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SYNTHESIS OF 4-0-g-NITROBENZOYL-3-N-TRI FLUOROACETYL-4-DEMETHOXY- 

-DAUNOMY C I N 
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SUMMARY 

A procedure for the preparation of 4-o-g-nitrobenzoyl-3-N-trifluormtyl-4- 
-demethoxy-daunornycin i s  described. It includes a 17-step synthesis of 4-dernethoxy- 
-daunomycinone, following a modified version of the Pappo and Garland technique; a 5-stm 
synthesis of the bromo derivative of 3-trifluoro-acetamido- 1 ,4-bis-o-B-nitrobenmyl- 
-L-daunosaminide and the coupling of theaglycone part with the protected form of the sugar 
i n  a one step procedure. 

Key words: daunomycin, daunornycinone, daunosamine, anthraquinone, Diels-Alder reaction. 

l NTRODUCT l ON 

Daunomycin i s  an anthracycline antibiotic which i s  used clinically for the treatment of 

various species' of human cancer. I ts biological activity involves an inhibition of the 

cellular DNA dependent replication and transcription p r m s e s .  

Daunomycin was f i r s t  isolated from the cultures of Streptomyces peucetius and 

Streptomyces coeruleorubidus in  the ~ a r r n i t a l i a ~ . ~ , ~ , ~  and Rhdne ~ o u l e n & ~  laboratories, 

respectively. Its mild acid hydrolysis affords the aglycone daunomycinone and the amino 

sugar daunosamine. 

Various procedures were developed for the synthesis of the aglycone part In most of them 

the key constructive step involves a Diels-Alder reaction while the synthetical route is 

mainly based on the use of quinizarin quinone. T h u s , ~ e n d  kt a18 described a synthetical 

a p p r w h  of (5)-4-demethoxy-daunomycinone on the basis of the chemistry of quinone- 

-isobenzofuran adducts; Kelly et a19 reported a synthetical procedure which is mainly 

consisted of a Diels-Alder reaction between quinizarin quinone and an appropriate 

chlorodiene, Garland and pappolo,' l suggested an effective route for the (+l-4-dernethoxy- 

-daunomycmone synthesis based on a Diels-Alder addition of the trans-4-( tr imethyl-si ly lb 



-2-acetoxy-l,3-butadiene with quinizarin quinone, while Broadhurst et a l l2  proposed a 

l l -step procedure based on a Diels-Alder reaction and using trans- l ,2-diacetoxy- l ,2- 

-dihydro-benzocyclobutene to give the appropriate diene in s i h  

Daunosamine, the amino sugar residue of daunomycin, i s  a 3-amino-2,3,6-trideoxy-L- 

-1yxo-hexose. Daunosamine hydrochloride was synthesized from L-rhamnal by March et a l l 3  

Conversely, N-acetyl-D-daunosamine and i ts  arabino isomer can be obtained from methyl- 

-3-acetamido-2,3-dideoxy-D-arabinohexopyranoside or i ts  &[>-lyxo-isomer, as Baer et a l l 4  

suggested. In addition, an interesting synthetical procedure of N-trifluoroacetyl-L- 

-daunosamine was proposed by Fronza et all5, starting from cinnamaldehyde, formaldehyde 

and commercial bakers' yeast. 

In order to obtain the desired anthracycline, the connection of the aglycone part with the 

amino sugar i s  desired. Coupling the ( + 1-demethoxy-daunomycinone with the l -chloro-3- 

-N,4-o-bistrifluoroacetyl-daunosamine, following the Koenigs-Knorr method, mixtures of&- 

and 4- glycosides were obtained. On the other hand, under similar conditions, using the 

4-0-Q-nitro-benzoyl-derivative, the d-glycoside was exclusively produced16, 

MATER l ALS AND METHODS 

The synthesis of 4-demethoxy-daunomyc~none, I, was achieved following a modified 

version of the Pappo and Garland technique in  17 steps. The key step involves a Diels- 

-Alder reaction between E- I -trimethyl-sllyl-3-acetoxy- l ,3-butad~ene, 2 and quinizarin 

quinone, 3 

Briefly , the preparation of the butadiene comprises the following stages: 

(a) reaction of pure butyn-3-01 with freshly prepared ethyl magnesium bromide in  

THF; 

(b) addition of chlorotrimethylsilane; 

(c) removal of the trimethylsllyl substituent by aqeous HC1, that provides the 

colourless stable 011, 4, 

(d) partial hydrogenation that affords the &-olefin, 5; 

(e) oxidation of compound, 5; 

( f )  isomerization of the double bond by acidic acid methanol; 

(g) addition of water followed by extraction with diethyl ether that provldes the 

enone, 6, and 

i h) addition of anhydrous isopropenyl acetate resulting to the butadiene,2 

On the other hand, quinizarin quinone was obtained by oxidizing commercial quiniza?in 

with lead tetraacetate in  acetic acid, method of Dimroth and ~ i l i k e n ' ~ .  Diels-Alder addition 
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of the butadiene to the quinizarin quinone gave the cycloadduct,, 7' Catalytical hydrogenation 

and ethyl acetate treatment were applied to, 7. leading to the tetracyclic leucoquinizarin. 

Further methanolysis of the v iny l  acetate moiety i n  the latter compound gave an acetal 

which was hydrolysed to a ketone. The ketone was ethynylated at i t s  C-9 position providing 

an isomeric mixture, which mainly consisted of the c arbinol, B The carbinol was acetylated 

using isopropenyl acetate and the resulting 3-acetoxy derivative was subsequently oxidized 

wi th  lead tetraacetate. The quinone diketone produced was treated wi th  a saturated solution of 

potassium acetate i n  acetic acid and then dry  KF was added, followed by reduction w i th  

sodium metabisylphite. The resulting acetate was hydrolysed wi th  mercuric chloride, aniline 

and water i n  refluxing benzene, using the Stanley method. Further acid hydrolysis in 

aqueous isopropanol produced f inal ly ( + 1-4-demethoxy-daunomycinone, i: 

The amino sugar was prepared from the commercially available methyl-L-daunosamine 

hydrochloride following hydrolysis w i th  dilute HCl, treatment w i th  an excess of tr i f luoroa- 

cetic anhydride and addition of aqueous THF. The obtained sugar was protected by adding two 

equivalents of Q-nitrobenzyl chloride. The desired bromo derivative, .g of the protected sugar 

was prepared by using hydrogen bromide gas. 

The final coupling of the aglycone pa r i  w i th  the sugar, was carried out by adding a 

solution of, 8 i n  CH2C12 to a mixture of 4-demethoxy-daunomycinone, water, mercuric 

bromide and dichloromethane. 

EXPER i MENTAL 

P r e p a a i i v ~  o f  { ~ j - L T - m i o ~ ~ -  I., 4,40(.,~, I&,& teira4vJro- & i r ? m e i ~ y / - ~ i 4 ~ + - ~ ,  6, I I, !L7- 



1,4,9,10-Anthracenetetrone (8.979, 37.7mmol) was added to d ry  benzene (250ml)  under 

an argon atmosphere. Freshly prepared E- 1 -trimethyl-silyl-3-acetoxy- 1,3-butadiene (5.49, 

24.4mmol) was added and the mixture was s t i r red  for 4 days at 5S•‹C. After s t i r r i ng  

overnight cyclohexane (25ml)  was added, and the mixture was chilled at 10•‹C to give 

(2)-3-acetoxy- l ,4d,a, l2d,a-tetrahydro- 14- t r imethy~s i l~ l -5 ,6 ,  l 1 ,12-naphthacenetetrone, i: 
as (plden tan crystals (9.89, 79%); m.p. 1960- 1 9 ~ ~ ;  ~ ( c D c ~ )  8.05-8.15 (2H,m), 7.80- 

-7.90 (2H,m), 5 .48 ( l H , b r  S), 3.75 (lH,dd,J5 and 5Hz), 3.44-3.57 ( IH,~), 2.19-2.53 

(2H,m), 2.10 (3H,s), 1.86-1.94 ( lH,m), and 0.2 (9H,s); v,,, 2950, 2920,  2850,  

1740, 1720, 1705, 1655, 1590, 1460, 1370, 1270, 1245, 1210, 11 10  and 840cm-l. 

Pr eparaf~bn o f  4-U-p-nifrobenmyl-3-N- f r i f luorme(v I -  4-&mefhoxy-&umm ycin 

4-Demethoxy-daunomycinone (22.5mg), water (0.0 1 ml) ,  mercuric bromide (4.70mg1, 

molecular sieves 3A (94.1 1 mg) and dichloromethane (0 .94ml)  were s t i r red  at room 

temperature. The protected sugar was dissolved i n  CH2C12 (0.47ml) and hydrogen bromide 

was bubbled-through the solution fo r  4min. The mixture was s t i r red  for 20min., at r . t . ,  i t  

was fi l tered under N2 funnel and the solid produced was washed wi th  methylene chloride. 

The sohd was dried i n  a desicator 6ver potassium or sodium hydroxide i n  a pump for 

30min. The residue was dissolved i n  methylene chloride (0.47ml) and dried molecular 

sieves 3A (918.82mg) were added. The mixture was add4 dropwise to the s t i r r i ng  mixture 

3f daunomycinone, at r . t . ,  wi th in 45min., and wi th  external bath cooling. The ice bath was 

removed and the s t i r r i ng  was continued for 1 hour at r.t. The mixture was washed wi th  

watet and dried over magnesium sulphate. The drying agent was removed by f i l t rat ion while 

rhe solvent was removed under vacuum to give 4-o-p-nitrobenzoyl-3-N-trifluoroacetyl-4- 

-demethoxy-daunomycin, 10, i n  a mixture w i th  other compounds, which was separated by  

chromatography (8.82mg, 21 %); m.p. 17 1•‹C- 175OC; v,,, 3950,  3860, 2050  and 

RESULTS AND DISCUSSION 

Of the in i t ia l  stages of the overall pracedure, the formation of the &-olefin, ,5; by a 

sartial hydrogenation of the compound, C was the reaction that required more attention. The 

hydrogenation was carried out i n  benzene using Pd on BaSOq. Further reduction of the 

resulting double bond to a single one was avoided by using a sma1l.amount of quinone as a 



poisoning agent. Qnversely, the freshly prepared ,&-olefin was immediately separated from 

the catalyst, i n  order to avoid a probable isomerizatlon of the double bond that would 

produce a ketone 

Characterizing the &-ol&in bv n.m.r. studies it was found that the two hydrogen atoms 

of the double bond showed their signals at 6 5.60 and 6.25, the hydrogen of the hydroxyl 

.group at 6 2.2. while the methyl group gave a doublet at S 1.25. The nine protons singlet at 

6 0.15 corresponded to the t r imethy l~s i l y l  group. 

The Diels-Alder reaction was based on a freshly prepared diene. This was necessary as the 

diene, 2 was not especially stable even in  the presence of radical inhibitors. Studying this 

diene by n.m.r., it was shown that the two protons at C- l  gave their signals at 6 4.8-5.0, 

the two olefinic protons at C-3 and C-4 appeared at 6 6 3 and 5.8 and were coupled with a 

coupling constant of 20H2, the three protons of the acetyl group appeared to be a singlet at 

6 2.2 and the nine protons of the trimethylsilyl group a singlet at 6 0.1. The Diels-Alder 

Peaction was mild. Thus, it was carried out i n  dry benzene, at 50% under a dry argon 

atmmphere, over 5 days. 

The c y c l d u c t ,  7 was obtained as pale golden tan crystals in  a yield directly dependent 

upon the quality of the diene. In  general, yields of 84% were achieved. The n.m.r. spectrum 

of the cycloadduct showed that the two protons at C-6' and C- 10' occurred at 6 3.75 and 

6 3.44-3.57, the two protons at C-10 appeared at 6 2.29-2.53, the three protons of the 

wtyl group gave a singlet at 6 2.10, the three protons of the trimethylsilyl group a singlet 

at 6 0.2 and the proton at C-7 gave a stnglet at 6 1.86- 1.94. 

During the preparation of the ammo sugar, the thermal labil ity of the various derivatives 

of the sugar required removal of the solvents at temperatures as low as possible. 

On the other hand, 'H n.m.r, studies of the sugar derivatives were obtained in  d-DMSO 

solution, due to their insolubility i n  other commonly used solvents. The final coupling of the 

protected sugar wlth the aglycone part was successfully completed, through a comparatively 

easlly achieved reaction, glving 4-o-Q-nitrobenmyl-3-N- trifluoroacety l-4-demethoxy- 

-daunomycin, IQ i n  a mixture with other minor compounds. 

flEPI AHWH 

Fl~pi l (pa@~ra[  p i a  p ~ 3 0 6 0 g  napaoKEung snc Evwcrnc 4- o-Q-vt tpo$~v~oui fo-  3-N- 
~ ~ ~ @ ~ ~ ~ o ~ K E ~ u ~ o - ~ - ~ ~ ~ € ~ o ~ u - ~ u o u v o ~ ~ K ~ v ~ .  H pi9060c a u n j  n ~ p [ i i a p $ a v ~ [  spia pfpn 
( a ~ o u v 9 ~ o n  xnc i v w 6 n c  4-6~p~9o~u-6aouvo~i~ivovn m 17 6~a61.a a ~ o i f o u 9 w v t a ~  p i a  
T E Y V L K ~ ~  nou a n o r ~ i i ~ i  Tpononoicrn tnc r q v i ~ r i g  T W V  Pappo Kai  Garland, (p)  n a p a o ~ ~ u r j  



EOU ppwpiolixou napaxwxou tou 3- t p 1 ~ 9 0 p 0 - ~ ~ € ~ ~ ~ 1 6 0 -  1,4-61-a-a-vtrpop~vl;ou~o- 
-L-6aouvooapivt6iou 5 crrra6ia Kat (8) cru@uF;n sou ~@JKOU p&~oug p €  r o  
I ~ O O T I ~ T I E U ~ € V O  n a p a x w ~ o  rou o a ~ x a p o u  p €  pi3060 ~ v o g  ora6iou. 

ACKNOWLEDGMENTS 

I would l ike to thank Prof. S.V. Ley for his assistance, guidance and interest through the 
iwurse of this research. 

REFERENCES 

1. Sakellariadou, F., D.I.C. Thesis, Imperial College, University of London, Sym'hes~s of 
(3-Daunomycin, p. l 1 8, London ( 1983). 

2. Di Marco, A., Gaetani, M., Oregii, P., Scarpinato, B.M., Silverstrini, P., Soldati, M., 
Dasdia, T. and Valentini, L, &tun?, 201, 706 ( 1964). 

3. Di Marco, A., Gaetani, M,, Dorigotti, L., Soldati, M. and Bellini, O., Turnor6 49, 203 
( 1963). 

4. Di -Marco, A., Soldati, M., Fioretti, A. and Dasdia, T.,  7i/mon; B, 235 ( 1963). 
5. Dorigotti, L., Tumor~; 50, 1 17 ( 1964). 
6. Dubost, H., Ganter, P,, Maral, R., Ninet, L., Pinnert, S., Preud'Homme, J. and 

Werner, G.H., GRHerbal &a9 ,%I:, 257, 1813 (1963). 
7. Di Marco, A., Gaetani, M., Oregii, P,, Scarpinato, B.M., Silverstrini, P., Soldati, M., 

Dasdia, T. and Valentini, L., Nafure, 202, 707 ( 1964). 
8. Kende, AS., Curran, D.P., Tsay, Y.-G, and Mills, J.E., Tetrah&onLett!,a, 3537 

( 1977). 
9. Kelly, T.R. and Tsang, W.-G., jrer8hdron Lett!, S, 4457 ( 1 978). 
10. Garland, R.B., Palmer, J.R., Schultz, J.A., Sollmann, P.B. and Pappo, R., Teff~hcM/-~n 

Left!, 39, 3669 ( 1978) 
l l .  Garland, R.B. and Pappo, R., u!K Patent Appl?mfion M 2022114A( 1979). 
12. Broadhurst, M.H., Hassall. C.H. and Thomas, G.J., v! Chem. &c Perkin Tram, /, 9, 

2239 ( 1982). 
13. Marsh, J.P. Jr, Mosher, C.W., Acton, E.M., Goodman, L., u! Chem. %c, Chem 

LDmmun., 973 ( 1967). 
14. Baer, H.H., Capek, K., Cook, M.C., Can. ,! Chem., 47( l ) ,  89 ( 1969). 
15. Fronga, G., Fuganti, C, and Grasseli, P., v! #em. &K, Ckm. GDmmun.., l, 442 

( 1980). 
16. Smith, T.H., Fuziwara, A.N., Lee, W.W., Wu, H.Y. and Henry, D.W., J Ofg CMm, 

42 3653 ( 1977). 
17. T i r o t h ,  0. and Hilcken, V., B . ,  54, 3050 ( 1921 1. 



