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SYNTHESIS OF 4-0-p-NITROBENZOYL-3-N-TRIFLUOROACETYL-4-DEMETHOXY-
-DAUNOMYCIN

F. SAKELLARIADOU

Applisd  Geochemistry Resssrch Group, Depsriment of Geolagy, Raval School ~or Mines,
Imperisl Collage, Prince Consort Road, Londbn SW728P, UK. (Present adiress: 4 Ipsilaniol
st, 16673-Vouls, Greece)

(Received March 20, 1985. Revised February 6, 1987)

SUMMARY

A -procedure for the preparation of 4-o0-p-nitrobenzoyl-3-N-trifluoroacetyi-4~
- -demethoxy-daunomycin  is described. It includes a 17-step synthesis of 4-demethoxy~
* -daunomycinone, following a modified version of the Pappo and Garland technique; & 5-step
synthesis of the bromo derivative of 3-trifluoro-acetamido-1,4-bis-o-p-nitrobenzoyl~
-L-dauncsaminide and the coupling of the aglycone part with the protected form of the sugar
in a one step procedure. ’

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

iNTRODUCT{ION

Daunomycin is an anthracycline antibiotic which is used clinically for the treatment of
various species’ of human cancer. Its biological activity involves an inhibition of the
cellular DNA dependent replication and transcription processes.

Daunomycin was first isolated from the cultures of Streptomyces peucetius and
Streptomyces coeruleorubidus in the Farmitalia®>4> and Rhone Poulenc®’ 1laboratories,
respectively.  Its mild acid hydrolysis affords the aglycone daun_o_mydinone and the amino
sugar daunosamine.

Yarious procedures were developed for the synthesis of the aglycone part Inmost of them
the key constructive step involves a Diels-Alder reaction while the synthetical route is
mainly based on the use of quinizarin quinone. Thus, Kendé et a8 described a synthetical
approach of (+)-4~demethoxy-dauncmycinone on the basis of the chemistry of quinone-
- -isobenzofuran adducts; Kelly et al® reported a synthetical procedure which is mainly
consisted of a Diels-Alder -reaction between quinizarin quinone and an appropriate
chiorodiene; Garland and Pappo'®-11 suggested an effective route for the (+)-4-demethoxy-
-daunomycinone synthesis based on a Diels-Alder addition of the trans-4-(trimethyl-silvl)-



F. SAKELLARIADOU

-2-acetoxy- 1,3-butadiene with guinizarin quinone, while Broadhurst et al'2 proposed a
11-step proceduré based on a Diels-Alder reaction and using trans-1,2-diacetoxy-1,2-
-dihydro-benzocyclobutene to give the appropriate diene 77 s/t

Daunosamine, the amino sugar residue of daunomycin, is a 3-amino-2,3,6-trideoxy-L-
-lyxo-hexose. Dauncsamine hydrochloride was synthesized from L-rhamnal by March et a3
Conversely, N-acetyl-D-daunosamine and its arabino isomer can be obtained from methyl-
- 3-acetamido-2,3-dideoxy-D-arabinohexopyranoside or its §-D-lyxo-isomer, &sBaer et all4
suggested. In addition, an interesting synthetical procedure of N-trifluorcacetyl-L-
~daunosamine was proposed by Fronza et al'®, starting from cinnamaldehyde, formaldehyde
and commercial bakers” yeast.

in order to obtain the desired anthracycline, the connection of the aglycone part with the
~ amino suger is desired. Coupling the (+)-demethoxy-daunomycinone with the 1-chloro-3-
-N,4-0~-bistriflusroacety]-daunosamine, following the Koenigs-Knorr method, mixtures of &~
and $- glycosides were obtained. On the other hand, under similar conditions, using the
4-0-p-nitro-benzoyl-derivative, the & -glycoside was exclusively produced‘f’. .

