  t h e  i n t e r i o r  o f  t h e  p a r t i c l e .  I n  

p r a c t i c e  t h e  m a t r i x  has much l owe r  a c t i v i t y  t h a n  t h e  z e o l i t i c  

components; hence, t h e  p roduc t  d i s t r i b u t i o n  and a c t i v i t y  o f  commercial 

z e o l i t e  c o n t a i n i n g  c a t a l y s t s  can be m a i n l y  a s c r i b e d  t o  t h e  sma l l  

percentage o f  zeo l  i t e  p resen t .  

The i n f l u e n c e  of  t h e  z e o l i t e  on t h e  y i e l d  and s e l e c t i v i t y  o f  t h e  

c r a c k i n g  c a t a l y s t  has been rev iewed by  Magee and 81azek4. T h e i r  r e s u l t s  

can be summarized i n  p a r t  by  n o t i n g  t h a t  an i nc rease  i n  t h e  amount o f  

z e o l i t e  p r e s e n t  i n  t h e  c a t a l y s t  i nc reases  t h e  y i e l d  o f  g a s o l i n e  and 
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l i g h t  c y c l e  o i l ,  w h i l e  coke and d r y  gas make i s  decreased a t  any g i v e n  

l e v e l  of convers ion.  A t  t h e  same t ime  t h e  aromat ic  con ten t  and t h e  

octane number o f  t h e  gaso l i ne  f r a c t i o n  increase.  

The t y p e  o f  t h e  zeo l  i t e  used i n  t h e  c rack ing  process i s  f a u j a s i t e  

( Z e o l i t e  Y )  w i t h  t h e  chemical fo rmula  0.9k0.2 Na20.A1203.wSi02.xH20, 

where 3<w<6 and x t 9 .  To a c t  as a  c rack ing  c a t a l y s t  t h i s  Nay z e o l i t e  

must be conver ted t o  an a c i d i c  form. The sodium con ten t  must be reduced 

t o  t h e  l owes t  p o s s i b l e  l e v e l  t o  o b t a i n  h i g h  thermal and hydrothermal 

s t a b i l i t y .  Both can be achieved by i o n  exchanging t h e  z e o l i t e  t o  an 

a c i d i c  f o rm  and then  i n c o r p o r a t i n g  i t  i n t o  t h e  m a t r i x .  

Rare e a r t h  exhanged (REY) c a t a l y s t s  induce hydrogen t r a n s f e r  

r e a c t i o n s  between alkenes and naphthenes produc ing alkanes and 
h 

aromat ics ,  and assoc ia ted l ower  octanes due t o  t h e  l ower  octane 

p o t e n t i a l  o f  a lkanes compared t o  t h e  boost  f rom t h e  aromat ics  produced. 

S ince t h e  number o f  a c i d  s i t e s  i s  p r o p o r t i o n a l  t o  t h e  concen t ra t i on  of 

framework a1 uminum, high' s i l  i ca /a lumina zeo l  i t e s  have fewer a c i d  s i t e s  

and t h e r e f o r e  l ower  hydrogen t r a n s f e r  a c t i v i t i e s  t han  l o w  

s i l  i ca /a lumina zeo l  i t e s .  The lower  u n i t  c e l l  s i z e  ( h i g h  s i l  i ca /a lumina 

r a t i o )  decreases t h e  coke y i e l d  and t h e  a c t i v i t y  o f  t h e  c a t a l y s t ,  b u t  

t h e  g a s o l i n e  produced has h ighe r  octane number. k h i l e  a l l  c a t a l y s t s  

i n c o r p o r a t e  z e o l i t e s  as t h e  core,  t h e  t y p e  and amount va ry  w ide l y .  

D i f f e r e n c e s  i n  c a t a l y s t  compos i t ion  can be s i g n i f i c a n t ,  0-3 w t  % r a r e  

e a r t h  oxides, 19-40 wt  % c r y s t a l l i n e  z e o l i t e  w i t h  su r face  areas rang ing  

f rom 100-400 m2/gr. 

I n  general  a  c rack ing  c a t a l y s t  must show: 

- High a c t i v i t y  

- High s e l e c t i v i t y  t h a t  means 

h i g h  octane gas01 i n e  

l ow  coke y i e l d  

h i g h  C,=& and C,=/C, r a t i o s  

- A t t r i t i o n  r e s i s t a n c e  

- Meta ls  res i s tance ,  e s p e c i a l l y  t o  V and Ni 
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The o b j e c t i v e s  o f  t h e  FCC c a t a l y s t  e v a l u a t i o n  i n c l u d e s  r o u t i n e  

i n s p e c t i o n s  o f  e q u i l i b r i u m  c a t a l y s t s ,  p reapprova l  o f  f r e s h  c a t a l y s t  

shipments, e v a l u a t i o n  o f  commerc ia l l y  a v a i l a b l e  c a t a l y s t s  and t h e  

recommendation o f  c a t a l y s t  f o r  use i n  commercial FCC u n i t s .  

An e f f o r t  was s t a r t e d  a  few yea rs  ago i n  t h e  Labo ra to r y  o f  

Pet rochemica l  Technology o f  t h e  Chemical Eng inee r i ng  Department t o  

b u i l t  a  system f o r  complete c a t a l y s t  e v a l u a t i o n .  Labo ra to r y  e v a l u a t i o n  

o f  t h e  c a t a l y t i c  performance o f  f r e s h  K C  c a t a l y s t s  i n v o l v e s  steaming 

(hydro thermal  d e a c t i v a t i o n ) ,  a c t i v i t y  t e s t i n g  ( M i c r o a c t i v i t y  Test ,  MAT) 

and g a s o l i n e  RON measurement. 

I n  a  commerical u n i t  t h e  f r e s h  c a t a l y s t  d e a c t i v a t e s  w i t h  t ime .  It 

i s  r ecogn i zed  t h a t  i t  i s  d i f f i c u l t  t o  s i m u l a t e  t h e  c o n d i t i o n s  o f  

c a t a l y s t  d e a c t i v a t i o n  i n  t h e  l a b .  An approx imat ion  o f  e q u i l i b r i u m  

c a t a l y s t  i s  performed w i t h  steam d e a c t i v a t i o n .  Steaming c o n d i t i o n s  

a f f e c t  t h e  a c t i v i t y  and s e l e c t i v i t y  o f  t h e  sample c a t a l y s t .  

Hydrothermal d e a c t i v a t i o n  r e s u l t s  i n  changes t o  m a t r i x  and z e o l i t e 5 .  

H igh  tempera ture  l e a d s  t o  l o s s  o f  su r f ace  area,  change i n  p o r e  volume 

and po re  s i z e  d i s t r i b u t i o n .  The combined a c t i o n  o f  h i g h  tempera ture  and 

steam a f f e c t  g r e a t l y  t h e  c r y s t a l l i n e  p a r t  o f  t h e  c a t a l y s t ,  t h e  z e o l i t e .  

The Si/A1 r a t i o  i nc reases  because o f  t h e  dea l  uminat  ion ,  t h e  

c o n c e n t r a t i o n  o f  hyd roxy l  groups decreases and p a r t  o f  t h e  z e o l i t e  

c r y s t a l l i n i t y  i s  destoyed. 