Chimika Chronika, New Series, 17, 9-27 (1988) 

Y n o A o r I m o I  THI XOPHTIKOTHTAI cd THI HAEKTPOAYTIKHI QI~AOETOIBAQAE 

KAI  T H I  "MH ANTIITABMJZOMENHI" ANTI ITAIHE R, I T 0  I Y  ITHMA ~e'+/Fe~' ,  

I E  TEXNHTO BAAAII INO NEPO. 

TIANNHI XPYIOYAAKHI, ITEAAA MAPKANTflNATOY 

T o p & a ~  I I I  E n l o r t j p q ~  K U I  TEXVIKI~C TOV Y A I K ~ v ,  T p r j p a  X q p ~ ~ w v  
Mr),!(aVl~kV, E. M. i l . ,  
Hp&v ~ ~ O A U T E X V E ~ O U  9, ~ ~ O A U T E X V E ~ O ~ ~ ~ O A ~  ZOyp l lp00 ,  ABr jva 15773 

IT~V e p y a o i a  a u ~ i  E ~ I X E I ~ E ~ T ~ I  p i a  6 1 o p 0 ~ o q  T W  Ka uAWV, E = f ( I ) ,  
~ q (  TP I YWV I K ~ C  $ o h ~ a p r I & p o p & ~ p i  a$ .TO o U o ~ q p a  Fe'+/FFt UE T E X V ~ T ~  
0aAaua1vo vepo, x p q o 1 p o n o 1 4 v ~ a q  q A e ~ ~ p o 6 l a  ano y p a q i ~ q  K O I  n A a ~ i v a  
OTOU$ 2 5 O C .  YnOAOy i U ~ ~ K E  ouy~poVW$ XWPQT l K O T ~ T U  Cd TqS 
~ A E K T ~ O X ~ ~  I K ~ C  6 l n A o o ~ o  l $a6aq TWV qAEKTp06 i wv UUTWV,  K U ~ ~ S  Ka l T I pq  

oTa op I a TWV $I $A I oypaq I K ~ V  avaqopWv . 
T&Ao$ o ap18po$ T W V  av~aAAaooopevwv ~ A E K T P O V ~ W V ,  n, $ p E 0 q ~ e  v a  

nAqo la<e l  ~ E ~ ~ U U O T E ~ O  npO$ TqV p0va6a (n=0,91) p ~ ~ a  an0 K ~ T ~ A ~ Q ~ Q  
6 1 0 p 0 ~ 0 q  TWV $ ~ A ~ a p n E p ~ p & ~ p l ~ i W  KCIpnlJAwV E = f ( I ) .  

~ ~ O ~ O T I K ~ ~  K U P ~ W S  uvaAuuqq Tq$ K I V Q T I K ~ ~ $  TWV ~ A E K T ~ O X ~ ~ I K W V  

a v ~ 1 6 p a o ~ w v  K a l  I J U O T ~ ~ ~ T W V  HE T E ~ ~ U T ~ U  UqpaCJiCl. ~ ~ ~ 0 0 0 ,  01 ~ O U O T I K & <  

p e ~ p f i o e  I 6 I aqopwv ~ A E K T ~ O X ~ P  I KWV p e y ~ 0 W v  nou npaypa-rono I o u v ~ a  I PE ~q 

$o t j 0s la  ~61v ~ E ~ O ~ W V  U U T ~ V ,  onw$ 0 ap l0po$  Twv U V T U ~ ~ ~ U C J O ~ E V W V  



~ ~ E K T ~ O V ~ W V  n, 0 U U V T E A E U T ~ ~ ~  6 1 a ~ U U q ~  Do, Kal DRed, 01 OUVTEAEOTE~ 

p ~ ~ a q o p a q  a  Ka I $=l-a, 0 ~ w p o u v ~ a  I p& I wpbvqq a ~ p i g ~  I aq, 6~60pEvou OT I 

Ta p ~ y E 0 q  a u ~ a  n p o ~ u n ~ o u v  oq a n o ~ E A ~ o p a  p&XE~qq ~ A a o l ~ w v  

~ A E K T ~ O X ~ ~ I K W V  u u v a p ~ t j u ~ o v ,  nou &nqpaa<ov~al  a p ~ o a  an0  qv popqq ~ q q  

$oA~apn&pop&~p I ~ t j q  ~apnuAqq E=f (I) q ono i a  n a p a p o p q b v ~ ~ a  I avaAoya p& 

T O  U$O$ Tqq Tlpf iq TUC I ~ T I ~ J Q ~  T ~ U ~ S .  

H pE006oq ~ q q  T P I Y W V I K I ~ ~  $oA~apn&pop&~piaq  a n o ~ & A & i  ~ O A U T I ~ O  

E ~ E U V Q T  I KO &pyaA& i o y  I a  TO ~ E A E T ~  ~ E ~ O V W ~ ~ V W V ,  fi ouy~povwq 

&SEA I UUO~EVWV,  fi 6  1 a60x l KWV aVT l U T P E ~ ~ T ~ V  0 aVaVT i U T P E ~ ~ T W V  

~ A E K T P O X ~ ~  I KWV ~ ~ ~ O E W V ,  nou & i v a  I 6 u v a ~ o v  va npoqyouv~a l q va E ~ O V T ~  l 

X Q ~  1 K ~ V  W I T  I O T P E ~ T ~ V  aVaVT i U T P E ~ T W V  6 P ~ ~ ~ ~ ~ 1 * 2 .  

T la  T O V  u ~ o n o  a u ~ o  Exouv y  i v e ~  pExpl ~Wpa noAAEq npoona8s1q 

6  1 O ~ ~ W U ~ S  fi ~ V T  l oTh8p l U ~ S  Tqq n ~ b o q q  Tb0q$2-1 l. IEXW~ i (OUV 0 l , 
E ~ E U V Q T  I K E ~  ~ p y a o i  ~q  T W V  J .DE;(AV, B. LENGYEL, L . M E S Z ~ R O S ~  Ka I ~ w v  

D.BRITZ, W.A.BROCKE~. 

0 1  n p 4 ~ 0 1  &ni$aAAouv Eva &vaAAaooop~vo peupa u$qAqq o u x v o ~ q ~ a q ,  

ETUI ~ U T E  q  ~ A E K T ~ O X ~ ~ I K ~ ~  6paoq va n a p a p ~ i v e ~  avenqp&ao~q, p& b v ~ a o q  

aVaA0yq &K&iVtlq TOU ~ A E K T ~ O X ~ ~ I K O U  U U U T ~ ~ ~ ~ T O ~  nOU ~ E A E T ~ T C ~ I .  

ETUI, TO ~ U V O ~ ~ I K O  TOU E V ~ A ~ ~ C J O O ~ E V O U  p&upClTOq, nOU p&Tp&iTal 

avapeoa UTO ~ A E K T P O ~ I O  ~ p y a o i a q  Kal TO ~ A E K T P O ~ I O  avaqopaq, ~ i v a l  

avaAoyo TOU ~ U V ~ ~ I K O U  TOU ouvqouq peupa~oq nou ouv6Esia1 apma HE 

T ~ V  avT i maoq  TOU 6  I aAupa~oq. 

To 6uvap l KO TOU &vaAAaooop&vou peupa~oq o ~ q  ouv&x& I a  &v I o x u & ~ a  l 

Kal n p o o ~ i 8 ~ ~ a 1  - E n s ~ ~ a  an0 Ka~aAiqAq ~ n a S ~ p y a o i a -  UTO 6 u v a p 1 ~ 0  TOU 

U U V & X O U ~  ~ E U P C I T O ~  n0U &Tllf%bhA&l Kal EAEYXEI 0 ~ O T E V U I O O T ~ T ~ ~ ,  ET01 

~ U T E  I) T l w f i  Tqq CIapWCJqq TOU ~ U V ~ ~ I K O U  TOU ~ ~ A E K T ~ O ~ ~ O U  & p ~ C l ~ i a q  VCl 

6 l a T q p ~ i ~ a l  avaAAoiw~q Kal va napapEv~1 av~F ,ap~q~q  ~ q q  a v ~ i o ~ a u q q  TOU 

61aAupa~oq. 

01 ~ E U T E ~ O I  ~qappo<ouv  qv pE8060 ~ q q  ano~opqq 6 1 a ~ o n q q  TOU 

~AEKTPIKOU P E U ~ ~ T O ~  TOU ~ O T E V U I O U T ~ T ~  p& U K O ~ O  Tq ~ & T P ~ U Q  Tqq 

n p a y p a ~ i ~ t j q  ~ ~ p t j q  TOU 6UVaplK06 avapeoa oTa ~ A E K T P O ~ I ~  ~ p y a u i a q  Kal 

avaqopbq, K~BWS Kar ~ q q  a v ~ i o ~ a o q q  TOU ~ A E K T P O X ~ ~ I K O U  o u o ~ t j p a ~ o q ,  

ETU I ~ O T E  va y  i v ~ ~ a  I o ~ q  UUVEXE I a  npaypa~ono I tjo I pq p  I a  o u v ~ x q q  

O V T I O T ~ ~ ~ I U Q  Tqq I ~T~UQS T ~ o ~ C , .  



ITQV npOK&lp&Vq p s A & ~ q  E ~ ~ X E ~ P E ~ T U ~  y l a  n p h ~ q  V O P ~ ,  pia K U T ~  

n p o o ~ y y l o q  p & ~ p q o q  ~ q q  "pq a v ~ 1 o r a 8 p 1 < 0 p ~ v q q "  a v ~ i o ~ a o q q  R, TOU 

U U U T ~ ~ ~ C I T O ~  ~ e ' + / ~ e ~ +  U& T E X V ~ T ~  8aAaool v6 v ~ p 6  aV~pEoCI UTo Q A E K T ~ ~ ~  1 0 

~ p y a o i a q  an0 y p a q i ~ q  tj an0 n A a ~ i v a ,  Kal UTO q h s ~ ~ p 0 6 1 0  avaqopaq 

snlpaAAov~aq ~ a n o l a  ~ n l A s y p & v q  ~ ~ p t j  6UVaplK0~ o u v ~ ~ o u q  p ~ u p a ~ o q  UE 

n s p ~ o x t j  o ~ q v  onoia 6sv ~ E j A i o o s ~ a ~  q ~ A E K T ~ O X Q ~ I K I ~  6paoq nou 

~ E A E T ~ T Q I ,  (TO P E U ~ ~  nOU p&& l  61a ~ & U O U  T w V  ~ ~ A E K T ~ O ~ ~ O V  OTqV 

nsp in~woq  a u ~ r j  EXEI noAu p ~ ~ p t j  ~ ~ p t j . )  H n p o u s y y ~ o ~ ~ ~ r j  a u ~ I j  "&p' anat '  

~ a ~ a y p a q r )  ~ q q  a v ~  i o ~ a o q q   pi VETU I o ~ q v  napouoa qaoq anapa i T ~ T Q ,  

~ E ~ O ~ & V O U  OT I Q T lpt j  Tqq R, ps~apaAAs~a1  ~ p 0 V l K a  K a ~ a  TqV 6 1 a p ~ s 1 a  

~ q q  npaypa~onoiqoqq p laq  ~ A E K T P O X ~ ~ I K I ~ ~  6paoqq p& ~ ~ o T E A E u ~ C I  q 

uuv~x t j q  pE~pqot j  ~ q q  va y i v s ~ a l  o u o ~ a o ~ ~ ~ a  npopAqpa~1~ t j  Kal s ~ a l p e ~ l ~ a  

~ U U K O ~ Q .  

Ev'  ouov Q Tlpr) Tqq U V T ~ U T U U Q ~  R, y i V & l  YVWUTT), I) nTi)~l) T ~ O ~ S  

EiVal  6 u v a ~ o v  Va 610p8hVE~al U& Ka9& ~ p 0 V l K f i  fJTlypi pE KaTaAAqhq 

$ E T I K ~ ~  ~ V T I U T ~ ~ ~ I U ~  IRU UTQV ~ l p r j  ~ q q  ~ n r p a X A o p s v q ~  oapwoqq TOU 

6uvap l~ou .  H l l p i  TO< X W ~ ~ T I K O T ~ T ~ ~  Cd Tqq ~ A E K T P O X ~ ~ I K ~ ~  

61nAoa~oipa6aq unoAoy i<&~a l  ouyxpovwq o ~ o  i61o ouo~qpa.  

11. B A I I K E I  BEf lPHTIKEI APXEI 



L.. 

01 $ O ~ T a ~ n & p O ~ & T p l ~ & ~  ~ E T P ~ ~ U E I ~  K P ~ V O V T ~ ~  an06&KT&q O T ~ V  Q IlTbLJq 

~ a u q q  ~ E V  u n ~ p p a  i v& I Ta 0,OlV y I a p I a n& I  papa^ I ~a n a p a ~ q p o u p ~ v q  

61agopa ~ a o q q  p & ~ a S u  ~ q q  ~ ~ p f i q  ~ q q  apxtjq ~ q q  ~apnuAqq ~ q q  ~opugf iq  Ei 

Kal E K E ~ V ~ ~  Tqq K O P U ~ ~ ~ S  TQC, E iUq PE o , ~ v ~ ~ ~ .  P' 
Xpqo~pono lwv~aq  qv n e l p a p a ~ ~ ~ r j  6 1 a ~ a E q  ~ o v  T ~ I Q V  ~ A E K T P O ~ ~ W V  

(~pyao iaq -avaqopaq -$OQ~~T IKOU)  q a v ~ i o ~ a q  R* a v a p ~ o a  UTO ~ A E K T P O ~ I O  

aVag0paq Kal UTO $ O Q ~ ~ ~ T I K O  Q A E K T P O ~ ~ O  ~ E V  ~ ~ ~ o T E A E ~  nqyfi UqaApaT6N. 

f lo~ooo,  q a v ~ i o ~ a o q  avapsoa UTO ~ A E K T P O ~ I O  avagopaq Kar UTO 

~ h & K ~ p 0 6 1 0  ~ p y a o i a q  RU, napap&v&l n a v ~ a  xwpiq a v ~ l o ~ a ~ p l o q  a ~ o p a  Kal 

av 6&v n p a y p a ~ o n o l e i ~ a l  ~ A E K T P O X ~ ~ I K ~ ~  6paoq p& avTaAhayfi ~ A E K T P I K ~ V  

q o p ~ i w v  (Ixf ipa 1) .  

H "POT& I V ~ ~ E V Q  aVT I O T & ~  I UT I KO p&e060< 6 1 O p e ~ ~ Q S 1 3  paui   ET^ I U T Q V  

&nl$OAfi T E T ~ ~ Y W V I K O U  naApou 6UVaplK0~ 10-300mV p& U U X V O T ~ T ~  ~ K H z  U T O  

~ A E K T P O ~ I O  ~ p y a u i a q  KaI uuy~povq  napa~oAou~qoq TUC a n o ~ p l o q q  ~ q q  

p&TaPOAfiq TOU P E U ~ ~ T O S  1 U& UUV~PT~UI~ PE TO XPOVO t .  
Ono< aVag&p8qK& ( • ˜ I ) ,  Q T l p i  TOU 6 u v a p l ~ o u  TOU ~ ~ E K T P O ~ I O U  

~ p y a u i a q  EKAEYET~I K ~ T ~ A A Q A ~ ,  &TUI GUT& UTQV T I ~ I ~  a u ~ f i  va pqv 

n p a y p a ~ o n o l o u v ~ a l  av~aAAay&q ~AEKTPIKWV qop i i ov  (6pau&lq Faraday). 