MATERIALS AND METHODS
The synthesis of 4-demethoxy-daunomycinone, 7, 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-1-trimethyl-silyl-3-acetoxy-1,3-butadiene, 2, and quinizarin
quinone, .
Briefly, the preparation of the butadiene comprises the following stages:
(a) reaction of pure butyn-3-ol with freshly prepared ethyl magnesium bromide in
THF; '
{b) addition of chlorotrimethylsilane;
(c) removal of the trimethylsilyl substituent by ageous HCl, that provides the
colourless stable oil, 4 ;\
(d)  partial hydrogenation that affords the cis-olefin, 5;
" (e) oxidation of compound, 5; .
(f) isomerization of the double bond by acidic acid methanol;
(@) addition of water fcllowed by extraction with diethyl ether that provides the
“enone, 6 and ' v
(h) addition of an_hydroué isopropeny! acetate resulting to the butadiene, 2
On the other hand, gquinizarin guinone was cbtained by oxidizing commercial quinizafin
with lead tetraacetate in acetic acid, method of Dimroth and Hilcken'”. 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 leucoguinizarin.
Further methanolysis of the vinyl acetate moiety in the latter compound gave an acetal
which was hydrolysed to a ketone. The ketone was ethynylated at its C-9 position providing
an isomeric mixture, which mainly consisted of thecarbinol, & The carbinol was acetylated
using isopropenyl acetate and the resulting 3-acetoxy derivative was subsequently oxidized
with lead tetraacetale. The quinone diketone produced was treated with a saturated solution of
potassium acetate in acetic acid and then dry KF was added, followed by reduction with
sodium metabisylphite. The resulting acetate was hydrolysed with mercuric chloride, aniline
and water in refluxing benzene, using the Stanley method. Further acid hydrolysis in
aqueous isopropanol produced finally (+)-4-demethoxy-daunomycinone, /.

The amino sugar was prepared from the commercially available methyl-L-daunosamine
hydrochloride following hydrolysis with dilute HCI, treatment with an excess of trifluoroe-
cetic anhydride and addition of aqueous THF. The obtained sugar was protected by adding two
equivalents of p-nitrobenzyl chloride. The desired bromo derivative, 9 of the protected sugar
was prepared by using hydrogen bromide gas.

The final coupling of the aglycone part with the sugar, was carried out by adding a
solution of, 9 in CHyCl, to a mixture of 4-demethoxy-daunomycinone, water, mercuric

bromide and dichloromethane.
EXPERIMENT AL

Preparation  of  (+)-F-aoetoxy- 1,4 9,8, 1 2d,a- etrahvaro- ) A z‘rl'/77c?f/7_y/—51'/y'/—5_,‘5_ L1 12-
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~naphihaceneletrone

1,4,9,10-Anthracenetetrone (8.97g, 37.7mmol) was added to dry benzene (250ml) under
an argon atmosphere. Freshly prepared E—1-trimethyl-sﬂyl—_3-acetoxy-1,3—butadiene (5.4g,
24.4mmol) was added and the mixture was stirred for 4 days at 55°C. After stirring
overnight cyclohexane (25m1) was added, and the mixture was chilled at 10°C to give
(+)-3-acetoxy-1,44,a,124,a-tetrahydro- 1€—trimethylsi ly1-5,6,11,12-naphthacenetetrone, 7,
as golden tan crystals (9.8@, 79%); m.p. 196°—199°C;[(CD(‘3) 8.05-8.15 (2H,m), 7.80-

-7.90 (2H,m), 5.48 (1H,brs), 3.75 (1H,ddJS and SHz), 3.44-3.57 (1H,m), 2.19-2.53
(2H,m), 210 (3H,5), 1.86-1.94 (1Hm), and 0.2 (9H,5); V., 2950, 2920, 2850,

1740, 1720, 1705, 1655, 1590, 1460, 1370, 1270, 1245, 1210, 1110 and 840cm™'.

Preparation of 4-o-p-nitrobenzoyl-3-N-trifluoroecety!-4-demethoxy-adsunomyein
4-Demethoxy-daunomycinone (22.5mg), water (0.01m1), mercuric bromide (4.70mg),
molecular sieves 3A (94.11mg) and dichloromethane (0.94m1) were stirred at room
temperature. The protected sugar was dissolved in CHyCl, (0.47m1) and hydrogen bromide
was bubbled-through the solution for 4min. The mixture was stirred for 20min., at r.t., it

was filtered under N, funnel and the solid produced was washed with methylene chioride.