The a r t i f i c i a l l y  d e a c t i v a t e d  FCC c a t a l y s t s  a re  t e s t e d  i n  t h e  

M i c r o a c t i v i t y  Tes t  u n i t 6 ,  t h e  most impo r tan t  s t ep  o f  t h e  e v a l u a t i o n  

procedure .  A l though t h e  r e a c t o r  used i n  MAT u n i t  i s  f i x e d  bed w h i l e  i n  

commercial u n i t s  t h e  r e a c t o r  i s  o f  f l u i d i z e d  type,  t h e  r e s u l t s  o f  

l a b o r a t o r y  t e s t i n g  can p r o v i d e  u s e f u l  i n f o r m a t i o n  f o r  p r e d i c t i n g  

commercial c a t a l y s t  performance. The o p t i m i z a t i o n  o f  t e s t  c o n d i t i o n s  i n  

steam d e a c t i v a t i o n  and m i c r o a c t i v i t y  t e s t  i s  e s s e n t i a l  f o r  t h e  r e 1  i a b l e  

~ y a l u a t i o n  o f  new commercial FCC c a t a l y s t s .  

The smal l  q u a n t i t i e s  o f  g a s o l i n e  samples produced f rom bench 

s c a l e  equipment a r e  n o t  s u f f i c i e n t  f o r  RON measurement by CFR eng ine 

t e s t 7 .  Three c l  asses o f  oc taqe . model S. have been appeared i n  t h e  

l i t e r a t u r e ,  based upon a n a l y t i c a l  techn iques used t o  c h a r a c t e r i z e  
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gaso l  i n e  compos i t ion :  nuc l  e a r  magnet ic resonance (NMR)~ ,  f l u o r e s c e n t  

i n d i c a t o r  a b s o r p t i o n  (FIA)~ and Gas Chromatography (GC)~ ' . '~ .~ '  . I n  

genera l ,  t h e  a v a i l  a b l e  models work we1 l f o r  t h e  t ypes  o f  gaso l  i n e s  f o r  

wh ich  t h e y  were developed. The gas chromatography a n a l y t i c a l  t echn ique  

was used i n  ou r  l a b  f o r  t h e  c h a r a c t e r i z a t i o n  o f  FCC g a s o l i n e  

compos i t i on  and t h e  p r e d i c t i o n  o f  g a s o l i n e  octanes.  

Whi le  ASTM procedures f o r  b o t h  steaming13 and  MAT^ t e s t i n g  have 

been e s t a b l i s h e d  (ASTM D4463 and D3907 r e s p e c t i v e l y )  a  genera l  survey  

o f  t h e  pe t ro l eum i n d u s t r y  i n d i c a t e s  t h a t  n e i t h e r  o f  t hese  methods a r e  

s p e c i f i c a l l y  p r a c t i c e d .  I n s t e a d  each l a b o r a t o r y  has developed 

i n d i v i d u a l i z e d  steaming and MAT t e s t i n g  procedures t h a t  b e s t  s u i t  t h e i r  

needs. 

EXPERIMENTAL 

Steaming 

The steaming o f  a  c a t a l y s t  i s  conducted i n  a  c y l i n d r i c a l  f u rnace  

shown i n  F i g u r e  1. The r e a c t o r  i s  made o f  q u a r t z  and i s  p l aced  i n  t h e  

f u rnace  w i t h  t h e  thermocouple p o s i t i o n e d  i n  t h e  m idd le  o f  t h e  c a t a l y s t  

bed. 

N i t r o g e n  f l o w  i s  a t t ached  t o  t h e  bot tom o f  t h e  r e a c t o r  and t h e  

tempera ture  i s  s e t  t o  1200•‹F. The c a t a l y s t  i s  added t o  t h e  r e a c t o r  

s l o w l y  so as t o  hea t  shock t h e  c a t a l y s t  p a r t i c l e s .  The N, f l o w  shou ld  

be s u f f i c i e n t  t o  keep the'bed f l u i d .  When a l l  c a t a l y s t  i s  loaded, t h e  

tempera ture  i s  r a i s e d  t o  t h e  d e s i r e d  tempera ture .  N i t r o g e n  f l o w  i s  

stopped and water  i s  added t o  t h e  bot tom o f  t h e  r e a c t o r .  The wa te r  

vapo r i zes  as soon as i t  reaches t h e  h o t  q u a r t z  r e a c t o r .  The d u r a t i o n  o f  

steaming v a r i e s  between 5 t o  10 h r s .  The tempera ture  i n  t h e  f l u i d  bed 

must be kep t  cons tan t .  
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F IG .  1: Schematic diagram of steam deactivation unit 

FIG. 2: Microactivity 'Test Unit (MAT) 
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Microactivity Test 

The measurement o f  a c t i v i t y  and s e l e c t i v i t y  o f  steam d e a c t i v a t e d  

c a t a l y s t  samples i s  performed i n  t h e  m i c r o a c t i v i t y  t e s t  u n i t  

i l l u s t r a t e d  i n  F i g u r e  2. A  smal l  amount o f  c a t a l y s t  (3 g r )  i s  p l aced  i n  

t h e  q u a r t z  r e a c t o r  and i s  heated up t o  900•‹F. A  t h r e e  zone f u rnace  

equipped w i t h  tempera ture  c o n t r o l l e r s  i s  employed f o r  h e a t i n g  and 

c o n t r o l  o f  t h e  r e a c t o r  temperature.  The r a t e  o f  gas o i l  ( feed)  

i n j e c t i o n  i s  c o n t r o l l e d  by  t h e  use o f  a  s y r i n g e  pump. A  s t a i n l e s s  s t e e l  

p rehea te r  t h a t  f i t s  c l o s e l y  i n s i d e  t h e  r e a c t o r  and t h e  heat  f o r  

p r e h e a t i n g  t h e  gas o i l  i s  s u p p l i e d  by  t h e  upper zone o f  t h e  t h r e e  zone 

fu rnace.  T e s t i n g  c o n d i t i o n s  a re  shown i n  Table I .  

TABLE I :  MAT o p e r a t i n g  c o n d i t i o n s  

Feedstock : D-32 ASTM s tandard  MAT feed  

Feed f l o w  r a t e  : 0.78 - 0.79 gr/min 

Ope ra t i ng  t i m e  : 50 sec 

N i t r o g e n  f l o w  r a t e  : 50 cc/min 

Temperature : 9OO0F 

Pressure  : 14.7 p s i a  

C a t a l y s t  we igh t  : 3  g r  

WHSV 

v 0  

P y r o l y s i s  p roduc t s  a t  t h e  r e a c t o r  e x i t  a re  coo led  i n  a  c h i l l e d  

l i q u i d  r e c e i v e r  where g a s o l i n e  and unconverted gas o i l  a re  condensed. 