H a n o ~ p l o q  TOU ~ A E K T ~ O ~ I O U  ~ p y a u i a q  x a p a ~ ~ q p i < & ~ a l  a n  TQV 

I K ~ V O T ~ T ~  TOU va a~oAouef ius~ TOV &n~paAAop~vo  T E T ~ ~ Y W V I K O  naAp6 Kal 

~ i v a ~  uuvap~qoq ~ q q  a v ~ i o ~ a o q q  RU Kal ~ q q  X O P ~ T I K O T ~ T ~ ~  Cd ~ q q  

~ A E K T P O X ~ ~  I ~ f i q  6 l ~ ~ O U T O  l pa6aq TOU ~ ~ E K T P O ~  I O U  ~ p y a u i  aq. TO Y I V O ~ E V O  

Ru.Cd x a p a ~ ~ q p i < & ~   qv ~ a x u ~ q ~ a  a n o ~ p ~ o q q  TOU ~ A E K T P O ~ I O U  ~ p y a u i a q  

Kal & K ~ P ~ < E T ~ I  U& pova6&q XPOVOU (t).  A ~ O T E X E ~  T Q V  U T ~ ~ E P ~  XPOVOU TOU 

~AEKTPOAUTIKOU KEAAIOU KaI U ~ O ~ E I K V U E I  TQV ~ I K ~ O T E ~ ~  6UvaTfi ~ l p f i  

xpovou navo an6  qv onoia TO ~ A E K T ~ O X ~ ~ I K O  uuu~qpa  ~ i v a ~  6 u v a ~ o v  va 

6 ~ x 0 ~  i ~ a n o  I a unoAoy i UI pq ~ E T ~ ~ O A ;  (Ixrjpa 2) .  

EXEI a n o 6 ~ 1 x B ~ i  n ~ ~ p a p a ~ ~ ~ a  O T I  q 61&n lgav& la  ~ A E K T P O ~ I O U  

E P Y ~ u ~ ~ ~ / ~ ~ & K T ~ o ~ u T ~  UUpn&p lg&p&Ta l &Vac ~ U K V W T ~ ~ ~  XWPqT I K O T ~ T ~ ~  

aepo~upa TOU ~ U V ~ ~ ~ K O U  UTa aKpa TOU nUKV0Tfi Ec Kal TOU ~ U V ~ ~ I K O U  UTa 

a ~ p a  ~ q q  avT i u ~ a u q q  R", ER ( Ix f ipa l (a) ) . 



IXHMA 1, AnAq u x q p a r ~ ~ t j  napciorauq (a) : w o q  ouorflparoq r p ~ k v  
~AEKTp06iWV xupiq va npayparono~siral ~ A E K T P O X ~ ~ I K I ~  dpauq. I U V O A I K I ~  
U V T ~ U T U U ~  TOU U U U T ~ ~ ~ T O ~ :  Rn t RU KO1 (B) : EVOS O U O T ~ & ~ T O ~  O ~ O U  

~ ~ ~ A i o o ~ r a l  ~ A E K T ~ O X ~ ~ I K ~ ~  6pauq. P~upara-  "Fa raday "  6 ldpxov~a l  61a 
pioou TUC avsiuraoqq Rf Kal aAAa p~upara  (0x1 " F a r a d a y " )  d l a  pioou 
Tqq ~ A E K T P O X ~ ~ I K ~ ~ ~  6 lnAou~01~a6aq X ~ ~ T I K O T ~ T U ~  Cd. I U V O A  I K ~  

avrioraoq TOU ouu~t jpa~oq Rn t RU t Rf. 
Rf: OU~BOAIKI~ a v ~ I u ~ a a q  TUC npaypa~ono1oup~vqq ~ A E K T ~ O X ~ ~ I K I ~ C  

dpcioqq, ET: q k ~ r p o 6 1 0  ~pyauiaq,  ER: ~ A E K T ~ O ~ I O  avagopa~, CE: 

EXHMA 2 .  I x q p a r ~ r j  napciorauq TUC ~nidpaoqq TUC o ~ a @ & p a ~  xpdvou rou 
KEAAIOU urqv n p a y p a r ~ ~ a  ~nlBaAAop~vq r ip4  TOU 6uvapl~ou UTO 

~ A E K T ~ O ~ I O  ~ p y a o i a ~ .  Etrue = E ; e f { l - e ~ ~ ( - t / R U C d ) )  ( id& Ixflpa l ) .  



f l&60~&VOU O T I  IUXUEI Q UX&UQ (2), a ~ T l ~ a e l U T 6 l ~ T a q  TqV ~ l p q  TWV EC 
KaI ER=IRU C X O ~ E  O T I :  

E = IR, + q/Cd (3 )  

A E ~ O ~ E V O U  &n i oqq OT I dq= Id t ,  q &Si owoq (3) p ~ ~ a o x q p a ~  i   ET^ I o ~ q v  

n a p a ~ a ~ w  ~ E i o w o q  (4), q ono ia  &XEI uav Auuq ~q U X E U ~  (5) : 

f l ~ a i p o p i ( o v ~ a q  U T ~  UUV&XEI~  T V  ux&uq (5),  ~ ~ O K T O U ~ E  ~q q i u q  (6),  

nou ~ ~ q p a < ~  I T ~ V  a n o ~ p  I oq TOU q h ~ ~ ~ p o 6  I ou ~ p y a o i  aq, UTOV ~n I paAAop~vo 

nahpo TOU 6 U V a p l ~ 0 ~  (Lxtjpa 3) : 

Kaea ip0pa flOU & f l l~aAA&Ta l  Kafl010q flaAp0q 6UVap lK0~ UTO ~ ~ E ~ T p 0 6 1 0  

~ p y a o i a q  q UnapSq ~ q q  a v ~ i o ~ a u q q  R, n p o ~ a A ~ i  ~ a n o l a  pc iwoq TOU 

O E W ~ ~ T  I ~a En I /3aAAop~vou nahpou ~ a ~ a  TO v&yeeoq IR,. 

ITQV ~ ~ ~ Y ~ ~ T I K O T ~ T ~  PE T Q  /30jeEla ~ 1 6 1 ~ 0 ~  ~ O T E V U I O ~ E T P O U  TOU 

~ O T E V U I O O T ~ T ~  ~ n ~ A & y o p ~ ,  auSavov~aq UUVEXG~ TO n o o o o ~ o  f ~ q q  

aVT l UTaep l UT I K ~ S  aVT i UTaUqq Rf, fRf, K ~ T ~ A A ~ A ~  T l pq TOU ~ U V O ~  l KOU 

~ V T  1UTaeplUq~ i f R f  €To1 ~ U T E  ~ U T O  Va y i V & l  8EWpqT I K ~  iU0 U& afl0AuTq 

T l p q  PE TO ~ E Y E ~ O ~  iRU. ME TQ pE0060 ~ U T O  ~ i v a l  6 u v a ~ o v  va E ~ ~ ~ T U X O ~ E  

~ A A O T E  " u ~ ~ E P - ~ v T ~ u T ~ ~ ~ ~ u ~ "  ~ ~ A O T E  " u ~ o - Q V T I U T ~ ~ ~ I U ~ "  ~ E ~ O ~ E V O U  O T I  

E iVa l  E ~ ~ I P E T  I K ~  ~UUKOAO -aV 0x1 a 6 u v a ~ o -  Va E ~ ~ T U X O ~ E  IlAflpq 

aVTlUTa8~lUq.  

H a ~ ~ l U ~ a 8 ~ l C J T l K f i  C I U T ~ ~  Taoq npOUTi8~Ta l  p& Tq @0q8&la ~aTaAAqha 

K ~ T ~ U K E U ~ U ~ E V O U  ~ A E K T ~ O V I K O U  K U K ~ ~ ~ ~ T O S  TOU ~ O T E V U I O U T ~ T ~  K a I , i p & p ~ & l  

TO QAEKTPO~ 10 EpyaUiaq CJ& Buvap l KO ~ IEY~~UTE~O TOU ~ E W P ~ T  l Ka 



&n~paAAop&vou, ETUI GUT& q q o p ~ l o q  ~ A E K T P O X Q ~ I K ~ ~ ~  61nAoo~01$a6a$ 

XWPQT I K O T ~ T ~ ~  cd va y i  VET^ I ypfiyopa. 

Ooo q &nlfiaAAop&vq a v ~ ~ o ~ a e p ~ o ~ l ~ f i  ~ a o q  a u E a v ~ ~ a ~  q a n o ~ p l o q  TOU 

~ A E K T P O ~ I O U  ~ p y a o i a q  y i v ~ ~ a ~  T ~ X U T E P ~  Kal TO n A a ~ o q  ~ q q  Ev~aoq$  I 

~ E Y ~ A U T E P O  y l a  TOV i 6 1 0  XPOVO, o n q  q a i v ~ ~ a ~  Kal ano  qv paeqpa~  I K ~  

IXHMA 3 .  X,yqparl~rj napcioraoq rqq xpovr~rjq p&~aBoArjq rqq Evrauqq TOU 

p ~ ~ j p a r o q  ~ U K V W T ~ ~  I - t  [B) orav cnr/3aAAopc pra ura6cprj r lprj 6uvapl~ol i  E 
yra xpovo t (a). 



VnspfioAr~rj ~ V T I O T ~ ~ ~ I O T I K ~  a n p o ~ a A s i  ~ a A a v ~ 4 a s 1 q  TOU 

U U O T ~ ~ ~ ~ T O ~ .  K p i v s ~ a l  AOln0v 0 ~ 0 l l l p O  Va E ~ ~ T T ~ V E T ~ ~  T l ~ q  TqS 

sn~fiaAAopsvqq ~ V T ~ O T ~ ~ ~ ~ O T I K ~ ~  T ~ O Q ~  KaTa 10-20% TQS  TIP^< via T Q V  

ono i a n a p e ~ q p o u v ~ a  I o I T ~ A ~ V T G O E  I $98. H OWOTI~  popcpq Tqq a n o ~ p  I uqq 

i p a i v s ~ a l  o ~ q v  n e p i n ~ o o q  (y) TOU I x r j p a ~ o q  4. 

0 1  n s l p a p a ~ l ~ ~ q  ouveq~eq ~ q q  s p y a o ~ q p ~ a ~ r j ~  a u ~ r j q  ~ E A E T ~ s  EXOUV q6q 
14 neplypaipsi a v a A u ~ l ~ a  oe npoqyoupsvq spyaoia . 

I ~ q v  npoKs i psvq nsp i nTwaq xpqo I pono I q e q ~ a v  ~ A E K T P O ~  I a spyaui a< ano 

~aBapo  A s u ~ o ~ p u o o ,  Pt, ($:0,5mm, Spt=O, 143cm2) Ka I ~ a o a p o  ypacpi ~q .TFA 

0: lmm, sypapi T q = ~ ,  259cm2). 

H an0KplO~ TOU ~ A E K T ~ O ~ I O U  &PYa0iaq, I-t, napeqK& U& nCIA~oypa~0 

TEKTRONIX 5223 p& g t l ip la~q pvtjpq Kal i p ~ ~ ~ y p a i p ~ ~ ~ ~ ~  K ~ T '  &uB&iav an0 

T ~ V  oeovq TOU. 

H ~ V T ~ O T C I ~ ~ ~ U T I K ~  TaCJg IRU &IllfiAqeqK& p& Tq Pofie&la E I ~ I K ~ S  

~ A E K T ~ O V I K ~ ~ ~  61a~aEqq TOU "Model 376, Logar i thmic Current  Converter 

Tqq PAR. 



I V .  AflOTEAEIMATA - I Y Z H T H I H  

E t 
In1 = ln- - - 

RuCd 

IXHMA 5 .  A n o ~ p l o q  I - t  EVOC @ & K T ~ O ~ I O U  ~ p y a u i a ~  and Y P ( ~ ( P ~ T ~  
2 (Sypa ;rq:0,259Cm ), OTUV & n l ~ d A & ~ a l  U& UUTO &VOS naApd~ duvap l~o l i  

~ -60mf  X ~ I  ~ u x v d r q r a ~  IKHz, U& a r~,yvproi i  BaAaoo~voii v ~ p o l i  + 
FeC73-6H+J (P[FeC73.6H+J] = mo7e/7). ASove~ X=O,lms/unod., 
Y=O,OOlA/unob. 



IXHMA 6. MsAQrg TQC uuv~iprIjaIj~ 7 n I = f ( t )  nou avagdpsrol o r l ~  
I ~ E I P U / . ~ U T I K € ~  U U V ~ ~ ~ K E ~  TOU ~ X & U T O C  5 .  

H  ~ E T a p o ~ r j  I = f ( t )  ~ i v a l  y p a p p l ~ q  (Ixrjpa 6).  H  KAiOq ~ q q  ~ u e s i a q  

a u ~ f i q  paq 6 i v ~ r  T ~ V  T lprj -(l/RUCd) q  6 ~  a n o ~ ~ p v o u a a  y l a  t=O  qv 

~ O U O T ~ T ~  ln(E/RU). ME TOV T ~ O ~ O  ~ U T O  U ~ O A O ~ ~ ~ O V T ~ I  O U ~ X ~ O V W S  q   TIP^ 
~ q q  a v ~ i o ~ a o q q  RU Kai X W ~ ~ T I K O T ~ T ~  ~ q q  ~ A E K T P O X ~ ~ I K ~ ~ S  

61nAoo~o1pa6aq Cd. 

ETOI $ P E ~ ~ K E  OTI: 

U = l ,  1) KOI Cd = 111,9*10-~ F/CIR~. 

Eav x p q o ~ p o n o ~ j o o p ~  i v a  ~ A E K T ~ O ~ I O  ~ p y a o i a q  an0 nAa~ iva ,  P t ,  q  

~ I ~ O K ~ ~ U Q  I-t TOU ~ A E K T P O ~ ~ O U  ~ U T O U  UTOV i 6 1 0  naApo ~ U V ~ ~ I K O U  

n a p o u o l a < ~ ~ a l  OTO Ixrjpa 7 Kal q  ~ E A E T O  ~ q q  p ~ ~ a p o A r j q  l n I = f ( t )  OTO 

I x j p a  8. 

IT~V n ~ p i n ~ w q   OUT^ R,, = 10.21) Ka1 Cd = 15,0*10-~  a an^. 



tXHMA 7 .  An0~plUr) I-t EVOC r ) ~ & ~ r p 0 6 1 0 ~  spyauia~ an0 nAariva, P t ,  
(spt=O, l43cn?) , drav snr/3~AA&rar us aurd &vac naAp0~ LvaprnoB E=60mV 
Kal OUXVOT~)TUC IKHz U& UUUT@~U TEXV~)TOU BaAauu~voU VEPOU + FeC13 
6Hfl [CO (FeC13 6HJI)I = 58,9 1 0 - ~  mole/l). AFOVEC X=O,lms/unob., 
Y=O, 001A/unob. 

IXHMA 8.  MsABrr) TUC auvapr@7r)c; 7nGf ( t )  nou ova@psra I or I C 
/~&I~U/ / I JT IK€C U U V ~ ~ ~ K E C  TOU z ~ f i f l ~ ~ 0 ~  7. 



f lo~ooo E ~ V  &nl$aAAOp& UTO i61o q h ~ ~ ~ p o 6 1 0  epyaoiaq ano n h a ~ i v a  Eva 

p d p o  ~ E Y ~ ~ U T E ~ O U  nAa~ouq E=300mV T ~ S  i61aq opwq U U X V O T ~ T ~ ~  ~ K H z  
a n o ~ p l o q  TOU ~ A E K T ~ O ~ I O U  epyaoiaq I - t  n a p o u u r a ~ e ~ a l  UTO Ixtjpa 9 q 6s 

~ E A E T ~  ~ q q  ouvap~qoqq l n I= f ( t )  o ~ o  txtjpa 10. 