The solid was dried in a desicator over potassium or sodium hydroxide in a pump for
30min. The residue was dissolved in methylene chloride (0.47m1) and dried molecular
sieves 3A (918.82mg) were added. The mixture was added dropwise to the stirring mixture
of daunomycinone, at r.t.,, within 45min., and with external bath cooling. The ice bath was
removed and the stirring was continued for 1 hour at r.t. The mixture was washed with
water and dried over magnesium sulphate. The drying agent was removed by filtration while
the solvent was removed under vacuum to.give 4-o-p-nitrobenzoyl-3-N-trifluoroacetyl-4-
-demethoxy-daunomycin, /0, in a mixture with other compounds, whi_ch was separated by

chromatogrephy (8.82mg, 21%); m.p. 171°C-175%; v, 3950, 3860, 2050 and

1920cm™!,

RESULTS AND DISCUSSION
Of the initial stages of the overall procedure, the formation of the cis-olefin, 5 by a
Jartial hydrogenation of the compound, 4 was the reaction that required more attention. The

hydrogenation was carried out in benzene using Pd on” BaSO, Further reduction of the

resdlting double bond to a single ohe was avoided by using a small-amount of quinone as a
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poisoning agent. Conversely, the freshly prepared cis-olefin was immediately separated from
the catalyst, in order to avoid a probable isomerization of the double bond that would
produce a ketone.

Characterizing the cis-olefin by n.m.r. studies it was found that the two hydrogen atoms
of the double bond showed their signals at & 5.60 and 6.25, the hydrogen of the hydroxyl
"group at 6 2.2, while the methyl group gave a doublet at &6 1.25. The nine protons singlet at
60.15 corresponded to the trimethyl=silyl group. '

The Diels-Alder reaction was based on a freshly prepared diene. This was necessary as the
giene, 2 was not especially stable even in the presence of radicel inhibitors. Studying this
diene by n.m.r., it was shown that the two protons at C-1 gave their signals at & 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 20Hz, the three protons of the acetyl group appeared to be a singlet at
b 22 and the nine protons of the trimethylsilyl group a singlet at & 0.1. The Diels-Alder
reaction was mild. Thus, it was carried out in dry benzene, at S0°C, under & dry argon
stmosphere, over S days.

The cycloadduct, 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
& 3.44-3.57, the two protons at C-10 appeared at 6§ 2.29-2.53, the thres protons of the
acetyl group gave a singletat & 2.10, the three protons of the trimethyisilyl group a singlet
at 6 0.2 and the proton at C-7 gave a singlet at & 1.86-1.94.

During the preparation of the amino sugar, the thermal lability of the various derivatives
of the sugar reguired removal of the solvents at temperatures as low as possible.

On the other hand, 'Hn.m.r. studies of the sugar derivatives were obtained in d-DMSO
solution, due to their insolubility in other commonly used solvents. The final coupling of the
protected sugar with the aglycone part was successfully completed, through a comparatively
easily achieved reaction, giving 4-0-p-nitrobenzoyl-3-N-trifluoroacetyi-4-demethoxy-
-daunomycin, 70, in a mixture with other minor compounds.

MEPIAHYH
20v3¢on tng 4-0-p-vitpopevloiao-3-N-Tpigdopoaretudo- 4-BueIobu- 6aduv0utkivng

NeplgpageTal pio HEJOH0C NAPACKEUNC TNG €vwong 4-o0- g—vttpostCoUﬁo 3-N-
TpLeIopoaKeETUAD- 4-6LLIESDEU BOOUVOMIKIVYT. H pEJoBog auth neplaauaava Tpla uepn
(u)squEUn g évwong 4- Bipedotu- G(IOUVOULKLVDVH o€ 17 otablo akoAouduy Tag uux
TEXVIKN NOU nOTEAS( TEONONOIST TNC TEXVIKAC Twy Pappo kat Garland, (B) naposkeur
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1HIMMAWI

. §0U  Bpwiiou¥ou napayWyou tou 3-TpLedopo-aKeTapLEo-1,4-51-0-p-viTpopev{oino-
=L-Boouvosapivibiov o€ 5 otadia kau (y) OUJEUEN TOU d¥AUKOU UEPOUC PE TO
BPOCTOTEVPEYO NAPAYWY0 TOU caKydpou Me péJobo evig otabiou.
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YMOAOTIEMOE THE XOPHTIKOTHTAI C4 THE HAEKTPOAYTIKHEI AINAOITOIBAAAS
KAI THI "MH ANTISTAGMIZOMENHE" ANTIITATHE R, ETO EYITHMA Fe®'/Fe3*,
TE TEXNHTO BANAZZINO NEPO.