The gases then Flow t o  a  gas c o l l e c t i n g  system where t h e  volume i s  

measured by  wa te r  d isplacement.  The a n a l y s i s  o f  gases i s  performed w i t h  

a Gas Chromatograph V a r i  an 3400 r e f i n e r y  gas anal  y z e r  . L i q u i d  p roduc t s  

a re  ana lyzed i n  a  Gas Chromatograph Hew le t t  Packard 5710A. A n a l y s i s  

c o n d i t i o n s  a re  presented i n  Tab le  11. 
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TABLE 11: Product a n a l y s i s  

Lisuid  products  

Chromatograph 

Col umn 

Components 

Gas p roduc t s  

Chromatograph 

Columns 

Components 

: HP 5710A (FID) 

: 3% OV 101 chromosorb 

: C, and h igher  hydrocarbons 

: Varian 3400 r e f i n e r y  gas  a n a l y s i s  

: 20% DC 200/500 

20% BEEA 

Porapak N 2B Chrom 106 

Molecular s i e v e  5A 

: H Z 7  02 ,  CO,, CO, CH,, C2H4, C& C,H,, iC4Hl,, 

nC,H,,, 1 - & c i s  & t r a n s  C,H,, iC,H,,, nC,Hlz, 

C,H,,9 CS%, 

The amount o f  coke on t h e  c a t a l y s t  i s  measured i n  a Leco fu rnace  where 

i t  i s  burned t o  carbon d iox ide ,  which i s  adsorbed by a s c a r i t e .  Liquid 

products  a r e  a mixture  of g a s o l i n e  and unconverted gas  o i 7 .  All  peaks 

i n  t h e  chromatogram up t o  t h e  peak of n-dodecane a r e  assumed t o  be- i n  

t h e  g a s o l i n e  range.  The feed conversion i s  c a l c u l a t e d  by t h e  formula:  

100-N) -H F-L ( - 
X= 100 

F 

where: F: g r  of  gas  o i l  (BP>430•‹F) 

L :  g r  of  l i q u i d  products  

N: w t %  o f  g a s o l i n e  in  l i q u i d  products  

H:  g r  of  r e s i d u e  in  t r a n s f e r  l i n e  and r e a c t o r  

The r e l i a b i l i t y  of  t h e  experimental  u n i t  i s  checked wi th  t e s t i n g  

s t anda rd  equ i l i b r ium ASTM c a t a l y s t s ?  The feed convers ions  measured by 

t h e  l a b  are i n  good agreement with t h e  convers ions  g iven by ASTM. The 
r e s u l t s  f o r  t h e  f i v e  ASTM c a t a l y s t  samples a r e  shown in  Figure  3 .  
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FIG. 3:  R e l a t i o n s h i p  between t h e  exper imenta7 and t h e o r e t  ica7 

conve rs i on  

BET Surface A rea  

The sur face area of FCC samples depends g r e a t l y  on t h e  t y p e  o f  

c a t a l y s t  and on t h e  degree o f  d e a c t i v a t i o n .  Steaming c o n d i t i o n s  a f f e c t  

t h e  s u r f a c e  area.  Measurement o f  su r f ace  area o f  t h e  steamed c a t a l y s t  

samples was performed w i t h  a M i c r o m e t r i t i c s  Accusorb 2100E s u r f a c e  area 

ana l yze r  w i t h  n i t r o g e n  as t h e  adsorbate  gas. 

P r e d i c t i ~ n  o f  Gasoline Octanes 

The c a l c u l a t i o n  o f  Research Octane Number (RON) by means o f  

chromatographic a n a l y s i s  o f  t h e  g a s o l i n e  produced by t h e  MAT u n i t  i s  a 

ve ry  u s e f u l  t o o l  f o r  t h e  complete e v a l u a t i o n  o f  new FCC commercial 

c a t a l y s t s .  

A chromatographic t echn ique  was s e t  up on a H e w l e t t  Packard Model 

5880A t o  separa te  t h e  g a s o l i n e  p o r t i o n  o f  t h e  f u l l  b o i l i n g  range l i q u i d  

p roduc t  f rom t h e  h i g h e r  b o i l i n g  components ( h i g h e r  t han  n-dodecane). 

T h i s  was performed by u s i n g  a s p e c i a l l y  m o d i f i e d  i n j e c t i o n  p o r t ,  an 8 

p o r t  v a l v e  and a p r e f r a c t i o n a t o r  column14. 
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A fused s i l i c a  c ross  l i n k e d  methyl  s i l i c o n e  (50 m X 0.2 mm) 

c a p i l l a r y  column was used f o r  t h e  sepa ra t i on  o f  hydrocarbons up t o  n -  

dodecane. The chromatographic c o n d i t i o n s  employed a r e  shown i n  Tab le  

111. The sepa ra t i on  o f  about 300 hydrocarbons i s  ve ry  success fu l .  About 

100 peaks have been i d e n t i f i e d  by us ing  i n d i v i d u a l  standards.  

TABLE 111: GC o p e r a t i n g  c o n d i t i o n s  f o r  g a s o l i n e  a n a l y s i s  

I ns t rumen t  : H e w l e t t  Packard 5880A 

Col umn : 50 m X 0.2 mm I D  W.C.O.T. on f used  s i l i c a  

c ross1 i nked  methy l  s ' i l  i cone  

De tec to r  : FID 

C a r r i e r  gas : N, 

Spl i t  r a t i o  : 60/1 

Sample s i z e  : l p1 

I n j e c t o r  temperature,  OC: 250 

De tec to r  temperature,OC : 250 

Column temperature,  O C  : 0-'140 

The model o f  Walsh and ~ o r t i m e r ' O  was used f o r  t h e  p r e d i c t i o n  o f  

Research Octane Numbers (RON). The above method uses l i n e a r  r e g r e s s i o n  

t o  ' ass ign  e f f e c t i v e  octane number t o  t h e  3 1  pseudocomponents o f  

gaso l i ne .  These groups have been d e f i n e d  by  l o c a t i n g  c e r t a i n  key peaks 

and t h e i r  areas, and then f i n d i n g  t h e  t o t a l  a rea  o f  peaks f a l l i n g  

between t h e  "keys".  Some of these groups i n  f a c t  c o n s i s t  o f  a s i n g l e  

compound w h i l e  o the rs ,  a re  m i x t u r e s  o f  compounds chosen t o  be w i t h i n  

narrow b o i l i n g  ranges and t o  be o f  l i k e  chemical  type.  Tab le  I V  d e f i n e s  

t h e  31 groups used t o  c h a r a c t e r i z e  a qaso l i ne .  
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TABLE IV: Definition of the 31 groups according to Walsh and 
  or timer" and regression coefficients 
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The l i n e a r  model suggested by Walsh and Mortimer i s  of t h e  form: 

where: wi:  weight f r a c t i o n  of  group i 

ai: weight blending oc t ane  number of  group i  

The b lending octane  numbers ai have been e s t ima ted  by means of  

m u l t i p l e  r eg re s s ion  a n a l y s i s  and a r e  shown in  Table  I V ~ .  

RESULTS AND DISCUSSION 

Four c a t a l y s t  samples wi th  va r ious  Rare Ear th  Oxide (Re,O,) 

con ten t  were eva lua t ed .  The c a t a l y s t s  t e s t e d  were Sigma 400, Del ta  400 

(Katal  i s t i c s ) ,  DA 300 and Super D (Grace).  The p r o p e r t i e s  of  t h e s e  

samples a r e  presented  in  Table V .  