And  qv ~ A i o q  ~ q q  eu8oiaq nou n p o t ~ u q e  unohoy i<&~a l  q ~ ~ p t j  T ~ S  

Xwpqrlxorqraq Cd = 15,O *10 -~  F/CIII~. 0 1  T lpCq rqq xopqr I K ~ T ~ T ~ S  Cd 

pou u ~ o A o ~ ~ u ~ ~ K ~ v  ~ o o o  UE y p a p i ~ q  ooo Kar oe nhaTiva p p i o ~ o v ~ a l  pEoa 
2 m a  o p ~ a  TWV T ~ p d v  nou 6 i v o v ~ a l  o ~ q  pipAioypaqia . n o ~ o o o  q T lpo T ~ S  

X W ~ ~ T I K O T ~ T ~ ~  nou U ~ O A O ~ ~ U ~ ~ K E  oe y p a p i ~ q  n18avov va uno-6qA4vel 

uanolo qa~vopevo npoopoqqoqq navw o ~ o  q A e ~ ~ p o 6 1 0  a u ~ o .  



napa~qpoupe enioqq O T I  0 1  T I ~ E ~  ~ w v  RU K ~ I  Cd nou p e ~ p i j e q ~ a v  

~ p q o l p o n o ~ Q v ~ a q  &a ~ A E K T ~ O ~ I O  epyaoiaq an0 a v e p a ~ a  61agEpouv an0 T I ~ .  

a v ~  i o ~ o  I X E S  T I p i q  nou i n o ~ o ~  i o ~ q ~ a v  UE n A a ~  iva .  AUTO  pi  VET^ I A O ~  I KO 

6&60p&vou OT I q T lp i j  ~ q q  a v ~ i o ~ a o q q  RU nepl  Aapgavel T O  ouvoAo ~ w v  

navTos I 6wv avT I o~aoewv avapsoa oTa ~ A E K T P O ~  I a epyaoiaq TQS n A a ~  i vaq 

Kal TOU a v e p a ~ a  - ~ w v  onoiwv q g u u ~ ~ o ~ q p ~ ~ i j  oupneplgopa o n w o 6 j n o ~ ~  

6 1 q & p &  I - Ka 1 Tau ~ A E K T P O ~  I O U  avagopaq. 

A v T ~ @ € T ~  q ~ E T ~ B o A ~ ~  TOU ~ A O T O U S  TOU E ~ I ~ ~ ~ ~ A O ~ E V O U  ~ U V O ~ ~ I K O U  ~ V ~ ~ V E I  

avenqp~aoreq T I C  T I ~ E ~  ~ w v  Cd nou p e ~ p j e q ~ a v ,  o ~ q v  n ~ p i n ~ w o q  TOU 

Q X E K T P O ~  I O U  TUC ~ACIT ivaq. 

Ba n p f n ~ ~  wo~ooo va oqpe1w8ei ~64, O T I  oa uipEq rwv R, #a1 Cd nog 

unoAoy i o o q ~ a v  oe i v 8 p G ~ a  n ~ p  l e ~ o o v  gva noooorh A ~ ~ O U S  nou i G a  l 



nou p e ~ p e i ~ a l ,  Kal ~ q q  n p a y p a ~ l ~ t j q  ~nr ipave laq .  

ITO Ixtjpa 11 napouo ia<e~a l  t v a  ouvoAo $ o A ~ a p n e p o p e ~ p i ~ d v  ~avnuAwv 

E = f  (I) pe qA~KTp06 1 0 .  epyaoiaq an0 n A a ~  iva, oe ~AEKTPOAUT I KO AOUTPO 

TEXVQTOU BaAaoal vou vepou Ka I apx I ~ t j q  o u y ~ t v ~ p w o q q  FeC1 4H20, 

C•‹FeC12* 4H20 = 2 - 1 0 - ~ m o l / l  xwpiq 6tOpOwoq K ~ I  p& 616pBooq r q q  n ~ d o q q  

H ~ V T  I U T ~ E ~ T O T ~ T ~  TOU U U ~ T ~ ~ ~ C ~ T O ~  ~ U T O U  a n o 6 ~  l K V U E T ~  l an0 TO 

Y E Y O V O ~  O T I :  

a. q 61acpopa (Epa-Epc)v=O = 0,073V n A q o l a < ~ l  TQV T I H ~  0,0595V 

(OEOP~II K ~ I  unoAoy I op&q T lptj y 1 6  T=25OC Ka I n=1) ,2,3 Kal 

B. o G y o q  Ipa/Ipc=0,95 (p toq  ~ l p r j )  n A q o l a < ~ l  ~q vova6a (OEOPQT I K ~  

~ l ~ t j ) .  

IXHMA 11. B o A i a p n ~ p o p ~ r p l  K& ~apnliA&q E=f ( I )  xwpi C 6  1op0wuq 
(61  U K E K O ~ ~ E V ~  ~ ~ U p f l f l )  K U l  YE 6 1 d p B ~ q  ( U U V E X ~ C  y~af lp f i )  U JO U U U ~ / ) / ~ U :  
T E X V ~ ~  0uAauu1 vd v ~ p d  + FeC12 *4Hf l ,  P (FeC12 4Hf l )  = Z . l 0 - ~ r n o l / 7 .  
H A E K T ~ O ~ ~ O  ~ p y a u i a ~  : P t ,  T=25OC, T a ~ u r q r a  ucipwo q  rou E iuvap~~ol i :  'i ( I ) : o , o z v s - ~ ,  (2 ) :0 ,05Vs- l ,  ( 3 )  0 ,  IVS-l ,  ( 4 ) :  0,ZVs- , ( 5 ) : 0 , 4 ~ s - ~ .  



onoia TO uuu~qpa  a p x i < ~ l  va n a A A ~ ~ a 1  ETUI ~ O T E  popqrj T ~ S  a n o ~ p  laqq 

I-t TOU ~ A E K T ~ O ~ I O U  ~ p y a a i a q  (Ixfipa 12) va npoasyyiosl  E K E ~ V ~  TOU 

Qtjparoq 4y (AI YOTEPO an0  qv nsp in~woq  TOU I x r j p a ~ o q  7) onwq 

nep I ypaqeq~c  1j6q orqv napaypaqo 11. 

0 1  T I ~ E S  TWV Epc, Epa, Ipc, Ipa ~ a 0 d ~  Kal TOU Aoyou Ipa/Ipc nou 

n p o ~ ~ u q a v  p ~ ~ a  ano pE~pquq TWV ~ E Y E ~ ~ V  a u ~ d v  UTIS ~ I O P € I W ~ & V E S  

K ~ ~ ~ U A E S  E=f ( I ) ,  U U ~ K ~  l T l Ka p& EKE i VES nOU ~ ~ ~ O K U ~ T O U V  xWp i S 6 10p@WIJq, 

napoua~ a c o v ~ a  I UTOV n i v a ~ a  I. 

IXHMA 1 2 .  dno~plug I - t  EVOC qAE~rpddrou ~ p y a u i a ~  and nAariva, P t ,  
( ~ ~ ~ = 0 , 1 4 3 c d ) ,  ~ T U V  & ~ I @ ~ A A & T U I  o&  OUT^ &vac naApd~ dvvoprroli E=60mV 
Kar o u ~ v o ~ q r a ~  IKHz, a& uuorqpa T E X V ~ T O U  BaAauu~vou VEPOU + FeC12. 
4HF ((P[FeC12*4Hp] = 2 . 1 0 - ~  mole/l). ME rq Bo~jO~ro rqc 
avrrcrra6p1ar1~rj~ 51ura<qc - TOU Model 376 Logarithmic Current 
Converter" &X&/ &n1,!3AqB&i q ~ p i a l p q  rlprj ifRf r o u  owurolj ~ U V U ~ I K O U  

avr ~u~ciBp~uqc .  





IXHMA 13. ME APT^ T V ~  ( I U V L ~ P T ~ O ~ ~  EDC - EDa = f ( v 1 R )  OTO ~ U u ~ r j l l a  
r&,yvqrd BoAaou, vd v&pd t FeC12 4HF [Cu (FeC12 4 H F ) ]  = 2 10-* 
moIe/7). H X ~ ~ r p o b r o  ~ p y a o i a c  : P t ,  T = 25OC. 
KapnuXq (a): xwpi 5 1  d p O ~ q ,  (EDa-EDc) v=O = 0,073V, n=0,81 
KapnuAq (p):  p& btopOwoq, (EDa-EDc),O = 0,06511, n=0,91 

ITO I x j p a  13 n a p o u o ~ a < & ~ a ~  snioqq q ~ E A E T ~  ~ q q  p ~ ~ a f 3 o A q q  T V <  

ouvap~qoqq E - E  = f ( v1 i2 )  y  [ a  T I <  6rop0wpEve~ Kal pq 
Pa P= 

pOATapn&pOp&Tp l KC< KapnuX&q TOU X X ~ ~ ~ ~ T O S  11. (Epa-Epc)v=0=0y065V OT 1 < 
~ a p n u A q  E = f ( I )  o ~ a v  EXEI &n~$AqO&i q U W U T ~  a v ~  I U T ~ ~ V I U T  I K ~  ~ a o q  an' 

onou n p o ~ u n v ~ ~  O T I  o  ap18poq T W V  av~aAAaooop~vwv ~ A E K T ~ O V ~ W V  n=0,91, 

(xop iq  avr  I ora0p I og (Epa-Epc)v~O=Oy 073 Ka I n=dY81). I uy~povwq  q pEoq 

T l p i  TOU AOYOU Ipa/Ipc=Oy97 nh lo la<& l  ~ E ~ I O U O T E ~ O  UTq pova6a U T I S  
, 

i 6 I E$ ~ a p n u A q  E = f  ( I ) .  

Ano TO ouvoAo TWV n e l p a p a ~ ~ ~ w v  n a p a ~ q p j o ~ w v  nou napouo1ao0q~av 

napanavo y i v s ~ a ~  npopavqq q oqpaaia ~ q q  n ~ i p a p a ~ ~ ~ q q  ~ V T I O T ~ ~ ~ I O ~ ~  

Tqq n T i l ~ q <  T ~ U Q $  TWV ~ o ~ T C I ~ ~ E ~ O ~ E T ~  I KWV KapnuAwv E=f ( I )  ~ E ~ O ~ E V O U  OT l 

l Tp&n& l T Q V  n0CJ0T I Kfi E K ~ E T ~ A A E U O ~  TWV C ~ ~ O T E A E O ~ ~ T W V '  Ka I K ~ T '  



SUMMARY 

CALCULATION OF THE ELECTROCHEMICAL DOUBLE-LAYER CAPACITY Cd AND OF 

THE UNCOMPENSATED RESISTANCE Ru IN THE SYSTEM ~ e ~ ~ / ~ e ~ ~  INTO 

ARTIFICIAL SEA WATER. 

YANN I S  CHRYSSOULAKIS , STELLA MARKANTONATOU 

Sect ion  111 Mate r i a l  Science, Deoartment o f  Chemical Engineering, 
Nat iona7 Technica7 U n i v e r s i t y  o f  Athens, 9 I r oon  Polytechniou s t r . ,  
Zografou Camous, Athens 15773 

I n  t he  present study the value o f  the  uncompensated res is tance RU 

on a g raph i te  and p la t inum electrodes has been ca l cu la ted  by apply ing 

a rec tangu lar  pulse o f  60mV p o t e n t i a l  E and lKHz frequency and 

measuring the response i n  cu r ren t  I versus t imk t. 

The v a r i a t i o n  I = f ( t )  i s  l inear  and can be described by the 

equation: 

E t 
I n 1  = ln- - - 

%l RuCd 

where Cd i s  t he  value o f  the  double' layer capaci ty.  

From the slope and the abscissa a t  t = O  o f  t h e  graph o f  t he  above 

equation, t he  values o f  RU and Cd were ca lcu la ted and found t o  be 

Ru=14,1n and Cd=111,9 1 0 - ~  ~ / c m ~  on the g raph i te  e lec t rode and 

Ru=10,2n and Cd=15,0 1 0 - ~  ~ / c m ~  on the plat inum one. 

The values o f  RU and Cd on a carbon working e lec t rode d i f f e r  from 

these on platinum. I n  cont ras t  the  v a r i a t i o n  o f  the  amplitude o f  the  



app l i ed  p o t e n t i a l  has no i n f l uence  on t h e  Cd values on t h e  p la t inum 

e1 ectrode.  

We have a l s o  app l i ed  a method f o r  t h e  ohmic' drop compensation o f  

t he  system Fe2+/Fe3+ i n  sea water  a t  ambient temperature us ing  

t r i a n g u l a r  voltamperometry on g raph i t e  o r  p l a t i num working 

e lec t rodes .  

The vol tamperometr ic  curves E(1) were cor rec ted  and t h e  values o f  

t h e  f u n c t i o n  (Epc-Epa)v=O =f (v1/'), Ipa/Ipc = f (v1I2) now approach 

more t h e  corresponding t h e o r e t i c a l  ones. 

Using a po ten t iometer  we have se lec ted  t h e  c o r r e c t  p o r t i o n  fRf o f  

t h e  compensating res i s tance  Rf, so t h a t  t h e  added compensating 

p o t e n t i a l  i f R f  approches as c lose  as poss ib le  t h e  absolute value o f  

t he  product  iRu t h a t  corresponds t o  t h e  observed ohmic drop. 

Key Words: Cd, R, measurements, RU compensation 
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APPLICABILITY O F  ELECTROLYTIC FLOTATION FOR THE R E C O V E R Y  O F  

C A R B O N A T E  FINES 

K.A.  MATIS, G . P .  GALLIOS and G.A.  STALIDIS 

Laboratory o f  General and Inorganic Chemical TechnoZogy 11141, 
Aris to t l e  University of Thessaloniki 

(Received July 9,  1986) - 

SUMMARY 
Electrolytic f lotat ion,  which i s  characterised by the generation of 

f ine gas bubbles, has been applied in t h i s  study for  the recovery of 
magnesite and dolomite f ine  part icles .  After a brief introduction in 
the f ines problem, the f lotat ion generally of salt-type minerals i s  re- 
viewed, as i t  i s  believed that  has attracted rather l i t t l e  attention in 
comparison with sulphides, oxides and s i l i c a t e  systems. The different  
physicochemical properties relevant to f lotat ion are covered. The sepa- 
ration of th i s  group of minerals from each other i s  extremely d i f f i cu l t ,  
due t o  similar f lotat ion responses, so for  obtaining select ivi ty modi- 

- f i e r s  were used. Such agents, t r ied t o  samples of the individual pure 
minerals and a r t i f i c i a l  mixtures of them were carboxymethylcel lulose, so- 
dium hexametaphosphate, sodium fluorosi l icate  and sodium pyrophosphate. 

Key Words: Electrolytic f lo ta t ion ,  f ines ,  dolomite, magnesite, modifiers. 
recovery. 

INTRODUCTION 

The Fines ProbZem 

Mineral processing approaches a crossroads nowadays, as the demand 

for  minerals i s  continuing, while the grade of ores diminishes. For the 

recovery of f ine mineral part icles ,  in order to avoid losses of values, 

considerable interest  i s  growing in developing new processes and impro- 

ving old ones. Any new processing method to  t rea t  f ine particles has to 

meet a t  the same time the present day environmental and economic con- 

s t ra in ts .  

Fines are produced as a resul t  of liberation and also in other cases, 
1 as an unavoidable by-product during mining, grinding or classif icat ion . 

There are many examples of ores that  consist mostly of fines. 

Flotation, of course, i s  one of the important unit operations in mi- 

neral processing; but the application of conventional separation methods, 
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as  f ro th  f l o t a t i o n ,  i s  genera l ly  uneconomical. Many of the  e f f e c t s  of 

p a r t i c l e  s i z e  on f l o t a t i o n  recovery i n  indus t r i a l  concentrators of cop- 
2  per, lead and zinc were a t  f i r s t  shown by Gaudin . 

The observed s i z e  ranges of maximum f l o t a t i o n  recovery va r i e s  a  l o t ;  
7 

f o r  ins tance ,  the  following f igu res  were tabulated by ~ u e r s t e n a u ~ :  a t  in-  

d u s t r i a l  s c a l e ,  30-150 pm f o r  f l u o r i t e ,  20-100 pm f o r  galena 3-20 pm f o r  

c a s s i t e r i t e ,  15-100 pm f o r  s p h a l e r i t e  and a t  labora tory  sca le ,  10-30 pin 

f o r  b a r i t e ,  40-113 pm f o r  f l u o r i t e ,  170-240 pm f o r  galena, 33-150 pm f o r  

py r i t e ,  9-50 Nm fo r  quar tz ,  20-50 pm f o r  wolframite, e t c .  

Examining the  r o l e  of p a r t i c l e  and bubble s i z e ,  i t  was suggested t h a t  

attachment of p a r t i c l e s  t o  bubbles depends on the  r e l a t i v e  dimensions of 
4 them . volkova4, examining the  f l o a t a b i l i t y  of c a l c i t e  by o l e i c  ac id ,  

observed t h a t  minera l iza t ion occured f o r  smaller bubbles with f i n e r  par- 

t i c l e s ,  while larger  gra ins  were f loa ted  by a  group of bubbles. With 

fu r the r  addi t ion  of c o l l e c t o r ,  f l o t a t i o n  of p a r t i c l e s  of a  given s i z e  was 

possible by much smaller bubbles. 