FTANNHE XPYIOYAAKHL, ITEAAA MAPKANTONATOY

Tousac III Enmiornunc «kai Texvikne rtwv  Yiikev, Tunua Xnuikev
Mnxavikev, E.M.1.,
Hpowv MoAurexveiou 9, MoAurexveiounoAn Zwypdgpou, ABnva 15773

(EAn®6n otig 30 Maiou 1986)

NMEPIAHWH

rtnv spy00|a auth emixelpeital pia d16pbuon Tm¥ gyuxwv, E= f(I),
™mg TplwaIan BoAtaunepoperpiag oTo ouoTnua Fe /Fe o€ - TEXVNTO
Bahaoo1vo vepod, XpnolponoidvTag NAeKTpodia and ypagiTn Kal mAativa
oTtoug  25°C. YnoAoyiobnke  ouyxpovwg n  xepnrikotnta  Cq  Tng
NAEKTPOXNHIKAG 6|nA00TOIBGBGQ TOV nAsKTpoﬁiwv auTdv, Kabwg Kal n Tipn
™G "pn avrioTa®pidopevng" avriara

Bpébnkav_o1 Tipeg Cy=111,9 107 F/cm kar R,=14,10 OT%V nsplfTwon
TOU nAekTpodiou and ypagiTn, Kai 01 TIMEG Cd—15 0 -10 F/cm® kai
Ry=10,2Q og nAekTpodio and nmAariva. 01 TIpEG QuTEG Ppiokovral peoa
0Ta opia Twv BIBAIOYPAYIKGV avapopwv.

TENOG o0 apiBPoG TwV AVTAANQOOOPEVWV NAEKTpOviwv, n, PBpébnke va
nAngialei nepirocgoTEPO mpo¢ Tnv povada (n=0,91) peta amd katAAAnAn
016p6won Twv BoATaunepopeTpikav Kapnuiev E=f(I). '

NeEeiq kAeidi1a: diopbwon Tng nTwONg TAONG, OUOTNHA Fe2+/Fe3+ oe
TEXVNTO  Bahaocoivd  vepo, UTIOAOY 1 0HOC ™TMC  XWpnT1KOTNTAG ™me¢
NAEKTPOXNHIKAG S1mAcoToI1Badag Cy kat TG avriotadpifoyevng avtioraong
R

u-
I. EIZATQrH

H Tpiywvikn Kai 1n KUKAIKG BoATaunepopeTpia anoteholv peBodoUG
NOIOTIKNG  Kupiwg  avaiuong  Tng KivnT!Khé TV NMAEKTPOXNHIKOV
avT10paoEwy Kal CUOTNUATWY HE TEPAoTia onuacia. Qot000, 01 MOOOTIKEG
HETPROEIC 01a9OPLYV nAsKTpoxanva HEYEBWV MOU mpaypaTonolouvTal HE TN
Bonbeia Twv UebOdWV auTwy, oan 0 QapIBUde TWV aVTAANAOOOHEVWYV
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NAEKTPOViWV n, o OUVTEAEOTAG didxuong Dy, Kal DRed> O! OUVTEAEOTEG
petagopac a kair B=l-a, Oewpolvral pelwpevng akpiPelag, OedopEvou OTI
Ta peyEBN  autd  MPOKUMTOUV WG  anOTENEOPa  MERETNG  KAAOIKWGV
NAEKTPOXNU IKGY CUVAPTHOEWV, nou ennpeagovral Queca anoé TNV popen Tng
BoAtapnepopeTpikng kapnoing E=f(I) n onoia napduoprVETal avaloya Je
TO UYOC TNG TIPUANG TNG NTOONG TAONG.

H p€d0d0og¢ TNG TPIYWIKAG BOATaunepopeTpiag anoTeAei MOAUT IO
EPEUVNTIKG  €pyakeio  yia Tn  PENETN  HEHOVWHEVWY, 1| OUYXPOVWLG
eLel1o0OPEVWV, | 510ad0) 1KV avTiOTPENTRV n avavT i OTPENTWV
NASKTPOXNU KOV dpacewv, nou eival duvatoév va mponyouvrair f va €novral
XNUIKOV QVTIGTPERTWV | GVaVTiOTPENTWV 6pboswv1’2.

Fla Tov oOKOMO auTOd €XOUV YiVEl HEXPI TOPA MOANEG npoondabeleg
d510pBwong A avrtioTabpiong TNC MNTWONG TﬁOﬂQz_ll. Zexwpifouv Ol
EPEUVNTIKEC epyaciec Twv J.DEVAV, B.LENGYEL, L.MESZAROSS ai Tuv
D.BRITZ, W.A.BROCKES.