TABLE V :  C a t a l y s t  p r o p e r t i e s  

A t  f i r s t  t h e  e f f e c t  of steaming cond i t i ons  on s u r f a c e  a r e a  was 

examined.. The s u r f a c e  area  dec reases  r a p i d l y  wi th  t h e  steaming 

tempera ture  a s  shown i n  Figure  4 f o r  t h e  c a t a l y s t  Del ta  400. The h igher  
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the steaming temperature, the lower i s  the  c a t a l y s t  surface area. The 
duration of steam deact ivat ion a f f e c t s  a lso t h e  surface area, 

espec ia l ly  a t  high temperature (1500•‹F). The reduction of surface area 

i s  due t o  by t h e  par t i a l  l o s s  of the  z e o l i t e  c r y s t a l l i n i t y .  The e f f e c t  

of steaming conditions on surface area i s  the same f o r  a l l  c a t a l y s t  

samples t es ted .  

zm - - STEAHING TIME : 5 h r r  m STEAUING TIUE : 10 hra 

h 

'1 CATALYST : OELTA 400 

FIG. 4: Effect  o f  steaming temperature and time on cata7yst  surface 
area 

FIG. 5: Effect  o f  steaming temperature and time on feed conversion 

90- 

- 2 85- 
.% 

- STEAHING TIME : 5 hrs m STEAUING TIME : 10 h r s  
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TABLE VI: Experimental results of catalyst evaluation 

Catalyst : Delta 400 Sigma 400 

Steaminq conditions 
Temperature, O F  : 1400.0 1500.0 
Steaming time, hr : 5.0 10.0 

MAT ooeration conditions 
Feed flow rate, gr/min : 0.7368 0.7784 
Feed flow rate, sec : 50.00 50.00 
Nitrogen flow rate, cc/min : 31.00 47.00 
Temperature, O C  : 483.00 484.00 
Pressure, psi? : 15.050 ' 15.050 
Catalyst to 011 ratio : 4.0717 3.8539 
WHSV : 14.7360 15.5688 

% wt coke on feed : 3.1661 1.2194 
% wt coke on catalyst : 0.6480 0.2637 
% wt conversion : 78.9358 59.1445 

Product yields. % wt 
C, in liquid 
C, - 421 F 
421-626 F 
CO ke 
Hydrogen 
Methane 
Ethane 
Ethylene 
Propane 
Propylene 
i -butane 
n- butane 
l-butane 
trans-butane 2 
cis-butene 2 
i -pentane 
n-pentane 
pentene 
hexane 
Carbon dioxide 

% wt recovery : 96,6210 91.9844 

The steam deactivated catalyst samples were tested under the same 
experimental conditions in the MAT unit. Some representative results 
are shown in Table VI. The effect of steaming conditions on feed 
conversion is significant (Figure 5) .  The conversion decreases as the 
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steaming temperature and d u r a t i o n  increases.  The y i e l d  o f  coke i s  

g r e a t l y  a f f e c t e d  by t h e  d e a c t i v a t i o n  procedure as i l l u s t r a t e d  i n  F i g u r e  

6. O l e f i n i c i t y  r a t i o s  C3=/C3 and C4=/C4 a r e  a l s o  a f f e c t e d  by t h e  

d e a c t i v a t i o n  (F igu re  7) .  As t h e  e x t e n t  o f  d e a c t i v a t i o n  increases,  t h e  

above r a t i o s  a l s o  increase.  D e a c t i v a t i o n  o f  c a t a l y s t  reduces t h e  a c i d  

a c t i v e  cen te rs  o f  t h e  c a t a l y s t  t hus  i n h i b i t i n g  t h e  hydrogen t r a n s f e r .  

Because o f  t h e  reduced hydrogen t r a n s f e r ,  r a t e s  t h e  percentage o f  

o l e f i n e s  increases a t  t h e  expense o f  p a r a f f i n s .  

S 
A STEAHING TIHE : 5 hrs m STEAMING TIHE : l 0  hrr 

FIG. 6: E f f e c t  o f  steaming temperature and t ime on coke product ion 
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FIG. 7: E f f e c t  o f  steaming temperature and t ime on o l e f i n i c i t y  r a t i o  

- STEAMING TIME : 5 hrs STEAMING TIME : 10 hrr 

7 
CATALYST : DELTA 400 
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Z e o l i t e s  a re  u s u a l l y  exchanged by  r a r e  e a r t h  me ta l s .  The r a r e  

e a r t h  c a t i o n  s t a b i l i z e s  t h e  framework aluminum atoms, t hus  i n h i b i t i n g  

dealurninat ion.  Thus, t h e  degree o f  r a r e  e a r t h  o x i d e  c o n t e n t  a f f e c t s  

g r e a t l y  t h e  ca ta lys t .per fo rmance.  e 

As shown i n  Tab le  V t h e  f o u r  c a t a l y s t  samples have d i f f e r e n t  r a r e  

e a r t h  o x i d e  con ten t .  The c a t a l y s t  samples were d e a c t i v a t e d  w i t h  steam 

a t  1450•‹F f o r  10 h r s  and t hen  were t e s t e d  under t h e  same exper imenta l  

c o n d i t i o n s .  D e l t a  400 c a t a l y s t  t h a t  does n o t  have Re,03 shows l o w  

convers ion  whereas DA 300 w i t h  16 wt% Re,03 (on z e o l i t e )  shows h i g h e r  

convers ion .  There i s  a  s t r o n g  r e l a t i o n  between conve rs i on  and Re203 

con ten t  ( F i g u r e  8 ) .  

60 1 
0 

I b 12 is 
X Re203 on ZEOLITE 

FIG. 8: Reaction between the Re,O, content o f  the c a t a l y s t  and the 

feed conversion 

Coke y i e l d  i nc reases  s i g n i f i c a n t l y  f rom D e l t a  400 c a t a l y s t  t o  DA 

300. H i g h l y  exchanged r a r e  e a r t h  c a t a l y s t s  have t h e  d isadvantage o f  

h i g h  coke p r o d u c t i o n  (F igu re  9) .  The e f f e c t  o f  r a r e  e a r t h  ox ide  c o n t e n t  

i s  shown more c l e a r l y  i n  F igu re  10, where t h e  coke y i e l d  i s  p l o t t e d  as 
a f u n c t i o n  o f  Re,03 a t  s tandard  conve rs i on  73 wt%. O l e f i n i c i t y  r a t i o s  

C3=/C3 and C,=/C, a re  a l s o  a f f e c t e d  by t h e  r a r e  e a r t h  con ten t .  The r a t i o  

o f  o l e f i n s  t o  t o t a l  p a r a f f i n s  f o r  C,'s and C,'s decreases w i t h  t h e  

i nc rease  o f  Re,03 (F igu re  11). As i t  was ment ioned t h e  r a r e  e a r t h  ox ides  
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i n h i b i t  dea lum ina t i on  and consequent ly  t h e  hydrogen t r a n s f e r  r a t e  

m a i n t a i n  h i gh .  So t h e  f o rma t i on  o f  o l e f i n s  i s  decreased. 

I 
12 Is 

X Re203 on ZEOLITE 

FIG. 9: The e f f e c t  o f  % Re20, on zeo7 i te  on coke product ion 

FIG 

I const .  conversion 73wtX l 
0 I I b 

X Re203 on ZEOLITE 
I2 Is 2 

10: Coke on feed as a func t ion  o f  Re20, on zeo7 i te  a t  constant 

convers ion 

The RON va lues  o f  t h e  gas01 i n e  produced, were c a l c u l a t e d  by  u s i n g  

t h e  model o f  Walsh and Mor t imer .  The t ype  o f  c a t a l y s t  and t h e  degree o f  
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Rare Earch Oxide c o n t e n t  i n f l u e n c e s  t h e  q u a l i t y  o f  t h e  g a s o l i n e .  As t h e  

Re,O, c o n t e n t  increases,  t h e  Research Octane Number decreases ( F i g u r e  

12).  