Following this study, Eigeles i n s i s t e d  i n  an optimum re la t ionsh ip  
4  between the  diameter of the  a i r  bubble and p a r t i c l e  . Similar conclu- 

sions were reached, r a the r  empirically i n  water, and wastewater engi nee- 

r ing ,  where the  p a r t i c l e  s i z e  i s  usually of co l lo ida l  s i z e .  Certainly,  

there  a r e  d i f ferences  between the  f i e l d s  of wastewater engineering and 

mineral processing, however, the  p a r t i c l e  s i z e .  presents a  s imi l a r i  ty 

when processing f i n e s .  

So, going t o  the  f i n e  s i z e  range, the  idea  was t o  reduce the  bubble 

s i z e  and expect be t t e r  f l o t a t i o n  behaviour. With the  same reasoning, a- 

nother e f f o r t  was t o  increase  the  s i z e  of p a r t i c l e s  by f loccula t ion and 

then f l o t a t i o n ,  a  method applied already successful ly  i n  pract ice  t o  t a -  
5  coni t e s  ( iron-bearing ma te r i a l s )  . Nevertheless, f loccula t ion, / f lo ta t ion  

su f fe r s  from the  obvious disadvantage t h a t  i t  i s  d i f f i c u l t  t o  be a  se le-  

c t i v e  process, as required i n  such operations when t ry ing t o  concentrate 

the  valuable minerals and avoid the  gangue. 

In p rac t i ce ,  i t  i s  not easy t o  reduce bubble s i z e  without a f f ec t ing  

other var iables  i n  the  system. Perhaps, i t  i s  f o r  t h i s  reason t h a t  the  

published s tud ies  concerning the  e f f e c t  of bubble s i z e  on the  indus t r i a l  
1 f l o t a t i o n  of f i n e  ore pulps a r e  r a t h e r  l imited . Although f i n e  bubbles 

will  improve c e r t a i n  aspects  of f l o t a t i o n ,  i t  follows t h a t  no general 

conclusion can be drawn as t o  whether or  not the  use of f i n e  bubbles 
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will improve the overall resul ts  of any f lotat ion system. In, a recent 

publication of f lotat ion kinetics with f ine  bubbles, i t  was said tha t  
6 each system should be studied individually . 

EZectroZytic Fzotation 

One of the f lotat ion techniques that  are known to  produce f ine bob- 

bles i s  e lectrolyt ic  f lotat ion.  The technique was previously revie- 

In the l a t t e r ,  the application to  effluent treatment was cove- 

red and mainjy for  the industrial o i l  wastes. Scope of th i s  paper i s  to  

examine whether th i s  method i s  also applicable to  recover f ines,  and the 

area of carbonate rni nerals was 'selected, specifically magnesi t e  and dolo- 

mite. The carbonates are considered to  belong to  the group of salt-type 

minerals, being of in te res t  t o  our country. I t  i s  noted that  the econo- 

mics of the process a t  th i s  stage, was not taken in to  account. Prelimi- 

nary resul ts  were published9, while parallel work on dissolved-air f lo-  
10 tation has been carried out . 

The main work on electrolyt ic  flotation was carried out in the USSR. 

Li t t le  attention was paid in the West, particularly for inineral proces- 

sing. One of the few exceptions i s  a study on cassiterite-bearing feed 

a t  the^  camborne School of ~ ines" .  Gletnbotskii gave the application to 
12 pyrites,  manganese and diamond f ines,  among other . I t  was s tated,  af- 

t e r  comparison with conventional f lotat ion,  that  the technique brought 

about additional expenditure fo r  the energy required by electrolysis ,  , 
but in most cases, th i s  was compensated by: 

a) lowering or complete elimination of col Sector consumption, 

b) improved f lotat ion ra te ,  

c) better qual i ty  of the concentrate, 

d )  u t i l i za t ion  of raw materials tha t  could not be beneficiated by any 

other existing process, and 

e)  possibi l i ty  of complete ut i l izat ion of raw materials. 

A theoretical analysis was presented to  describe the deposition of 
13 Brownian part icles  onto hydrogen bubbles under surface interactions . 

The polystyrene l a t t i c e s  were studied experimentally t o  examine the ef - 
fec t  of the charge on both part icles  and bubbles on the total  collection 

efficiency. Equations were also derived to  describe the kinetics of se- 

paration of f ine suspensions by e lec t ro ly t ic  gases and a procedure was 

broposed for  the calculation of the optimum dimensions of a u q i t  w i t h  
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14 ideal displacement and i t s  productivity . 
In non-sulphide systems, very often oleic  acid i s  used as the f lota-  

tion col lector ,  being very effective. The double-bond react ivi ty of ole- 

a te  was d i s c u r s e ~ i ~ ~ .  Sane evidence suggested that  cross-l inking may occur 

between oleate chains via an epoxide linkage leading to  a polymerized la- 

yer of collector molecules with greater hydrophobic character, according 

to  the schema15: , v  

I 

I 
Flotation of Salt-Type Minerals 

Salt-type minerals of economic value, l i ~ e  inagnesite (also apat i te ,  

barite,  f luor i te ,  e t c . ) ,  are associated in nature with s i l i c a t e  minerals, 

such as quartz and clay, sulphide minerals such as pyrite and other sa l t .  

type minerals, such as calci te  and dolomite, depending on the origin of 

the ore deposit. Their separation from other sal t-type minerals i s  ex- 

tremely complex and often not achieved, particularly i f  the ores are of 

microcrystal l ine type. The mineral S in th i s  category are characterised 
by so lubi l i t i es ,  lower than those of simple s a l t  minerals (ha l i te ,  sul- 

v i te  ), but higher than most oxides-and silicate-s. Certainly, as  the 
particle s ize i s  reduced the specific surface becomes larger,  wnich in- 

fluences the i r  behaviour i n  many ways, among them, with increased solu- 

b i l i ty .  

For example, ca lc i te  dissolves in 

the following reaction;": 
water with the i r  ions undergoing 
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+ 
CaOH + OH- Ca(0H) 

2(aq) 

Due t o  the solubi l i ty ,  the mechanismsof surface cnarge generation 

for salt-type minerals are basically aifferent  from other systems, as i t  

i s  control led, in addition to  any preferential dissolution of consti t u -  
ent spec'i'es, by tne presence of various complex charged species that  re- 

s u l t  from the hydrolysis reaction that  the constituent ion may undergo. 

By the streaming potential method, i t  was found a point of zero charge 

of 6-6.5 for  magnesite, and a ph less  than 7.3 as isoelectr ic  point for  
i 6 do'lomi&e, given in an excellent review . 

Adsorpt+on of collectors,  the i r  orientation on rnineral surfaces and 

hence the resultant f lotat ion are dependent on a number 04 factors: 

i ) surface properties of the mineral, including charge character is t ics ,  

chemical cmposi t ion,  and crystal structure; i i) col lector characteri- 

s t i c s ,  such as fil~ictional groups, chain length and concentration; i i i )  

i~no~nolecular  compositi~n of tile aqueous phase, wiii.ch uepencis on other 

relevant solution properties, temperature, ph, ionic strength, and the 

prezence of various dissolved mineral species and the i r  reaction pro- 

d u ~ t s  with each q t h y  as well as w i t h  collector ions i n  t h e  solution. 

L~ng ch~it in,~eJ~ctrolytes  ysed as  collectors for the salt-type mine- 

r a l s  possess one $oc mpre ionic groups and the role of these polar groups 

in governing f lotat ion i s  indeed a major one. The' ionic part determines 

whether the c o l l e c t o ~  i s  aflionig or cationic and whether f t  i s  eolbi'plete- 

fy or par t ia l ly  ionized. Re!evant collectors are f a t t y  acid soaps 

RCOONa, a1 kyl phosphates RP04Na2, a1 Kylsulphates RS04Na, a1 kylsulphonates 

RS03iYa, ami ne s a l t s ,  primary Ri\IH3C1 , secondary RNH2(CH3) C1 , t e r t ia ry  



RNH(CH3)2C1 and quaternary ammonium s a l t s  R I ~ ( C H ~ ) ~ C I ;  where R i s  a long 

chain a l ~ y l  group containing eight or more carbon atoms. - 

In the case of weakly ionizable collectors,  which are widely used, i t  

i s  important to  consider their  ionoiolecular composition and the effect  

of the composition on the formation of insoluble s a l t s  or ionomolecular 

complexes. Fatty acids and ami nes undergo dissociation 

RCOOH r)c RCOO- + H+ pK = 4.7 ( a t  238 K )  

RNHE + H20 2 RNH; + OH- 10.6 

and the resulting ions form insoluble s a l t s  with multivalent metal ions. 

Solubility data for  collector'metal s a l t s ,  even though important for  a 

proper understanding of f lotat ion,  are  not easily available for  a l l  the 
16 collector systems . 

The presence of inorganic species other than the mineral consti- 

tuents will also affect  the f lotat ion properties in a number of ways. In 

the case of ca lc i te  and apat i te ,  H+ and OH- as well as a l l  the products 

of hydrolysis of the constituent ions have been shown t o  be potential 

ietermining. In addition, fluoride in pulp water has been found t o  al-  

t e r  the zeta potential of apat i te  significantly. 

In sparingly-soluble salt-type minerals, we can distinguish three 

types of behaviour in f lotat ion collector/mineral systems, where cova- 

lent  bonding occurs: i )  Chemisorption. Interaction of the reagent with 

the surface without movement o f  metal atoms (ions) from their  l a t t i c e  

s i tes ;  adsorption i s  limited t o  a monolayer. i i )  Surface reaction. In- 

teraction of reagent witn the su'rface toge her with movement of metal 

.atoms from their  l a t t i c e  s i t e s ;  myltilayers of reaction product may form. 

i i i )  Bulk precipitation. Interaction of metal ions and reagent away 
17 from the surface out in  the bulk solution . 

The exiszence cf electrochemical potential i s  precicely why surface 

precipitation can often occur i n  certain systems, even in the atsence of 

bulk precipitation. I t  was shown that  i s  possible t o  haveprecipitationin 

th6 inter-faci a1 region even before conditions for precipitation are met in 

the bulk solutionL8. The extent of bulk vs. surface precipitation will ite- 

pend essential ly upon the mineral sol ubi l i ty and the 'dissolution Ki ne- 

t i cs .  high solubi l i ty  and f a s t  kinetics will promote bulk precipita- 

tion. The collector consuined fo r  the f a t t e r  is  unavai la~le  for  f lota-  



tion and hence bulk precipitation (for  instance, calcium oleate) i s  de- 

trimental to  f lotat ion.  

The collection process was considered as one of surface reactionthan 

adsorption and as an i l lus t ra t ion ,  the use of soda ash was considered on 

the surface properties.of barite.  Equilibrium in solution i s  controlled 

by the reaction: 

and the surface of barite,  as  i t  can be demonstrated, benaves as BaC03 

than BaS04 in tile presetice of sodium carbonate, used often for  pH ad- 

justment. 

In the case of carbonate minerals i t  i s  extremely important to con- 

sider the role  of atmospheric CO2 in  determining themodynami c characte- 

r i s t i c s .  The calculations clearly show that ,  in th i s  case, the solubi- 

l i ty and s t ab i l i t y  character is t ics  of various solids can be to ta l ly  dif-  

ferent depending upon whether (or not) the system i s  open to the atmos- 
19 phere . 

Using solution equil ibr ia  Ananthapadmanathan and Sonasundaran, con- 

structed a diagram showing the amount of ca2+ in solution from apat i te ,  

ca lc i te  supernatants and also calcium oleate17. To develop an understan- 

ding of the f lotat ion properties of th i s  group of minerals i t  i s  usually 

necessary to examine the relevant physicochemical properties, l ike cry- 

s ta l  structure, solubi l i ty ,  surface charge and adsorption behaviour, as 

these minerals behave in a complex and different  manner from most other 

groups. Previous work on the f loa tab i l i ty  of ca lc i te  has been publi- 

shedz0. 

EXPERIMENTAL PART 

The electrolyt ic  f lotat ion cel l  constructed in the Laboratory was a 

modified Hallimond type with electrodes, in  the place of the porous dif-  
3 fuser,  shown in Figure 1. The content of the cell  was 270 cm and the ' 

t es t s  were conducted in deionised water, working with 39 of material. 

A s t i r r ing  of 153 rpm was applied to  keep the part icles  in suspension. 

Pure natural minerals were used as materials in th i s  study. Magne- 

s i t e  coming from Chal kidi ki and dolomi t e  from the Kozani area. Chemical 

analysis of magnesite gave a loss on ignition of 51.40%, MgO 47.80, CaO 

0.32, Si02 0.42 and R203 0.06%. Dolomite had a l .o.i  4ii.2i%, WgO 21.42, 
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P i g .  1.  Laboratory e l ec t ro ly  t i c  f lo ta t ion  apparatm. 
(ALL ciirnensions i n  m). 



CaO 31.30, Si02 0.28 and R203 3.09%. Thiw was a l s o  c e r t i f i e d  by x-ray 

crys ta l lographic  ana lys i s .  After crushing,  grinding and wet s ieving,   he 

p a r t i c l e  s i z e  range of -45 + l 5  pm was taken; where the  -15 v m  f r ac t ion  

was discarded by wasiii ng and decantation,  a f t e r  the  ca lcu la t ion  of s e t -  

t l i n g  time from Stokes law. 

As f l o t a t i o n  co l l ec to r  was used a t a l l  o i l  f a t t y  acid (anionic  col -  

l e c t o r )  with the  t r ade  name Acintol FA-l, supplied by Arizona Chemical 

Co. According t o  the  Company, t h i s  had ros in  ac ids  maxiinuin 5%, unsaponi 

f i a b l e  3 and t o t a l  f a t t y  ac ids  92.8:;; from which o l e i c  acid was 44, l i -  

noleic 43, soluble 5 and other ac ids  8%. All the  reagents were p u ~  an6 

mixed together before f l o t a t i o n  and then d i lu t ed  t o  tile double v01 ume. 

The concentrations quoted a re  tbose of conditioning*. 

RESULTS AND DISCUSSION 

I n i t i a l  T e s t  

Calci te ,  which i s  the  most common carbonate mineral ,  possesses * a  

rhombohedral s t ruc tu re  with the ~ a + '  ions located a t  t ne  corners and fa-  

ces  of the  un i t  c e l l  and the  C G j -  ions located a t  the  center  of both the  

edges and the  c e l l  i t s e l f .  Each ca t ion i s  coordinated in the  s t r u c t u r e  

t o  s i x  oxygen atoms of s i x  d i f f e r e n t  CO;- groups. Crystal s t ruc tu res  of 

magnesi t e  and dolomite a r e  of the  same type. Other carbonates,  t h a t  ha- 

ve a comparatively l a rge r  ca t ion ,  follow the  c rys t a l  s t r u c t u r e  of the  a-  

ragoni t e  type (form of CaCO;). Crystal chemistry of sulphates ,  tungsta- 

t e s  and phosphates a re  much more complex. Ileviatron i n  the  c rys t a l  l a t t i -  

ce of a mineral from the  ideal  s t ruc tu re  can be estimated from the data 

obtained f o r  i t s  electrophysical  parameters, such as Ferini levkl or con- 

cen t ra t i  on r a t i o  of the  charge c a r r i e r s ,  s ince  these parameters ref  l 'ect 

such devia t ions .  I t  was seen16 t h a t  minerals as c a l c i t e  does change from 

n-type t o  p-type semiconductors upon dry grinding and thereby become more 

f loa tab le  with sodiun olea te .  heating of the  sol jd can a l so  be expected 

t o  a f f e c t  the  f l o t a t i o n  response, s ince  upon increasing the  temperature 

the  Fermi level  of n-type would be lowered, enhancing the  anionic col l e -  

c to r  adsorption and vice versa ,  as observed with c a l c i t e ,  b a r i t e  and f l u -  

o r i  t e .  

* txperimental col laboration of Cnenistry stlrdent W .  C.?. Grekos i s  
acknowledged. 