01 mpwrol eniBaihouv €va evaANQOOOHEVO peUPA UYNAAG ouxvoTnTag,
£T01 WOTE N NAEKTPOXNUIKA Opdon va mapapeive! avennpeaoTn, Qe €VTaon
avaloyn €K€ivne Tou NAEKTPOXNUIKOU OUCTANATOC MOU HEAETATA!.

Evol, T0 OJuvapikd TOU €vAAAACOOUEVOU pPeURATOG, TNOU HUETPEITAl
avapeoa oTo NAEKTPOd IO €pyaciac Kal To nNAEKTPOdIO avapopdg, gival
avaloyo Tou duvapikoU TOU OuveXoUG PeUPATOG MOU OUVIEETAl AUesa JE
TNV avTioTaon TOU d1aAUpartog. ‘

To duvapikd Tou €vAANACOOPEVOU PEUNPATOC OTH OUVEXEla €VIioxUETAl
Kal TpooTiBeTal -€MeiTa and KaTaAAnAn eneEgpyaoia— oTo Buyaulxb TOU
CUVEXOUG PEVPATOC NOou e€nIBAAAEl KAl €AEyXEl O MOTEVO100GTATNG, €£TOI
WOTE N TIPA TNG 0dpwonG TOU . BUVAPIKOU TOU nNAEKTpOdIOU €pyaciag vd
dratnpeital avolhoiwTn Kai va napapg€vel avegapTnTn Tng avrioraocng Tou
d1akoparog.

01 Oeutepoi epappolouv Tnv peEBOdO TNG amdToung O 1AKOMAC TOU
NAEKTPIKOU pPEUYATOC TOU TMOTEVOIOOTATN HeE oOKOMO Tn pPETPNON TNG
NpaypaTIkng TIPAG TOU OduvapikoU avapeoa oTa nAEKTPOdIa epyaciag Kal
avapopag, Kkabwg Kai TNG avriotacng TOU NAEKTPOXNHUIKOU OuOTAHMATOC,
€701 QOTE Vva YIiVETAl OTn OUVEXEIQ NPAYHATOMOIAGIPN PIG  GUVEXAG
avT10Tadpion TNg NTWONG TAONG.



11

YNONOFTIMOL Ly, Ry, 10 IVETHMA Fe?*/Fe3+IE TEXNHIO  SAAALEING W

LTV npoKEipévh HENETH eniXeipeiTar yid npdTn ¢opd, MiG Katd
npoggyytan pETPROn  Tng "un avrioTaduilopevng" avtiotaong R, Tou
GUOTAPATOG Fez"'/Fe3+ 0og TEXVNTO Balacoive vepd avapeoa GTo NAEKTPOdIO
epyaciag and ypagitn f and AAativa, KAl OTO nNAEKTPOdI0 avagopdg
emIBGANOVTAC KGMO1a EMIAEYHEVN TIWNR Suvapikol ouvexoUg pelpaTog o€
neproxn otnv onoia oOev eEelicosTar n  nAekTpoXnuikn opdacn Tou
peherarar, (1o pelpa mnou pE€el 1A PECOU TWV NAEKTPOdIWV OTNV
nepinTwon auth €xe! mMOAU pikpn Tipn.) H npooeyyioTikn auth "¢’ anag"
Karaypaen Tng avtioraong Kpiverar oTtnv napoloa @aocn anapaitnTn,
dedopgvou 0TI n TipR TG R, peTaBaMAeTai Xpovika kara Ttnv d1dpkeia
NG Tfpayparonoinong HIAC nNAEKTpoXNUIKAC Opaong .pe anoTEAEopa n
OUVEXNG UETPNON TNG va Yiveral ouolaoTika npoPAnuatikn kai €Eaipevika
BUOKOAN.

Eg
gival ouvartov va odlopOwveTal o€ KAOGE XPOVIKA OTIYUR HE KATAAANAN

!

ogov n Tip Tng avvioraong Ry yiver yvwotn, n ntéon Taong

Oetikn avriordduion IR, omnv TipR Tng emiBalAopevng odpwong TOU

u
duvapikoU. H Tign  Tng  xwpnTik0TNTAG C4 TN NAEKTPOXNUIKAG

d1nAooTo1Badag umoloyileTal ouyXpovwg 010 id10 auoTnpa.