FIG.  11: Rela t ion  between the  Re20, content o f  the c a t a l y s t  and the 

0 7 e f i n i c i t y  r a t i o  

- 

90 

14X Re203 ZEOLITE 12 
16 20 

F I G .  1 2 :  Research' octane number of gasol ine as a  func t ion  o f  t h e  

Re20, content o f  the cata7yst 
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CONCLUSIONS 

Exper imenta l  procedures have been e s t a b l i s h e d  wh ich  can be used 

t o  e v a l u a t e  FCC c a t a l y s t .  As shown, t h e  cho i ce  o f  steaming/MAT 

procedures  s e l e c t e d  f o r  e v a l u a t i o n  o f  f r e s h  FCC c a t a l y s t  can a f f e c t  t h e  

c a t a l y s t  performance. As t h e  steaming tempera ture  and t h e  d u r a t i o n  

increases,  t h e  c a t a l y s t  l ooses  a c t i v i t y  t h a t  means t h a t  t h e  conve rs i on  

and t h e  coke y i e l d  decreases. 

The r a r e  e a r t h  ox ide  con ten t  a f f e c t s  a l s o  t h e  c a t a l y s t  

performance. The h i g h e r  t h e  Re,O, c o n c e n t r a t i o n  i s ,  t h e  c a t a l y s t  i s  more 

a c t i v e .  The f eed  conve rs i on  and t h e  coke y i e l d  i nc reases  b u t  

g a s o l i n e  produced has l owe r  Research Octane Numbers. 
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SUMmRY 

Cadmium(I1)-thiosemicarbazide-glycine binary and ternary complexes 
were investigated voltammetrically, cyclic and differential pulse 
meihods, at the isoionic point of glycine in aqueous solutions at 0.1 m01 
1 NaCl%. Composition and stability of the complexes formed in solution 
are determined using POLAG computer program. It was found that, Cd(I1) 
forms a 1:3 binary complex with thiosemicarbazide, while in the ternary 
system, it gives "a mixture of 1:l:l and 1:2:2 (Cd:gly:tsc) mixed ligand 
complexes. The ternary complex species are found to have higher 
stabilities than the binary one. The equilibria exist in solution mixture 
of the three components are discussed. 

Key words:Voltammetry, cadmium(II), thiosemicarbazide, glycine, ternary 
complexes, equilibria, stability. 

INTRODUCTION 

Many solid binary complexes of cadmium(I1) with thiosemicarbazide are 

known! Few workers have determined the stability constants of these 

complexes. Owing to the weak basicity of thiosemicarbazide, its binary 
2-6 

complexes have -been studied polarographically. Although, cadmium(I1) 

ternary complexes involving the ligand are rare, an investigation on 

complexes of thiosemicarbazide and thiosulphate has been recently 
6 

reported. 

In the present investigation, a detail study is performed on the 

binary and ternary complexes of cadmium(I1)-thiosemicarbazide - glycine 

at the isoionic point of glycine. The overall stability constants and 

composition of the complexes liable to form in solution are calculated 



from the differential pulse voltammetric data using the 

approximation-free POLAG computer program? The binary complexes of 

Cd(I1)-thiosemicarbazide are reinvestigated at such conditions. 

All reagents used (sodium perchlorate, cadmium(I1) nitrate, 

thiosemicarbazide, glycine) were of AnalaR (B.D.H. or Merck) grade. Fresh 

stock aqueous solution of 0.10 m01 1 - 1 ~ a ~ 1 0 4  was prepared by dissolving 

the salt in carbon dioxide-free bidistilled water. Fresh 

thiosemicarbazide and glycine stock solutions (0.10 and 2.00 m01 I-', 

respectively) were prepared from the fresh electrolyte solution (0.10 

m01 1-l NaClO ) on the same day that measurements were performed. Stock 
4 

solution (0.10 m01 1-l) of cadmium(I1) was prepared by dissolving cadmium 
8 nitrate in the electrolyte and it was titrated. 

Differential pulse and cyclic voltammograms were taken using an EG & 

G PAR model 364A Polarographic Analyzer. The measurements were carried 

out using a conventional three electrodes configuration. An EG & G PAR 

model SMDE 303 mercury-drop system in small dropping mbde was used as 

working electrode. The electrode area was 1.05~10-~cm~ ~ h k  reference 

electrode was Ag/AgN03 (0.01M) electrode in 0.10 m01 1-I sodium 

perchlorate aqueous solution. An 1.0 cm2 platinum foil was. used as 

axili$ry electrode throughout the experimental work. For differential 

pulse voltammetric experiments a drop time of 1.0 S, a sweep rate of 2.0 

mV/s, and pulse height of -25.0 mV were used. Solutions were purged with 

pure nitrogen before to take the measurements and an atmosphere of 

nitrogen was maintained above the working solution. The pH's of all 

solutions were adjusted using perchloric acid (0.1 m01 l-')and sodium 

hydroxide solutions (0.1 m01 I-') at 6.10. 

Calculations were performed using POLAG Computer Program on IBM S/2 

Compucer . 

RESULTS &D DISCUSSION 

It was demonstrated that, the POLAG Program is applicable tc 

equilibria of the type: 

d + n L  E== %Ln ; m,n = 1 , 2 ,  . . . .  m=2, N 
as well as 

+ nL + ?L1 ==S FqnLnLt ;m, n, p = 0,1,. .  . . 2 , N ( P )  
P 
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whether or not the data are dependent on pH. 

It has been noted earlier that, the most common method of extracting 

stability constants from polarographic data employs the approach detailed 
9,lO by DeFord and Hume. The method is based on the following equations: 

where E and E are the half-wave potentials for the u n ~ o ~ ~ l e x e d  
'1/2(~) 

and complexed metal ion, respectively; Id% and Idc are the diffusion 

currents of the uncomplexed and complexed metal ion; C is the analytical 

concentration of the ligand and P is the overall stability constant of 

the Nth complex. 

It is often advantageous to use a second ligand to provide 

competition for the metal ion. In this situation the method of Schaap and 

McMasters '''l2 is used. 

The exact form of equation (2) is: 

F = 1 + [LIP1 + [L]~P~ + . . . . [L]"P, ( 3 )  

which is derived from: 

F = CH/[Ll ( 4 )  

POLAG is a non-linear least-square iterative program that seeks to 

minimize U, the sum of squares of the residual, i.e., 

where N is the number of data points; Fobs is given by equation (1) and 

represents the experimental data; Fcalc is obtained from equation (4). 

The values of Fcalc depend on the particular combination of m, n and p 

and the values of Pmnp. Therefore, various equilibrium models may be 

fitted to the polarographic data simply by changing the input data values 

of m, n and p together with appropriate value of P . 
m w  

Voltammograms of cadmium(II), cadmium(I1)-glycine and cadmium(I1)- 

glycine-thiosemicarbazide solutions in 0.1 m01 I-' .sodium perchlorate at 

the isoionic point of glycine are recorded at 298K (c.f.Fig. 1). The 
13 

isoionic point is at pH= (pK,, + pKa2)/2, (2.43 + 9.80)/2 = 6.10. 