The effect  of the type of electrolyte used i s  also significant.  So- 

lub i l i ty  i s  decreased due to conuuon ion e f fec t ,  when electrolytes that  

contain constituent ions of the salt-type mineral were added, and increa- 

sed when other electrolytes were added. I t  i s  noteworthy that  the res- 

ponses of the individual species t o  the addition of an electrolyte d i f fe r  

much from each other. These phenomena are of particular relevance to  the 

study of f lotat ion chemistry, since the number of ions tha t  are extra- 

neous to  a mineral and can be expected to be present depends both upon 

the type of water used and the mineralogical composition of the ore. 

In a previous work9, i t  was found out that  a conditioning time over 

180 s was not aifect ing the process giving recoveries over 95%. The t i -  

me of electrolysis  and actually f lotat ion time, was 300 s when collector 

was used. For dolomite fraction -45 + l0  vm, 20 ppm of the same collector 

was giving recoveries of the order of 70%; the pulp density over 17 kgm-3 

(which i s  indeed very low) was decreasing the mineral recovery. A cur- 

rent density of 103 AM-', which i s  the ordinary value for 'effluent t reat ,  

i e n t ,  was producing recoveries over 90% with both the electrolyt ic  f lo-  

tation laboratory ce l l s  that  were constructed and tested. ~ l s o ,  a com- 

parison yas made for  these ce l l s  and the advantages were given. 

However, care was-needed for  the height of the ce l l ,  which was in- 

cPeased for  th i s  reqson af te r  the preliminary tes t s9 ,  t o  avoid the trans-, 

fer  of fines to the surface meqhanically, due to  the-ir small mass and - - 

momentum. An alternative explanation for ul t raf ine f lotat ion behaviour 

was proposed, based wholly on the hypothe;is of mechanical entrainment, 
21 which was further developed . 

- The time of electrolysis was- tested for bo.th materials and the re- 

su l t s  are shown in Figure 2. In these experiments, the pulp density was 

11.1 kgm-3, current density 100 Am-', conditioning time 600 s and no cold 

lector was used. The voltage was in the range of 15-24 V .  A small volu- 

me of sodium hydroxide solution, 3 . 7 ~ 1 0 - ~  N total ly,  was added to  increa- 

se the conductivity of the medium. What i s  interesting from these re- 

sul t s  i s  that  e lectrolyt ic  f lotat ion was possible without any col lector.  

The gas bubbles generated during electrolyt ic  f lotat ion were measu- 
2 2 red . Most of the bubbles measured were in the range of 20 to  90 Mm, 

compared with 0.6 to 1 mm of conventional froth f lotat ion.  With increa- 

sing the applied current density also the bubble s ize  was decreased. 



F i g .  2. E f fec t  of e l e c t r o l y s i s  time on f lo ta t ion  recovery without any 
col lector  and influence o f  pH of solution on e lec t ro ly t id  f lo ta t ion  
o f  magnesite-dolomite. The dotted l ines  r e f e r  t o  the  upper and r igh t  
m i s  (through the r e s t  f igures).  
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The electrode material was, in th i s  case, s tainless  s tee l .  More in- 
formation.on the type and construction of electrodes for electrolyt ic  

f lotat ion will be published'. 

I t  i s  known that  during e lec t ro ly t ic  f lotat ion changes occur in the 

ph value of the solution near the electrodes. Since the pH exerts,  ge- 
nerally, a great influence on the hydrophobic properties of mineral sur- 

faces and determines the col lector  dissociation and the ionic composi- 

tion of the pulp, th i s  localised pH effect  i s  important. I t  was also 
proposed that  the pH of solution could be used for selective f lotat ion 

23 of carbonates . 
The variation of pH from 6 to 11, however, as shown also in Figure 2 ,  

did not produce any appreciable different iat ion of electrolyt ic  f lota-  

tion recoveries for the two minerals individual ly. In these experiments 
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23 ppm of co l l ec to r  was added and the  time of e l e c t r o l y s i s  was 600 S;  

while the  o ther  parameters were as before. Solutions of sodium hydroxi- 

de or sulphuric ac id  were added as pH modifiers.  When the  co l l ec to r  con- 

cent ra t ion  was doubled the  r e s u l t s  were not d i f f e r e n t .  

Chemisorption of f a t t y  ac ids  o r  t h e i r  soaps on sa l t - type  minerals re-  

su l t ing  in  the  formation of a lka l ine  e a r t h  soaps has been advocated by a 
16 number of inves t iga to r s  . I t  was a l so  shown t h a t  the  adsorption of o- 

l e i c  acid occurs a t  low pH values predominantly by physical adsorption 

and a t  high pH values (over approximately 6 )  by chemisorption. Infrared 

spectroscopy, i n  the  s i x t i e s ,  helped fo r  the  above conclusions. 

The presence of the  5.3 urn band associated with the  s t r e t cn ing  of 

the  C = O  of the  -COOH group, and 6.4 and 6.8 u m  bands associated with the  

asymmetric and s y m e t r i c  s t r e t ch ing  modes respect ively  of the  C=O of the  

-COO- led t o  the  proposal of the  presence both of physically adsorbed 

and chemically adsorbed o lea te  on the  mineral .  Washing of the  mineral 

with acetone removed the  5.8 urn band due t o  the  physically adsorbed ole- 

a t e .  

Chemisorption was proposed t o  occur by an ion exchange process and 

below the  point  of zero charge, o l ea te  was suggested t o  adsorb on ca lc i -  

t e  and a p a t i t e  e l e c t r o s t a t i c a l l y .  Change i n  zeta potent ia l  and even 

sign reversa l  occurs a t  high concentrations of co l l ec to r  due t o  the  for-  

mation of hemimicelles. Having as basis a hydrolytic model, a d i f f e r e n t  

mechanism was proposed16, which involved a combined ac t ion of ionic  and 

hydrogen bonding of the  oxygen of the  polar group of the  co l l ec to r  t o  

the  species on the  mineral surface.  These mechanisms e s s e n t i a l l y  seek ' 

t o  explain the  adsorption of the  f i r s t  layer  of f a t t y  acids on mineral. 

Mu1 t i l a y e r  adsorption of f a t t y  ac ids  on calcium minerals has been a l so  
24 found t o  e x i s t  

However, according to  recent  theories1', previous IR r e s u l t s  cannot 

be used t o  draw any conclusions regarding adsorption mechanisms. Becau- 

s e  IR i s  not an in  s i t u  t e s t  and pretreatment,  such as consolidation of 

p a r t i c l e s  (a1 t e r ing  the  double l aye r  in t e rac t ions )  and even more s e r i -  

ously,  drying will  produce a r t i f i c e s  and can yie ld  misleading r e s u l t s .  

I t  i s  noted f i n a l l y  t h a t  reverse  f l o t a t i o n  by ca t ion ic  co l l ec to r s  
25 (amines) i s  the  ex i s t ing  technology a t  Mantoudi 
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Use of Modifiers 

Since the separation of sa l t - type minerals from each other i s  extre- 

mely d i f f i c u l t ,  pa r t i cu la r ly  when the minerals contain comnon cations,  

modidiers are  invariably used fo r  obtaining s e l e c t i v i t y .  In addition t o  

the pH modifying agents, modifiers commonly used include inorganic and 

organic reagents. Mechanism by which reagents a c t ,  however, have mostly 

remained obscure, mainly because of a lack of systematic data  i n  the l i -  

t e ra tu re  on t h e i r  application. 

Preliminary t e s t s  of modidiers ( c i t r i c  acid,  sodium metaphosphate, 
9 e tc .  ) addition f ~ r  dolomite e l e c t r o l y t i c  f l o t a t i o n  were reported . The 

r e s u l t s  were be t t e r  when the  addition was applied before conditioning 

with the col lector .  

Concentration (ppm) 

Fig. 3. Addition of carbozymethgl!-ceZZ~nZose 60 individual! sumpzes; 
Z f fee t  o f  modifier coneen tx t ion  ( a t  a pH 9.56 and pH (e.c. cone. 
40 ppml on recoveries. (The sYmboZs a m  the same as  -In F igure  2). 
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Organic modifying agents, such as starch, tannin, dext r in ,  etc., have 

been used f o r  a number o f  years f o r  increasing s e l e c t i v i t y  dur ing s a l t -  

type mineral f l o t a t i o n .  These are general ly characterised by t h e i r  h igh 

molecular weight and the presence o f  a number o f  s t rong ly  hydrated po lar  

groups. Carboxynethyl-cellulose was appl ied t o  the bene f i c ia t ion  o f  Sat- 

k i n  magnesites on a semi- industr ia l  scale by f l o t a t i o n  w i t h  recycled wa- 
26 t e r  . 
E l e c t r o l y t i c  f l o t a t i o n  experiments were conducted w i t h  the gpplica- 

t i o n  o f  carboxymethyl-cellulose as mod i f i e r  t o  the pure minerals i n d i v i -  

dua l l y  and these are presented i n  Figure 3. The c o l l e c t o r  concentration 

was 40 pprn ( the r e s t  parameter's as forementioned). The r e s u l t s  o f  the 

study o f  mod i f i e r  concentration and so lu t ion  pH are varying bu t  a t  higher 

concentrations the l i n e s  are approaching. A t  ce r ta in  condit ions around 

pH 9.5 a reverse f l o t a t i o n  i s  expected, as magnesite i s  depressed, sho- 

wing also an apparent d i f ference i n  recoveries f o r  the two minerals. 

Concentration (ppm) 

Fig. 4. Modifying action of sod im s i l i ca t e  without any coZZector. Ef fect  
o f  reagent concentration ( a t  a  pH of 111 and pH (with 100 pprn sod im s i -  
l i ca te ) .  
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One o f  the most c m o n l y  used modifying agents i n  sa l t - type mineral 

f l o t a t i o n  i s  sodium s i l i c a t e ,  ac t ing usua l l y  as dispersant. Our tests,  

shown i n  Figure 4, examined the inf luence o f  pH and modi f ie r  concentra- 

t i o n  and i n  t h i s  case, magnesi t e  was the more f l oa tab le .  

I n  pract ice,  sodium s i l i c a t e  i s  considered t o  a c t  by depressing 

quartz and other s i l i c a t e s  ( a t  r e l a t i v e l y  high concentrations and above 

pH 7 )  and by dispersing the slimes t h a t  are present i n  the pulps16. An 

increased depressing act ion o f  sodium s i l i c a t e  was observed on ca?c;.:rn 

minerals such as f l u o r i t e ,  c a l c i t e ,  scheel i te  and apat i te .  - Both the mo- 

de o f  preparat ion o f  s i l i c a t e  and the r a t i o  o f  Si02 t o  Na20 were shown 

t o  p lay a r o l e  i n  determining the ef fect iveness as depressants. 

Fig. 5. Effect of concentmtion of added sodium fZuorosiZicate on eze- 
ctroZytic flotation. 
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Then, sodium f l u o r o s i l i c a t e  was tested f o r  the two ininerals, as- so- 

dium f l u o r i d e  has been also widely used; the r e s u l t s  are shown i n  Figu- 

r e  5. The c o l l e c t o r  concentration was 40 p p  and the pH approxiinately 
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11.6. I t  i s  noticea tha t  magnesite f lotat ion i s  n o t  real ly affected, 

while dolomite i s  strongly depressed, having a recovery difference from 

872 that  of magnesite to  37% of dolomite, for  320 ppm sodium fluorosi l i -  

cate. 

Another inorganic reagent examined as  f lotat ion modifier was sodium 

pyrophosphate and the experimental resul ts  are shown in Figure 6. Again 

the same variables were studied, a t  a rather high range of modifier con- 

centrations, showing a depressing action. However, the obtained recove- 

r i e s  were not much different  from each other and so not encouraging. 

Concentration (ppm) 

Fig. 6. Adding sodivm pyrophospbte as  modifier (wi th  40 ppm coZZectorl. 
E f f ec t  of  pH ( a t  a concentration of 1040 ppml and pyrophosphate concen- 
t ra t ion  ( a t  pH 11-5) .  

The action of polyvalent anions, includi?$ tha t  of phosphates and po- 

lyphosphates which are widely used as  depressants fo r  carbonate minerals, 

could be the resu l t  of the e f fec t  of these reagents on the surface charge 
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of the mineral, since they can be expected to  make the minerals increa- 

singly negatively charged and th is  causes a reduction in the adsorption 

of the anionic f a t t y  acid collectors.  ~ o m l e v l ~  have attributed the de- 

pressing action of the polyphosphates in  the f lotat ion of magnesite from 

dolomite, in  addition t o  reduction in f a t t y  acid adsorption, t o  the dis- 

persion of dolomite slime from the magnesite surface as well as  to the 

selective adsorption of the polyphosphate on the dolomite surface. 

So, attention was paid to  the use of sodium hexametaphosphate as  mo- 

d i f i e r  in electrolyt ic  f lotat ion of carbonate fines. In Figure 7 the in- 

fluence of pH was looked with the addition of 80 ppm of modifier and a t  

two collector concentrations. A t  a pH of 8 the difference in recoveries 

i s  from that  of magnesite t o  around 2& of dolomite. Also, the in- 

crease of modifier concentration showed a decrease in recoveries, malnly 

with 40 ppm collector,  as shown in  Figure 8. 

Fig. 7 .  ~ f j k c t  of  pll when s o & m  hmametaphosphate i s  used as  modi f ier ,  
w i th  20 and 40 ppm o f  coZZector. 
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Concentration (pprn) 

10 
0 40 80 120 160 200 240 
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Fig. 8. Ef fect  of sodium hexwnetaphosp@te concentmtion a t  pH 8, with 
20 and 40 pprn c o l l e c t o ~ .  

When inorganic and organic modifying reagents are introduced together, 

the possibi l i ty  exists  for the presence of interactions between these 

reagents tha t  can affect  the f inal  f lotat ion responce of the system con- 

siderably. In couple of preliminary experiments, mixtures of modifiers 

were introduced: in the f i r s t ,  sodium hexametaphosphate 80 p p ,  soaium 

s i l i c a t e  200 p p ,  collector 20 pm, pH 11 and i n  the second, sodium he- 

xametaphosphate 80 ppm, carboxymethylcellulose 100 ppm, col lector 40 ppm, 

pH 9.5. B u t  the resul ts  for  the two minerals were showing recoveries 

without any appreciable difference and not f a r  from the experimental er- 

ror.  

Art i f ic ia l  Mixtures 

Following the above work on the individual pure carbonate. m ip ra l s  . 
and the necessary conclusibns that  were extracted on the  use of the mo- 

difying agents for  the sel&tive separation of the carbonate f ines by 
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fa t t y  acid electrolyt ic  f lotat ion,  experiments were carried out for  a r t i -  

f ica l  mixtures of these minerals. The average resul ts  from duplicate ex- 

periments are shown in Table, where sodium f luorosi l i cate, sodi um hexame- 

taphosphate and carboxymethyl cellulose were applied to  different  concen- 

t rat ion ra t ios  of the two carbonates. With the l a s t  modifier, magnesi t e  

was expected in the underflow, i .e .  a reverse f lotat ion and the data ob- 

tained from chemical analysis are given in both the concentrate and t a i l s .  

I t  was observed tha t  the grade of magnesi t e ,  which was improved in 

comparison with the i n i t i a l  concentration, i f  i t .  i s  compared with the 

calculated (expected) % grade from the experiments with the individual 

minerals, shown also in the Table, are less.  However. magnesite recove- 

r ies  in  a l l  the cases were better.  From the theory27, i t  i s  known tha t  

there i s  an inverse r e l a t i ~ n s h i p  between recovery and concentrate grade. 

Certainly, as shown from the resul ts  with the different  i n i t i a l  concen- 

t rat ion ra t ios ,  having a number of f lotat ion stages separation will be 

improved; further investigation i s  warranted. Froin parallel experience 

i n  froth f lotat ion of carbonates, i t  i s  f e l t  that  i t  i s  more a problem 

of the given system for  selective f lotat ion than of e lec t ro ly t ic  f lo ta -  

tion. 

I t  i s  already known16 tha t  selective separation, which i s  required 

commercially, of ca lc i te  from apat i te ,  or of f luor i te  from bari te  or 

scheelite by f lotat ion i s  not easi ly achieved. I t  was also shown tha t  

the differences between f lotat ion characteristics of various salt-type 

minerals ( l ike  ca lc i te ,  f luor i te  and apat i tes)  might not be any greater 

than those between samples of a single mineral from different  deposits. 