IT. BALIKEY OEQOPHTIKEL APXEY

H nteon taong IR emnpealerl Tta moooTika GHOTsXéopaTa ™G pebodoy
TG TPIYwVikKAG PoATapnepopsTpiag 71000 NEPIOOOTEPO 000 usyaxﬂTédq

g€ival n anoluty TIPR TNG MUKVOTNTAG TOU peliatog Kopugpnc i, Gpa Kat

/53.

noU pETPEITAI MEIPANAT KA

™G TaxuTnTag 0apwong Tou duvapikoU v O€dOPEVOU OTI ip=f(v1

H nukvotnTa TOU pe0PATog Kopuwﬁq’ ip
gival HIKpOTEPN OF unéhyTn TIPR TNg BewpnTikd umoAoyilOusvng Kkai n
taon E nou pSTpgiTinﬁélpauuTin SiVGI‘UIKPOTEpn NG eniBaAAOUEVNG OFE
pia ravaywylkﬂ 6|a€|Kaoiu evld eival peyaNOTepn ot pid 0EE1dWTIKA
dradikacia. ETot, yira pi1d OswpnTikd emniBaAAopevn taxlTnTa odpwong Vv,
n Tax0TNTa MNOU €MiTUYXavetal TeAIKA AOy®w Tng eniSpaonq ™G MNTWoNG
Taong, €ivar PIKpOTEPN EKEivNG. nMou Oa eixape Xwpi¢ TNV ATRON T1AONG
oTnV avepXOUevn TMAEUpd TNG KOPUONG evd ‘avTifeTa gival peyaAlTepn oTnv

KatepyOHEVN nAeupdl’z.
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01 BOATAUNEPOPETPIKEG UETPAOEIC KPivovTai AMODEKTEC OTAV N NTWON
Taong dev unepPaiver Ta 0,01V yia pia neipapatikd napartnpolpevn
S1agopa Taong peTagl TNG TIPAG TNG APXAG TNG KAWMOANG Tng Kopugng E;
Kal €KEIvNC TNC KOPUPARC TNG Ep, ion pe 0,1V1’2.

Xpnoiponoiwvrag TNV MEIpapAtikng diatagn TV TPIAOV NAEKTPOdiwv
(epyaoiag-avagopdg-Bondntikol) n avriotan Ry avapeosa oTo NAeKTPod10
avagopag kar oto BondnTIKO NAEKTPOD10 deV aAMOTEAE MNyn GPAAPATOV.

loTt000, n avriotraocn avapeod OTO NAEKTPOdIO avapopag kai oTo
NAekTPOS 10 €pyaciag Ry, mapapével navra xwpi¢ avrioTaduion akopa Kai
av dev npaypatonoleiTal nAEKTpOXNUIKA Opaon pe avrTaAllayn NAEKTPIKGV
gopTiwv (IxAua 1).

H npoteivopevn avtioTabpioTikn pEBodog 6|6p6wonql3 BacileTa:r oTnv
eniBorn TeTpaywvikoU maipolu duvapikou 10-300mV pe ouxvornta 1KHz ovo
nAekTpodi0 e€pyaciac Kai olOyxpovn napakohoUBnon Tng anokpiong Tng
peTaBoAng Tou pevpatog I oe cuvaptnon pe TO Xpovo t.

Onwg avagepdnke (8I), n TiuR Tou Juvapikol TOU nNAEKTPOdIOU
epyaciag ekAEyeTar Katadlinha, €701 @OTE OTNV  TIWR QUTH vd pnv
npayparonoiouvratr avrarAayeg ﬁAeKTplxav gopTiwv (dpaceig Faraday).

H anokpion Tou nAekTpOdiou epyaciac xapaktnpileTtal ané Tnv
1KaveTNTa TOU Vva aKOAOUBNOESI Tov €mIBAANOUEVO TETPAYWVIKO MAAPO Kal
€ival ouvaptnon TNg avtioraong Ry, xai Tng xwpnrikdétnrag €4 NG
NAEKTPOXNUIKAG OinhooTo1BAdAC TOUu nAekTpodlou epyaciag. To yIvopevo
Ry-Cq XapakTnpilel Ttnv Tax0TnTa dnokpiong Tou nAeKTpOdIou epydoiag
Ka1 ekgpaletal oe povadeg xpovou (t). Amortelei Tnv oTABEPa XpoOvou TOU
NAEKTPOAUTIKOU KEANIOU Kal unodelkvis! Tnv HIKPOTEPN duvatq Tipn
Xpovou nave and Tnv omoia TO NAEKTpoOXNUIKOG oUGTNUA €ival duvatov va
SexBei kanoia unohoyioipn peTapor (Ixfua 2).