Cadmium(I1) is reduced electrochemically at the dropping mercury electrode 

in binary and ternary systems showing a single diffusion-controlled 

two-electron wave. The voltammetric wave is found to be reversible. This 



is clearly revealed from the shape of the cyclic and difserential pulse 

voltammograms. E' - E' = 30c1.6 mV (where E' and EC are the peak current 
P P 

potentials of the anodic and cathodic scans,,p r e ~ ~ e l t i v e l ~ ? ~  The anodic to 

cathodic peak current ratio, ia/ic, reaches unity and E - E amounts to 
P P P P/Z: 

29+2 m d 4  Furthermore, the peak current potentials do not shift on 

increasing the sweep rate in the entire range of investigation. Moreover, 

the half peak width, wlIz, of the differential pulse wave is found to be 

52*2 mV. The diffusion-controlled nature of the reduction wave is 

established from the linear variation of the peak current, iC, with the 
112 14 square root of the sweep rate, v. 

I-Cadmium(I1)-Thiosemicarbazide Binarv Svstem: 

Simple system of cadmium(I1) with thiosemicarbazide, tsc, is 

investigated to evaluate the composition and overall stability constants 

of the complexes liable to form at such conditions. The differential pulse 

voltammetric peak current potential of Cd(I1) ion in 0.1 m01 1-l NaClO,, 

aqueous medium at pH 6.1 is -0.588 volt versus Ag/Ag: The E does shift to 

more 'negative values in the presence of successive amounts of 

thiosemicarbazide indicating complex formation. 

The overall formation constants, log P ,  quoted are generally for the 
complex species [Cd.(t~c)~H~ ] , [Cdm(tsc),(OH) ] and [Cd, (tsc),] . It is 

found that, the hydrogen, hydroxo- and binuclear complex species give high 
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yalues of the sum of squares of the residual, U(equation S), and ~.le 

refinement of the input data is futil.. Hence, only simple complexes 

[Cd(tsc) ] have to be considered. On the other hand, when only the species 
n 

[~d(tsc)~]f+ where n = 1,2,3 and 4, are considered, the best statistical 

fit gives low values of U. According to the statistical output, (the 

values of U, a,,,, and s(log P ) ) ,  the most likely model of species for the 
cadmium(I1)-thiosemicarba~id~ binary system is the presence of a 

2+ 
[~d(tsc)~]~+or [Cd(t~c)~] binary complexes (c.f. Table 1). According to 

Toropova and ~aimushina~ that, thiosemicarbazide in the pH range of 5-7 

acts as a NS bidentate ligand with cadmium(II), one can conclude that the 

most possible complex liable to form in the subject binary system is 

[~d(tsc)~]t+ An agreement between the estimated stability constant for the 

subject system and those from the studies carried out previously3'4'6 is 

observed. The slight deviation is due to the difference in the type and 

ionic strength of the supported electrolyte. 

TABLE 1: Overall stability constants for the binary system of 

cadmium(I1)-thiosemicarbazide at 25'~ and I=0.10 m01 1-I NaC104 at pH=6.1. 

Complex log pfs 

a-ref. 6, b-ref. 4, c-ref. 3. 

11-Cadmium(I1)-Glvcine-Thiosemicarbazide Ternarv Svstem~ 

On the addition of glycine, gly, to the cadmium(I1)- 

thiosemicarbazide, tsc, binary system, its peak current potential, 
EP' 

does shift to more negative potentials greater than in the presence of tsc 



alone. This is indicative of the formation of ternary complex. The 

stoichiometries and overall formation constants of the formed complexes 

are estimated on trying various possible composition models, 

[Cdmglyntsc H.], [Cdmglyntsc (OH).] and [Cd gly tsc ] using POLAG program. 
P J P J  m n P 

The hydrogen, hydroxo- .and binuclear complexes exhibit high statistical 

output values indicating that only the simple [Cdglyntscp] ternary 

complexes have to be tried by POLAG program. On the other hand, on 

considering only the simple ternary complexes, the best fit of data gives 

low statistical output (values of U,uDATA and s(1ogp) ) and the other 

models with high statistical output are rejected. The data obtained are 

tr(l'egeTiQd in Table 2. It is found that, the most possible model is the 

model 5, which represents the presence of both [Cd gly tsc] and [Cd 

gly tsc ] ternary species according to the values of U, U 
2 2  D A T A '  

and s(log 

8 ) .  

TABLE 2: Overall stability constants for the ternary system of 

cadmium(I1)-glycine-thiosemicarbazide at 298K and I=0.10 m01 I-' NaC104 at 

pH = 6.1. 

Complex log p+s 105 U 
10, U ~ T A  

The apparent stabilization of ternary complexes may be expressed on 

comparing the difference in the stability (A log K) for the reactions MA 

+ B and M + It corresponds to the following reaction: 

2 Cd gly, + 2 Cd tsc3 * 3 Cd gly tsc + Cd 
2 2 (6) 

Hence, 

A log K = 3 log p 
Cd g l y  t s c  - log 'Cd glyJ - log PCd t s c  

, 2 2  - 3 ( 7 )  

The computed value of A log K is +10.919. This demonstrates that, the 

ternary complex [Cd gly tsc ] shows significant ~tabilization. 
2  2 
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The results of the subject system and the binary one are summarized in 

Scheme 1, where log p of the steps is indicated. It is revealed from the 
Scheme that, the tendency of [Cd gly3]- or [Cdtsc312+ to add the second 

ligand, thiosemicarbazide or glycine can be compared. The log p values are 
6.729 and 2.775 for the addition of thiosemicarbazide and glycine, 

respectively. This indicates that, the mixed ligand ternary complex 

formation is favored. 

1.360 

0.780 0.580 
[cd2+] - [cd @YI+ ------ [cd gl~,l- 

/ 
11763. 309 2 7 2 9  

[Cd tsc] '+------1 [Cd gly2tsc2] 

li.314 11798 

-+ [Cd tsc312+ 

Scheme 1 

From the estimated overall stability constants for the ternary 

complexes, the percentage concentration, a, of each of the components 

present in the mixture of cadmium(II), thiosemicarbazide and glycine is 

calculated. On plotting a values as a function of thiosemicarbazide 

concentration, a distribution of the metal ions, [Cdglytsc] and 

[Cdgly2tsc2] species is obtained. Typical graphs are illustrated in 

Pig. 2. It is revealed that, (Cdglytsc) species increases on 

increasing the concentration of the ligand and gets a maximum, a = 

'4.6%, at [ligand] = 0.02 m01 1:' On the other hand, the 

Cdgl~~tsc~l complex develops at [ligand] = 0.004 m01 dm;3 a=1.7% and 

ncreases at the expense of the other one on increasing the concentration 

f the ligand. 
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F I G .  2 .  D i s t r i b u t i o n  graph f o r  the t e r n a r y  s y s t e m ,  

B o A r a r r u t r p L ~ f i  p & A k r q  T P L C ( ~ L K ~ V  o u p n 1 \ 6 ~ u v  K a 6 p i 0 ~  - 8&  L O ~ E ~ L K C ( ~ -  

6 a T ~ 6 L o u  - v h u ~ l v q c  

M&h&r f i 8qKav  r a  6 u a 6 ~ ~ b  KaL T P L ~ ~ L K &  o b p n h o ~ a  TOU ~ a 6 p i o u  ( 1 1 ) -  

8 e ~ o o & ~ ~ ~ a p ~ a ~ ~ 6 i o u - -  V ~ U K ~ V ~ S  ~ p q o ~ p o n o ~ h v r a ~  ~ L C  p ~ 0 6 6 0 u c  r q S  