The use of modifying agents i s  therefore essential to  achieve select ivi-  

t y  in these systems. 

Concluding, the s imilar i ty  in the response of various minerals to 

f lotat ion techniques i s  often attributed t o  the i r  comparable surface 

chemical composition and in many cases to  the high surface ac t iv i ty  of 

the collectors usually employed t o  f l oa t  them. In addition, interactions 

of dissolved anions or cations from one mineral with other minerals in 

the pulp as  we1 l as with col lector  species can be considered t o  contri- 

bute towards the poor select ivi ty.  This i s  the reason why a l l  these 

aspects have been extensively discussed. 



TABLE 

Select ive  Batchwise Experiments of Mixtures of Pure Ores with Modifiers 

A. Use of Sodium F luoros i l i ca t e :  Concentration of co l l ec to r  40 ppm, 

modifier 520 ppm, pH 11.5 

Magnesite 80% - Dolomite 20% R = 98.4% G = 84.2% ca lc . :  90% 
M M 

B. Sodium Hexametaphosphate: Con.co1. 20 ppm, modif. 80 ppm, pH 8 . 0  

Magnesite 80% - Dolomite 20% RM = 74.9% G = 85.8% ca lc . :  89% M 
\ 
6 0 40 81.7 70 .4  7 6 

40 60 82 .3  47.6 5 8 

C .  Carboxymethyl Cellulose - Con.co1. 40 ppm, modif. 1 0 0  ppm, pH 9.5 

Reverse Flota t ion:  

Magnesite 80% - Dolomite 20% Concentrate R = 70.1% G = 23.3% 
D D 

Ta i l s  % = 42.3 . GM = 85 

5 0 50 Concentrate RD = 70.2 GD = 58.7 

T a i l s  R = 50.6 G = 62 .9  
M M 

NOTE: Pulp dens i ty  11.1 @-l, current  100 ~ r n - ~ ,  addi t ion  NaOH 3 . 7 ~ 1 0 - ~ ~ ,  

condit ioning time 600 S, e l e c t r o l y s i s  600 S. For the  case  C, no 

individual  recovery d a t a  for these  condi t ions  were avai lable  fo r  

comparison reasons.  

R r e f e r s  t o  recovery,  G t o  grade, c a l c .  t o  ca lcula ted  values  of 

grade and the  subscr ip ts  M and D t o  magnesite and dolomite, 

r e spec t ive ly ,  
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The existence of f ine  mineral part icles  complicates more the whole 

matter. As the part icle  s ize i s  reduced two characteristics begin to  do- 

minate: the specific surface becomes large and the mass of the part icle  

becomes very small. The relationship between the physical and chemical 

properties of f ine part icles  and their  behaviour in f lotat ion was exami- 

ned, among others, by D.W. Fuerstenau e t  a l lo .  Certain phenomena, as low 

f lotat ion r a t e ,  h i g h  reagent consumption and rapid oxidation, a f fec t  the 

recovery. Other phenomena af fec t  the grade, such as f ine part icle  en- 

trainment and non specific collector adsorption. While there are some 

affecting both, as froth s tabi l isat ion and higher dissolution. 

The problem of processing mineral f ine part icles  poses an imense 

challenge today to  the researchers, with the increasing d.emand for  mine- 

r a l s  and the continuously diminishing grade of ores. The application of 

conventional separation methods i s  generally uneconomical or ineff icient .  

Electrolytic f lotat ion,  a process coming principally from effluent t rea t -  

ment, offers certciin advantages and particularly, the production of f ine  

gas bubbles. Interesting resul ts  were obtained with the a r t i f i c i a l  mix- 

tures of magnesite-dolomite f ines,  showing bet ter  recoveries of magnesi- 

t e  compared with the individual tes t s .  In th i s  way, work on th is  f ie ld  

i s  going on in our laboratory and the research program i s  continued. 

K.A. iqdrnc, T.n.  rahh~oq KaL T.A. Zrahi6nc 
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SUMMARY 

A  computer model was developed t o  s imu la te  an e x i s t i n g  mu l t i p roduc t  
batch process. Th is  was used t o  determine t he  bo t t lenecks  and t o  
exp lo re  poss ib le  ways o f  i nc reas ing  p l a n t  capac i t y  by i n v e s t i g a t i n g  t he  
e f f e c t  o f  mod i f i ca t ions .  Factors taken i n t o  account inc luded delays due 
t o  equipment w a i t i n g  times, delays due t o  random equipment f a i l u r e s  and 
several  o the r  unce r ta i n t i es .  It was shown t h a t  d i f f e r e n t  opera t ing  
p01 i c i e s  and some p l a n t  mod i f i ca t i ons  cou ld  s u b s t a n t i a l l y  inc rease t h e  
capac i ty .  

Key words : Model l ing,  GPSS language, opera t ing  p o l i c i e s ,  opera t ing  
procedures, bo t t lenecks ,  w a i t i n g  times, equipment f a i l u r e s ,  s tochas t i c  
s i t u a t i o n s ,  d i s c r e t e  event, s t a t i s t i c s .  

ABBREVIATIONS AND TERMINOLOGY 

A, B  = Reactants; N  = Neu t ra l i se r ;  P  = Product; R = Reactor; 
S  = S t r i ppe r ;  T  = Storage tank. - Indices : m = number o f  r eac to rs  o r  
neu t ra l i se rs ;  n  = number o f  products; q  = number o f  s t r i ppe rs .  

INTRODUCTION 

On a  product ion  process, t h e  performance cou ld  be de f ined as t h e  

p r o p o r t i o n  o f  the  t ime t h a t  t h e  p l a n t  i s  running a t  normal ra tes .  There 

i s  100 % capac i ty  performance, when there  i s  complete access t o  a l l  

r equ i red  equipment a t  a l l  times. I f  the  annual capac i ty  performance i s  

quoted as e.g. 85 %, t he  p o t e n t i a l  annual p roduc t ion  i s  s imply 85 % o f  

the  normal ra te .  Reduced c a p a b i l i t y  i n  batch processes can be due t o  

equipment f a i l u r e s  o r  t o  w a i t i n g  t imes i f  the  downstream equipment i s  

occupied . 

* present address to which correspondence should be sent: 
Commission of the European Communities Directorate-General fop 
Science, Research and Development, 200 rue de Za Loi, B-2049 ~russeZs. 
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When many batch operat ions are  invo lved i n  a  mul t ip roduct  p lan t ,  

the  process i s  complex and i t  i s  almost impossible t o  p r e d i c t  t he  

e f f e c t s  'o f  delays due t o  f a i l u r e s ,  w a i t i n g  times and planned process 

modi f i ca t ions .  For t h i s  reason, a  computer program i s  requ i red  t o  model 

the process. 

The model can be used du r i ng  the design stage o r  dur ing  opera t ion  

o f  t he  p l a n t  t o  reveal  e x i s t i n g  bot t lenecks,  t o  i nves t i ga te  d i f f e r e n t  

p l a n t  opera t ing  p o l i c i e s  and t o  ob ta in  capac i ty  f i gu res  before  p l a n t  

modi f i ca t ions .  However, scheduling methods can s i g n i f i c a n t l y  improve 

the  p r o d u c t i v i t y  and cos t  e f fec t iveness o f  batch processes and should be 
1 considered f i r s t  be fore  i n v e s t i g a t i n g  process d e t a i l s  . 

2 The program was developed i n  GPSS computer s imula t ion  language . 
The elements o f  mode l l ing  inc luded s t a t i s t i c a l  d i s t r i b u t i o n s  f o r  the  

process steps der ived from t h e  ac tua l  p lan t .  They handled s tochast ic  

s i t u a t i o n s  and performed d i s c r e t e  event and continuous model l ing.  Such 

an ana lys is  requ i red  t h a t  a l l  f a c t o r s  which appeared t o  a f f e c t  t he  p l a n t  

opera t ion  should be i d e n t i f i e d ,  re levan t  data co l l ec ted  and the  o v e r a l l  

capac i ty  calculated.  More s p e c i f i c a l l y ,  t he  fo l l ow ing  i n fo rma t ion  was 

requ i red  : The process d e s c r i p t i o n  together w i t h  the  p l a n t  op't?rating 

procedures and p01 i c i e s ;  t h e  frequency o f  change o f  product; the  

occupation t imes f o r  a1 l batch equipment; the throughput o f  each 

product  i n  a l l  continuous equipdent; the capac i ty  o f  the  storage tanks; 

the equipment f a i l u r e s  and delays; the equipment c leaning p o l i c i e s  and 

c lean ing t imes requ i red  when a  product  was changed o r  when equipment 

was fouled; o ther  informat ion spec i f i c  t o  the  p lan t .  A s i m i l a r  study 
3 f o r  a  d i f f e ren t  process has s ince been presented by Felder and Kester  . 

The d e t a i l e d  data requ i red  f o r  the  s imula t ion  are, however; bes t  

i l l u s t r a t e d  i n  the example which fo l lows.  

PROCESS DESCRIPTION 

A  f low diagram of the  process considered i s  presented i n  f i g u r e  1. 

Several chemical products are  manufactured i n  batch reac tors  (R1 t o  

Rm) according t o  the  reac t i on  scheme. : 

A + B ca ta l ys t )  C + P  

where P  stands f o r  the  product. 
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Reactant  A  i s  f e d  t o  t h e  r e a c t o r  v i a  a  p rehea te r .  Accord ing  t o  t h e  

e x i s t i n g  scheme, one p r e h e a t e r  serves a l l  t h e  r e a c t o r s ,  b u t  can o n l y  be 

used f o r  one r e a c t o r  a t  a  t ime .  S imul taneously ,  r e a c t a n t  B and t h e  

c a t a l y s t  as w e l l  as r e c y c l e d  r e a c t a n t  A  a r e  added t o  t h e  r e a c t o r .  

. A t  t h e  end o f  t h e  batch, t h e  r e a c t o r  c o n t e n t  i s  emptied i n t o  a  

n e u t r a l i s e r  so t h a t  t h e  excess o f  r e a c t a n t  B i s  n e u t r a l i s e d  w i t h  NaOH. 

F o l l o w i n g  n e u t r a l i s a t i o n ,  which i s  a l s o  batch,  t h e  crude p r o d u c t  i s  

empt ied i n t o  t h e  b u f f e r  tank,  which corresponds t o  t h e  p r o d u c t  

concerned. Then, i t  i s  s t r i p p e d  c o n t i n u o u s l y  i n  one o f  t h e  s t r i p p e r s  

(S1 t o  S  ) i n  o r d e r  t o  remove t h e  wate r  o b t a i n e d  f rom n e u t r a l i s a t i o n  as 
9 

;ell as t h e  excess o f  r e a c t a n t  A, t h e  l a t t e r  be ing  r e c y c l e d  t o  t h e  

r e a c t o r .  The d i s t i l l a t i o n  bo t tom produc t  i s  mixed w i t h  f i l t e r  a i d  and 

t h e n  f i l t e r e d .  F i n a l l y ,  t h e  f i l t r a t e  i s  s t o r e d  i n  t h e  co r respond ing  

f i n a l  p r o d u c t  s torage.  

T h e  cornpt%er model opera tes  i n  t h e  f o l l o w i n g  way : F i r s t  i t  s t o r e s  

a l l  t h e  i n f o r m a t i o n  p r o v i d e d  by  t h e  u s e r  o f  t h e  program i .e .  r e a c t i o n  

t imes,  n e u t r a l  i s a t i o n  t imes, s t o r a g e  c a p a c i t i e s ,  and o thers .  I t  then 

c a l c u l a t e s  t h e  p rocess ing  t imes,  t a k i n g  i n t o  account  n o t  o n l y  a l l  t h e  

u n i t  occupa t ion  t imes b u t  a l s o  t h e  d e l a y s  due t o  w a i t i n g  t imes,  

equipment f a i l u r e s  and o thers .  

When a  r e a c t o r  i s  empty, t h e  model checks whether t h e  p r e h e a t e r  f o r  

r e a c t a n t  A i s  _ a v a i l a b l e .  I f  t h i s  c o n d i t i o n  i s  t r u e ,  i t  occupies t h e  

p r e h e a t e r  f o r  a  f i x e d  per iod ,  w h i l e  r e a c t a n t  A- i s  f e d  i n t o  t h e  r e a c t o r ,  

and t h e n  c a r r i e s  o u t  t h e  r e a c t i o n .  The r e a c t i o n  t i m e  depends on t h e  

p r o d u c t  processed. Uhen t h e  r e a c t i o n  i s  completed t h e  model checks 

whether  t h e  corresponding n e u ' t r a l i s e r  i s  empty and a l s o  t h a t  no o t h e r  

r e a c t o r  c o n t e n t  i s  be ing  d ischarged  i n t o  ano ther  n e u t r a l  i s e r .  T h i s  i s  

one o f  t h e  - e x i s t i n g  l i m i t a t i o n s  o f  t h e  p l a n t .  I f  bo th  o f  these  
t 

c o n d i t i o n s  a r e  met, i t  then  d ischarges  t h e  r e a c t o r  c o n t e n t  i n t o  t h e  

n e u t t a l  i s e r  and c a r r i e s  o u t  t h e  n e u t r a l  i s a t i o n .  The r e a c t o r  then 

becomes a v a i l a b l e  again.  If t h e  p r o d u c t  has t o  be changed, a  r e a c t o r  

c l e a n i n g  t i m e  i s  a l lowed f o r .  

A f t e r  n e u t r a l i s a t i o n  t h e  co r respond ing  b u f f e r  s to rage  spare 

c a p a c i t y  i s  checked and, p r o v i d e d  i t  i s  g r e a t e r  t h a n  t h e  r e a c t i o n  b a t c h  

s i z e ,  t h e  n e u t r a l i s e d  p r o d u c t  i s  empt ied i n t o  t h e  b u f f e r  s t o r e .  I f  t h i s  
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conlltions i s  not met, the neutraliser has t o  wait ti7T the storage 

capacity becomes avail able. 
When a s tr ipper  is available, the model selects  the fu l l e s t  buffer 

s tore ( i . e .  the one with the highest percentage of i t s  capacity 

occupied). I t  then s t r i p s  the content of th i s  'buffer s tore ,  until  the 

s tore i s  empty o r  stripping time exceeds the predetermined time when 

the s tr ipper  has t o  be cleaned. Then the stripper i s  cleaned and 

another buffer s tore i s  chosen. - 

Plant capacity is then computed fo r  a range of production 

s trategies .  

A t  a l a t e r  stage, modifications t o  actual performance were 

considered and bu i l t  into the program. Then, the model showed how 

different  hypothetical plant modifications and operating p01 ic ies  could 

increase plant capacity. The aspects examined were a t  the point  were a 

bottleneck occurred. Amongst the modifications considered were : adding 

storage capacity, reducing fa i lure  rates ,  producing a smaller variety of 

products, reducing batch reaction times (through changed operating 

conditions; for  examples see Results section): and others. 

The computer program incorporates a random number generator 

subroutine. This selects  randomly, within limits s e t  by the indicated 

probability, the choice of products in each reactor, the mean time for  

repairs and the mean period between fai lures .  The program could then 

calculate the plant capacity. 

Each timP the random number generator subroiltine i s  cel!ec!, i t  

operates on a seed number, provided by the user of the program. When 

the seed number i s  changed, there is a change in the sequence of events 

e.g. choice of products w i t h  different batch reaction times, choice of 

fai lures  with different repair times, etc.  This resul ts  in different 

computed capacity figures. All cases had therefore to  be run several 
times using, each time, a different  seed number. 

THEORETICAL NODEL 

The following describes in detail  the plant operating data as well 

as the assumptions made for  the computer model : 

Products 
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Preheater of reactant A 

. According t o  the e x i s t i n g  scheme a t  the actual plant,  one preheater 

serves a l l  the reactors, bu t  can only be used f o r  one reactor  a t  a 

time. (This o f  course gives less f l e x i b i l i t y  a.nd creates a 

r e s t r i c t i o n ,  but was o r i g i n a l l y  designed i n  t h i s  way t o  reduce cap i ta l  

investment) . 
. When a reactor  i s  charged, the preheater i s  occupied f o r  a predeter- 

mined per iod . 
Reactors 

. Each product can be produced i n  some reactors only, as ind icated i n  

tab le  I. 