K U K A L K ~ ~ ~  KaL 6 L a Q 0 p L K f i ~  n a h u ~ ~ f i c  B o A r a p u ~ r p ~ a ~ ,  010 L ~ O ~ ~ E K ~ P L K ~  

o q u e i o  t q c  y h u ~ i v t l g  o&  u 6 a r ~ ~ 6  6 ~ a h 6 p a r a  0 .1  n o 1  r' NaClO H o b -  4' 
o r a o q  KaL q  o r a 8 e p 6 r q r a  r w v  o x q p a r ~ o 8 k v r w v  o r o  6 ~ 6 A u y u  u u p n h 6 ~ w v  

n p o o b ~ o p ~ o 8 q K ~  x p q o ~ u o n o ~ h v r a ~  r o  n p b y p a p u a  p O ~ A G . E u p k 0 q  6 - c ~  To 

C d ( I I )  o x q p a r ~ < & ~  6 v a  1 : 3  6 u a 6 ~ ~ 6  obpnAoK0  p&  ~ & L O O E ~ L K ~ ~ ~ ~ < ~ ~ L O ,  

E V ~  o r 0  T P L ~ ~ L K ~  o b o r q p a ,  n p o ~ b n r e ~  t v a  y i y p a  o u a r 6 o c w ~  1 : l : l  

K ~ L  1 : 2 : 2  ( C d : g l y : t s c )  a v a ~ o p ~ ~ &  y e  r o u ~  u n o ~ a r a o r & r ~ ~  r w v  o u u n h b -  

~ u v . T a  r p ~ a 6 u c 6  obpnAoKa c u p k 8 q  6 r ~  k ~ o u v . u & y a A 6 r e p q  o r c 8 ~ p b r q t a  

a n b  t a  b u a 6 ~ ~ 6 . E n L o t - 1 ~  6 L ~ p ~ u v f i 8 q K a v  O L  ~ o o p p o n i ~ ~  n o u  u ~ i o t a v r a ~  

oe  u i y u a t a  6 ~ a A u p & r w v  r w v  r p ~ h v  a u r h v  o u o r a r ~ ~ h v .  
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SHORT PAPER 

USE OF BRIJ-35 I N  PHOTOGALVANIC CELL FOR SOLAR ENERGY 
CONVERSION AND STORAGE : METHYLENE BLUE-EDTA s Y S ~  

Suresh C. Ameta, M i s s  Sadhna Khamesra, M i s s  Anita Lodha 
and K.M. Gangotri 

Department of Chemistry, University College of 
Science, Sukhadia University, Udaipur 313001, India 

(Received October 9, 1989) 

S U M M A R Y  
___I 

Photogalvanic e f fec t  was studied i n  a photogalvanic cell 
containing methylene blue ethylenediaminetetraacetic acid, 
B r i  j-35 a s  a photosensitizer, reductant and surfactant,  
respectively. The photopotential and photocurrent genera- 
t e d  by t h i s  system were 694 mV and 20 r;lA respectively. 
Ef fec t  of  d i f f e r e n t  parameters on the  electrical output 
of t h e  cell was observed and current  voltage characteris-  
tics of the  c e l l  has a l s o  been studied. 

Keywords:Photogalvanic cel1,Solar energy conversion,Methyle 

blue, EDTA. 

I EJTRODUCTION 

Photogalvanic e f f e c t  was first reported by Rideal 
1 

and W i l l i a m s  b u t  it was systematically investigated by 
2 

Rabinowitch . Late r  on t h i s  type of work was followed by 

various workers a l l  over t h e  ~ o r l d ~ - ~ ~ .  Hoffman and 

~ i c h t i n "  discussed t h e  various problans associated with 

the  growth of t h i s  f ield.  

A ca re fu l  l i t e r a t u r e  survey shows t h a t  no a t tent ion 

has been paid t o  the  use of rnicelles i n  photogalvanic c e l l  

for s o l a r  energy conversion and therefore, .  t h e  present 

work was undertaken. 

EXPERIMENTAL 

Methylene blue (BDH) , EDTA (EM'GR' ) ~ r i  ~ - ~ ~ ( s I G M A )  

and sodium hydroxide (sD's) were used in  the  present work. 

A l l  t h e  solut ions  were prepared i n  doubly d i s t i l l e d  water. 



A mixture of solutions of sodium hydroxide, EDTA, Brij-35 

and dye was taken i n  a H-type cel l .  Saturated calomel 

electrode (SCE) was dipped in  one limb of the  c e l l  and 
2 platinum e k e c t r ~ d e  (1x1 c m  ) i n  the  other. 'The c e l l  was 

kept i n  dark t i l l .  it reaches a s table  value (dark potential  

= -125.0 mV) . The platinum electrode was illuminated with 

a 200 W tungsten lamp and the limb containing SCE w a s  kept 

in  dark* The potential  of c e l l  r i s e s  on illumination and 
reaches a s tab le  value at -819.0 mV, A water f lblter was 

used fo r  cut t ing infra-red radiations, 

The photochemical bleaching of methylene blue was 

studied potentiometricall yi Digital  pH meter (Systronics 

Model 335) and multimeter (Systronics Model 435) were used 

t o  measure the  photopotential and photocurrent generated bp 

t h e  system MB/EDTA/OH-/~urfactant/h 3 , respective1 ye 'Phe 

i - V  character is t ics  of the cell was observed using an 

external load (log 500 K), 

RESULTS AND DISCUSSIQNS 

Dependence of e lec t r ica l  output on the concentration 

of surfactant was studied and resu l t s  a r e  reported i n  

t ab le  

:NB] E 

pH = 

1. 

2.00~1 0- 5~ C EDTA I =. 2.2 5~10-~61 

11.5 Intensi ty  = 10.4 m ~ c r n - ~  
Temperature = 303 K 

C ~ r i  j-3 51 x10't.I Photopotential Photocurrent 
( m v f  (F) 
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It is c l e a r  from t h e  t a b l e  t h a t  t he re  is an increase  

i n  electrical output  of t h e  cell with t h e  inc rease  i n  the 

concentrat ion of su r f ac t an t  reaching a maximum value (cone. 

CMC). A f u r t h e r  increase  i n  t h e  concentrat ion of  su r f ac t an t  

r e su l t ed  i n t o  a f a l l  i n  e l e c t r i c a l  output. 

The charge on t h e  dye-surfactant  system may p l ay  a 

deciding r o l e  regarding t h e  p robab i l i t y  of photoe j ec t ion  of  

electrons.  The neu t r a l  micelle like Brij-35 w i l l  p l ay  a 

boarder  r o l e  between anionic and c a t i o n i c  sur fac tants .  

E f f e c t  o f  Var ia t ion  of pH 

The e l e c t r i c a l  output  of  t h e  cell was a f f e c t e d  by t h e  

va r i a t ion  i n  p H  of t he  system. The r e s u l t s  a r e  summarised i n  

t a b l e  2. 

Table 2^ 

Ef fec t  of Variat ion of p H  

[RIB 3 = 2 , 0 0 x 1 0 - ~ ~  [EDTA] = 2 . 2 5 ~ 1 0 - ~ ~  

EBrij-351- ~ . O O X I Q - ~ M  I n t e n s i t y  1 10.4 an~cm- 2 

Temperature = 303 K 

Photopotential  Photocurrent  
(mV) (PA) 

The e l e c t r i c a l  output  of t h e  cell was found t o  increa- 

s e  on increas ing  the  pH values reaching a maximum a t  pH = 
11.5. A f u r t h e r  increase  i n  p H  r e su l t ed  i n t o  a f a l l  i n  

photopotential  and photocurrent. I t  was observed t h a t  t h e  

pH f o r  t he  optimum condit ion has a r e l a t i o n  with pKa of t h e  

reductant  and t h e  des i red  pH i s  s l i g h t l y  h igher  than i ts  pKa 

va lue  (p~)pKa) .  The reason may be the  a v a i l a b i l i t y  of reduc- 

t a n t  i n  its anionic form which is i t s  b e t t e r  donor form, 
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Effect of Variation of Dye Concentration 

The e f fec t  of variation of dye concentration of e lectr i -  

cal output of the c e l l  was also studied and resul ts  a re  given 

in  tab le  3. 

Effect of Variation of MB Concentration 
5 [ ~ r i j - 3 5 1  = 2.00~10- M E D T ~  = 2.2 SXIO-~M 

pH 11.5 Intensi ty  = 10.4 m~cm-~  
Temperature = 303  K 

LMB ] x 10'~ Photopotential Photocurrent 
(mv) (1.1~1 

Lower concentration of dye resulted into a f a l l  in  

e l ec t r i ca l  output because l e s s  number of dye molecules are  

available for  the excitation and consecutive donation of the 

electrons to  the platinum electrode. The large concentratfan 

of'dye again resnlted in to  decrease in  e lec t r ica l  output as  

the  intensi ty  of l i g h t  reaching the dye molecule near the 

electrode decrease due t o  absorption of major portion of l i gh t  

by dye molecules present in the path. 
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Effect of Variation of Reductant Concentration 

Dependence of photopotential and photocurrent on the 

concentration of EDTA was observed and resu l t s  a re  s m a r i -  

sed in  t ab le  4. 

Table 4 

Effect of Variation of EDTA Concentration 

[MB] = ~: .OOXIO-~M Intensi ty  = 10.4 m~cm- 2 

[ B r i  j-35]= 2.00~10-h p H  = 11.5 

Temperature = 303 K 

L EDTA] x I O ~ M  Photopotential Photocurrent 
(mv) (m) 

The decrease i n  EDTA concentration resulted into  a 

f a l l  i n  e l ec t r i c a l  output because l e s s  number of reductant 

molecules a re  available f o r  electron donation t o  dye mole- 

cules. The la rge  concentration of EDTA a lso resulted into  

a decrease in  e lec t r ica l  output because the large number 

of reductant mcrlecules may higher the dye molecule t o  

reach the electrode i n  the  desired time l i m i t .  

Effect  of Diffusincr Path Lenath 

The e f f ec t  of variation of diffusing path length on 

the current parameters of the  c e l l  was studied using H- 

c e l l  of di f ferent  dimensions. The resul ts  a re  reported in  

table  5, 



Table 5 

E f f e c t  of  Diffusina Path Length 

CMB I = 2,00x10-% [ EDTA] = 2 . 2 5 ~ 1 0 - ~ ~  

~ r i j - 3 5 J r  2.00x10-~~ I n t e n s i t y  = 10.4 m~m- 2 

pH = 11.5 . Temperature = 303 K 

Bif•’using pa th  Maximum Equilibrium Rate of i n i t i a l  
l e n g t h  photocurrent  photocurrent  generat ion of 

DL intax i c u r r e n t  
hm) W) (p rnin-'1 

It  was observed t h a t  t h e r e  is a sharp increase  Pn 

photocurrent  ( fmax) i n  t h e  f i r s t  few minutes i l luminat ion  

and then t h e r e  is a gradual decrease t o  a s t a b l e  va lue  of 

photocurrent.  This photocurrent  a t  equil ibrium is represen- 

t e d  a s  i 
€2 q" 

This kind of behaviour of photocurrent  

i n d i c a t e s  an i n i t i a l  r ap id  r eac t ion  followed by a slow rate 

de temin fng  s t e p  a t  a l a t e r  stage. 

On t h e  b a s i s  of  t h e  effect o f  d i f fus ion  length  on t h e  

c u r r e n t  parameters o f  t h e  c e l l ,  it may be  concluded t h a t  

leuco  and semi reduced f o m  of t h e  dye and t h e  dye i t s e l f  

a r e  t h e  main e l ec t rode  a c t i v e  spec ie s  a t  t h e  i l luminated  

and aark e lec t rodes ,  respect ively.  However, t he  reductants  

and i ts  oxid ised  products  behave a s  t h e  e l ec t ron  c a r r i e r s  

i n  t h e  c e l l  d i f fus ing  through t h e  path, 

E f f i c i ency  and Performance of t h e  C e l l  

The open c i r c u i t  vol tage  (Voc) and s h o r t  c i r c u i t  

c u r r e n t  (is=) of  t h e  p h ~ t o g a l v a n i c  cell were measured with 

a multimeter(keeping t h e  c i m u i t  c losed) ,  respect ively,  

The c u r r e n t  and p o t e n t i a l  values i n  between these two 

extreme values (voc and isc) were recorded with t h e  he lp  
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of a carbon p o t  ( log  500 K) connected i n  t h e  c i r c u i t  of 

multimeter through which an ex te rna l  load  was applied. 

X t  was observed t h a t  t h e  k V  curve of t h e  cell  devia- 
ted frora P t s  i d e a l  r egu la r  rec tangular  shape. A p o i n t  i n  

%-V curve c a l l e d  power p o i n t  (pp) is determined where t h e  

product  of p o t e n t i a l  and c u r r e n t  i s  maximum. The va lues  of 

p o t e n t i a l  and c u r r e n t  a t  power p o i n t  i s  represented a s  

V an8 i r e s p e c t i v d  y, with t h e  help of (1-V) curve, 
PP PP* 

t h e  f i l l - f a c t o r  and conversion e f f i c i ency  of t h e  c e l l  were 

determined a s  0.26 and 0,4060%, respect ively,  using fonnula- 

X P 
Conversion Eff ic iency  = .,. (2) 

10.4 h ~ c m  ) 

The p e r f o ~ a n c e  of t h e  c e l l  was s tud ied  by applying 

t h e  ex te rna l  load necessary t o  have c u r r e n t  and p o t e n t i a l  

a t  power point a f t e r  removing t h e  source of  l i g h t .  I t  was 

observed t h a t  t h e  cell. can be used i n  dask a t  i t s  power 

p o i n t  f o r  f o r t y  two minutes, 



The photovoltaic c e l l  cannot be used in  dark even 

fo r  a second whereas the photogalvanic system has an 
additional advantage of being used i n  dark, of course with 

lower conversion efficiency. 

klechanism 
The following tentat ive mechanism fo r  the  generation 

of photocurrent i n  photogalvanic c e l l  has been proposed as: 

Illuminated chamber 
MB h' i MB* .. (1) 

MB* + R MB- ( s e m i  o r  l e u c o ) + ~ +  .. (2) 

a t  Platinum electrode 

MB- ----f MB + e- . . ( 3 )  

Dark chambef 
MB + e ---"r MB- (semi o r  leuco) . . (4) 
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