TABLE I : Product-reactor matr ix  

Y = Yes, N = No 

Product 

. The p r o b a b i l i t y  o f  having a product manufactured i n  a reactor  i s  

calculated from p l a n t  data on  the number o f  batches i n  each reactor.  

Then, the computer program randomly selects.  the product t o  be 

manufactured i n  each reactor  w i t h  the p r o b a b i l i t y  concerned. 

. Average batch reactor  times f o r  each reactor  are considered ( the  exact 

batch reactor t ime could be found were a reactor model t o  be, 

ava i lab le) .  

. When react ion ends, on ly  the contents o f  a s ing le  reactor can be 

emptied a t  a time. This can on ly  then be emptied i n t o  the 

corresponding neu t ra l i se r  provided i t  i s  no t  occupied. 

. There i s  a product change i n  each reactor w i th  an equal p r o b a b i l i t y  

every 1, 2, 3, ....., 13 days. This was calculated from p lan t  data 

and i s  shown graphica l ly  i n  f i g .  2. 

. When changing the product t o  be processed, the reactor  i s  cleaned. 

A d i f fe ren t  cleaning t ime i s  taken i n t o  account fo r  each product. 

Products produced i n  reactor 

R 1 R* ' 
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probabi l i ty  
of product 
change 0.2 

number of days 

FIG. 2 : Product change in each reactor with an equal probability every 
1, 2, ....., 13 days. 

The occupation time of the neutraliser i s  taken into account. This 

includes not only the neutralisation time, but also the time for  

charging and the time for  discharging. 

When neutralisation ends, the content of the neutraliser i s  discharged 

into the buffer storage which corresponds t o  the product processed. 

However, i t  will not be discharged i f  the space available in the 

storage tank i s  l e s s  than the neutralizer 's batch size. 

Buffer Stores 

. Only total  buffer storage capacities for  each product are considered. 

These are calculated from individual storage capacities. 

Final product stores 

. The capacities of the f inal  product stores are selected t o  be large 

enough tha t  there will not he s bot t leneck.  Th fs  i s  just i f ied since 

w i t h  good production planning the i r  capacity i s  not a real limitation. 

Strippers 

. When a s tr ipper  i s  available, the content of the most loaded buffer 

store i s  chosen (provided th i s  i s  higher than a specified minimum). 

I t  then s t r i p s  unt i l  the storage tank i s  empty (provided i t  does not 

s t r i p  fo r  longer than a predetermined period and there i s  no s tr ipper  

fai lure) .  

. The throughput of each str ipper  depends on the product processed and 

on the s tr ipper  concerned. However, only average throughput values 

are considered. 

. Strippers are assumed to  f a i l  a t  widely varying intervals and for  
variable duratinns; the nmhdhi? i t v  dictrit?!!tfc?nz n f  both were 

determined from plant data. 
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. Afte r  a predetermined period of continuous s t r ipp ing  the  s t r i p p e r  

operation i s  stopped and the  u n i t  i s  cleaned. Cleaning times a r e  

taken in to  account. 

. The s t r i p p e r  i s  a l s o  cleaned whenever the re  i s  a change of product t o  

be s t r ipped.  

Fil ters  

. The f i l t e r s  a re  considered t o  have a performance of 100 % i .e .  they 

a r e  considered t o  have no f a i l u r e s  and a re  not responsible f o r  any 

delays whatsoever. 

productive days 

Scheduled plant  shutdowns a r e  taken i n t o  account f o r  the  ca lcu la t ion  

of the  productive days. The most important shutdowns a re  due t o  

scheduled maintenance, holidays and others .  

Failure AnaZysis 

Data from the  p lant  showed t h a t  the  main f ac to r s  f o r  f a i l u r e s  and 

delays commonly encountered were due t o  : Main equipment mechanical 

f a i l u r e s ,  equipment leaks ,  equipment blockages, pump f a i i u r e s ,  valve 

f a i l u r e s ,  pipework blockages, general piping and flange leaks o r  

ruptures ,  control system f a i l u r e s  ( o r  maloperations),  changeover 

f a i l u r e s  (e.g.  i n s t a l l e d  spare does not s t a r t  although i t  was a l l  r igh t  

yesterday) ; service  f a i l u r e s  due t o  steam supply, cooling water supply, 

heating o i l  supply (e.g. due t o  f a i l u r e  of the  b o i l e r ) ,  instrument a i r  

supply, e l e c t r i c  power supply (e.g. due t o  s t r i k e s )  o r  o thers ;  f a i l u r e s  

o r  delays due t o  lack of manpower, operator e r r o r s ,  computer f a i l u r e s ,  

instrument f a i l u r e s ,  product qual i t y  f a i l u r e s ,  qua l i ty  monitoring 

equipment f a i l u r e  and many others.  

For each u n i t ,  s t a t i s t i c a l  data on "faiZure repair time" and 

"period between & ~ ~ u ~ e s 1 '  were obtained from the  ex i s t ing  plant .  All 

f a i l u r e  data  were taken from one p a r t i c u l a r  year.  The r epa i r  times were 

grouped i n  seven ca tegor ies  according t o  t h e i r  length,  and the  

probabi l i ty  of occurrence of each category was computed ( the  s p l i t  i n to  

seven ca tegor ies  was a r b i t r a r y ) .  The period between f a i l u r e s  was a l s o  
L 

s p l i t  i n t o  seven ca tegor ies ,  while t h e i r  probabi l i ty  of occurrence was 

a l so  computed. Fa i lu re  analyses were made f o r  a l l  the  r eac to r s  and 

neu t ra l i se r s  as well a s  f o r  the  heat  exchanger. 
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T y p i c a l  r e s u i t s  or' a  f a i i u r e  a i i a i y s i s  f o r  a  r e a c t o r  a r e  shown i n  

f i g u r e  3. As shown on t h e  graph, t h e  h i g h e s t  p r o b a b i l i t y  o f  occurrence 

was f o r  a  mean r e p a i r  t i m e  o f  4 u n i t s  o f  time. There was a l s o  a  15 % 

p r o b a b i l i t y  f o r  a  r e p a i r  t i m e  o f  1 u n i t  o f  t ime,  e t c .  A l l  p r o b a b i l i t i e s  

shoiild, of cou'rse, sum up t o  1, A  s i m i l a r  a n a l y s i s -  made f o r  t h e  l'period 

between faiZwesl' f o r  t h e  same r e a c t o r  i s  a l s o  p resen ted  i n  f i g u r e  3. 

1 2 3 4 5 6 7  

e v e n t  

0.5 

p robab i  l i t y  

0.25 

0  > 

Event  

1 2 3 4 5  1626 
even t  

Mean f a i l u r e  r e p a i r  
t i m e  ( u n i t s  o f  t ime)  

FIG. 3  : T y p i c a i  i a i i u r e  a n a i y s i s  t o r  a  r e a c t o r .  

RESULTS 

The computer model was r u n  f o r  a  s i m u l a t e d  p e r i o d  o f  1 year .  The 

agreement o f  model r e s u l t s  w i t h  e x i s t i n g  p l a n t  da ta  v a l i d a t e d  t h e  model. 

A f u r t h e r  i n d i c a t i o n  o f  t h e  v a l i d i t y  o f  t h e  model was o b t a i n e d  w i t h  

computer r e s u l t s  which i n d i c a t e d  t h a t  t h e  f r a c t i o n  of each p r o d u c t  

manufactured does n o t  change c o n s i d e r a b l y  from case t o  case and compares 

w e l l  w i t h  t h e  f r a c t i o n  o f  each p r o d u c t  produced a t  t h e  a c t u a l  p l a n t .  

T h i s  i s  i l l u s t r a t e d  i n  t a b l e  11. 

The model was used t o  determine t h e  b o t t l e n e c k s  and t o  e x p l o r e  pos- 

s i b l e  ways o f  i n c r e a s i n g  p l a n t  c a p a c i t y  by  i n v e s t i g a t i n g  t h e  e f f e c t  o f  

riiiidificiit<ciis. ; ~ i S v r  i a n r t ~  I IILU dccount  i n c l u d e d  de lays  due t o  
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equipment w a i t i n g  t imes, delays due t o  random equipment f a i l u r e s  and 

several  o the r  unce r ta i n t i es .  I t  was shown t h a t  d i f f e r e n t  opera t ing  

p o l i c i e s  and some p l a n t  mod i f i ca t i ons  cou ld  s u b s t a n t i a l l y  inc rease t h e  

capac i ty .  

TABLE I 1  : Comparison o f  model runs w i t h  p l a n t  data 

1 p Product  

The computer p r i n t o u t  p rov ided tab les  w i t h  s t a t i s t i c a l  in fo rmat ion .  

The i n fo rma t i on  obtained f rom these tab les  d i r e c t e d  t he  mod i f i ca t i ons  t o  

be considered and the  nex t  computer runs t o  be made. The s t a t i s t i c a l  

i n fo rma t i on  inc luded : 

. Time reac to rs  a re  w a i t i n g  f o r  t h e  respec t i ve  n e u t r a l i s e r s  t o  be 

ava i l ab le ;  

. Time reac to rs  a re  w a i t i n g  f o r . t h e  preheater  t o  be ava i l ab le ;  

. Time reac to rs  a re  w a i t i n g  f o r  another reac to r  t o  empty; 

. Time n e u t r a l i s e r s  a re  w a i t i n g  because the  respect ive  b u f f e r  

s to res  a r e  f u l l ;  

. D a i l y  p roduc t ion  o f  each product  and cumulat ive d a i l y  

P1 
P2 

Fn-1 
n  

To ta l  

p roduc t ion  o f  a l l  products; 

. To ta l  y e a r l y  p roduc t ion  o f  each product. 

The computer model was r u n  f o r  several cases. On the  one hand, r u n  

1, f o r  which a l l  assumptions f o r  t h e  e x i s t i n g  process apply, and, on t he  

o ther ,  runs 2  t o  8, f o r  which a l l  assumptions apply except t he  one 

i nd i ca ted .  These runs a re  summarised i n  t a b l e  111. 

Ac tua l  
P l a n t  data 

.l96 

.037 

-064 .008 

1 .OO 

A l l  assumptions f o r  t h e  e x i s t i n g  
process apply 

Seed No. 1 

.206 

.037 

.O .021 

1 .OO 

Seed No. 2  

.202 

.050 

.064 .011 

1.00 
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TABLE I11 : E f f e c t  o f  v a r i a t i o n s  on base case 

A l l  Assumption f o r  t h e  e x i s t i n g  
process app ly  (no m o d i f i c a t i o n  
appl i ed )  

Run B e s c r i p t i o n  o f  t he  s imulated case 

....................................... 
React ion t ime o f  each product  i n  
each r e a c t o r  i s  reduced by 20 % 

Capaci ty  inc rease 
% 

A l l  f a i l u r e s  a r e  e l im ina ted  

One storage capac i t y  c r e a t i n g  a  1 5. 1 bo t t l eneck  i s  increased I 
Less f requent  change o f  r eac tan t  A 
w i t h  an equal p r o b a b i l i t y  every 
8, 9, ...... , 20 days 

Less f requent  change o f  r eac tan t  A 
w i t h  an equal p r o b a b i l i t y  every 
1, 2, ......, 27 days ----- i7- i i l 

18. 1 On ly  t he  major  products a r e  producedl 1 I 
I f  t h e  r e a c t i o n  t ime i n  a l l  r eac to rs  i s  reduced by 20 %, t h e  

capac i ty  increases by about 17 X. However, 2~ f u r t h e r  t ime decrease o f  

10 % g ives  a  f u r t h e r  capac i t y  increase o f  on ly  6.7 X. This non l i n e a r  

increase i s  due t o  t h e  decreasing a v a i l a b i l i t : ~ ,  o f  the neu t ra l  iser (when 

the  r e a c t o r  and n e u t r a l i s a t i o n  t imes become comparable, t he  r e a c t o r  

w a i t i n g  t imes increase).  

While reduc t i on  o f  r eac t i on  t imes may be s t ra igh t fo rward ,  however, 

i t  may n o t  always g i v e  t he  des i red  r e s u l t .  For example i n  t he  case o f  

simple non- revers ib le  reac t i ons  o r  r e v e r s i b l e  endothermic ones, r e a c t i o n  

t ime cou ld  be reduced by us ing  h igher  temperatures, (a l though f o r  

r e v e r s i b l e  exothermal o r  f o r  mu1 t i p l e  r e a c t i ~ n s ,  temperature increase i s  

no t  t h e  opt imal  opera t ing  p o l i c y  f o r  a  reac to r ) .  However, increase o f  

t h e  r e a c t o r  opera t ing  temperature may requ i re  more energy consumption. 

I n  t h i s  way, a  poss ib le  capac i ty  increase may be accompanied by a  h igher  

r e a c t o r  opera t ing  cos t  and perhaps a  h igher  p roduc t ion  cos t  pe r  u n i t  o f  

product. Model l i n g  i s  necessary t o  i d e n t i f y  t he  optimum s t ra tegy ,  and 

may r e q u i r e  ana l ys i s  a t  t he  reac to r  l e v e l  t o  be in t roduced i n t o  t he  
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process model. An overview o f  batch r e a c t o r  models, t he  i n p u t  needed t o  

generate these models and a l s o  t h e  type o f  payback t h a t  might  be gained 
4 

from t h e i r  use i s  descr ibed by Wilson . 

CONCLUSIONS 

S imu la t i ng  an e x i s t i n g  mu l t i p roduc t  batch process, i t  was shown t o  

be poss ib le  t o  increase p l a n t  capac i t y  i n  a  number o f  ways. The 

conclusions may seen t o  be q u a l i t a t i v e l y  obvious. However, t h e  model 

a l lows q u a n t i t a t i v e  est imates and a  p r i o r i t y  c l a s s i f i c a t i o n  o f  t he  

poss ib le  mod i f i ca t ions ,  e.g. 

. Reduced reac t i on  time. By reducing the  r e a c t i o n  t ime i n  a l l  r eac to rs  

by 20 %, we can increase t h e  capac i t y  by about 17 %. 

. Fewer p l a n t  f a i l u r e s .  I n  t he  hypo the t i ca l  s i t u a t i o n  where a l l  

f a i l u r e s  are  e l iminated,  t h e  capac i ty  increases by about 9 %. B o i l e r  

f a i l u r e s  a lone account f o r  a  capac i ty  l o s s  o f  1 %. 

. Increased storage capaci ty .  By increas ing  t he  storage capac i t y  o f  one 

b u f f e r  s t o r e  which was c r e a t i n g  a  bo t t leneck ,  the p l a n t  capac i t y  

increases by 2 %. 

. Less f requent  reac tan t  changes. 

. Producing fewer products. 

I n  f u tu re ,  t h e  model w i l l  be app l ied  t o  ob ta in  capac i t y  f i g u r e s  i n  

t he  case of o ther  major  p l a n t  modi f icat ions.  I t  w i l l  a l s o  be app l i ed  t o  

o the r  processes. 
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no  iqaq T ~ U O  d I ad I ~ a u  iag  ~ a T 6   nap^ i d ~ g  6u0 Ka I a u v s ~ o 6 g  d I a6 I ~ a u  i a g  . H 

av6huaq a u ~ r j  n s p 1 h 6 p p a v ~  TOV npoa61op1ap6 K&E U T O I X E ~ O U  nou E ~ ~ P E ~ T E I  

Tq h E l T 0 I J p ~ i a  TqC E Y K ~ T ~ U T ~ U ~ ~  KaI Tq auhhoyi  TCJv U X E T I K ~ V  ~ E ~ O ~ ~ V O V  Kal 

T E ~ I K ~  TOV unohoy1ap6 TQ& o h l ~ r j g  n a p a y w y l ~ i g  I K ~ v ~ T ~ T ~ ~ .  

To p0VTih0 X p q u ~ p o n o l j B q ~ ~  y l a   qv npoao~oiwur- x p o v l ~ f i g  nsp166ou 

E V ~ S  6 ~ 0 ~ ~ .  H OUpQWVia TWV U ~ O T E ~ E U ~ ~ T O V  TOU ~ O V T ~ ~ O U  pE Ta 6sdov6va 

an6 T ~ V  un6pXouoa ~ y ~ a ~ 6 a ~ a u q  ~ n u h j B s u m  TO p o v ~ L h o .  
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