Exelr anodelxBei neipaparika OT \ n dienigaveia nAekTpodiou
£pYa0iag/nAeKTpoAUTN OUPNEPIQEPETAl WG €VAG MUKVWTHG xwpnT|K6}n10§
Cq- : '

To emiBaA\épevo duvapiké E oe KkaBe Xpovikn oTIyuq 1000Tal PE TO
abpotopa Tou duvapikol oTta akpa Tou mukveTH E. Kai Tou Buvapikou oTa
akpa TG avriotaong Ry, Eg (IxAua 1(a)).

E=Ep+E, (1)
E.=a/Cy (2)
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RTITOEYITHRA Fe4/Fe34IE TEXNHTO BANALTING NEPO

X
-
» _'A'AVL
m
:LM
O
a.

IXHMA 1.  AmrAiq oxnuarikn napdoracn (a) : evoc ouoTnuaroc TpILYV
NAEKTPOdiwV XWPIC va npayuaromoieital nNAEKTPOXNUIKL ©6pacn. LuvoAikn
avrigraocn Tou auqrﬂuaroc: Ry + Ry Kar (B) : €voc ouoTAuaroc omou
e&eAigoeTar nAexkrpoxnuikn Opdon. Pevuara- "Faraday" Oiépxovrar o81d
HEoou TNC avrigraonc Re kai aAAa peuvuara (6x1 "Faraday") &i1a uéoou
TNG  NAEKTPOXNUIKAG  O1mAooroifadag  xwpnrikoTnrag  Cq.  ZuvoAIKij
avrioraon Tou ouoTiiHarog Ry + Ry + Re.

Re: oupBoAikn avrigraon Tn¢ npayudaronojoUUEVNG  NAEKTPOXNHIKIG
opaong, ET: nAekrpodio epyaoiac, ER: nAekrtpodio avagopac, CE:
BonbnTiKG NAEKTPOS 10, Epppn: MAAVUQTIKG SUVAUIKG.

Eref
E | /’—E
p’ true.
G )
/ !
]

0o t

ZXHMA 2. -Ixnuarikf napaoracn TnG €mMidpaonc Tng orabepac Xpovou Tou
KeAAiou ornv  npayuparika emiBarAouevn Tiun TOoU OUVAUIKOU OTO
NAEKTpPOS 10 epyaoiag. Eypo = Epoe(1-exo(-t/R Cq)} (i6€ Zxiua 1).
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MAPYANTONAINY

Aedopévou OT1 10x0el n oxéon (2), avrika@ioTeVTAG TRV TIpR Twv E.
Kal Eg=IR, £xope oT1i:

E = IR, +a/Cq (3)

' Aedopévou eniong ot1 dg=Idt, n €fiowon {(3) petaoxnuari{erar oTnv
napakate €fiowon {4), n onoia €xel oav Alon Tn oxEon (5):

dq q E
-- =+ — (4)
dt  R,Cq Ry
q = EC4[1-exp(-t/R,Cq)] , (5)

Atagopiovrag otn ouvéxela Tn oxéon (5), amoktoupe TN oxéon (6),
Tidu EKQPAlel TNV ANOKP1ON TOU NAEKTPOSI0U €pyaciag, gTOV €miBAANOHEVO
naApod Tou Juvapikod (Ixfpa 3):

E - -t
[ = — exp{
Ry RuCd

) (6)

Kabe gpopd mou emiBaAAeTal KAmoiog maApdg duvapikoU OTO NAEKTPODIO
epyooiag n unapgn Tng avrioraong R, TPOKAAEi Kamoia peiwon  TOU
BewpnT 1K@ eniBakAopevou nalpou katd 1o péyeBog IR,.

ITnv mpayparikoTnTa pe Tn Bonbeia €101KoU MOTEVOIQUETPOU TOU
noTeEVO100TaTn  emiAéyope, aufdvovrag ouvex®wg TO0 -"nogootd f Tng
avrioTapioTikng avriotaong Rg, fRe, KarGAANAn Tipn Tou duvapikol
avrioT@dpiong ifRe €101 GoOTE auTE va yiver BewpnTika 100 O€ aANOAUTN
TipR He To pEyeBog iR,. Me Tn pEBOdO auth eivair duvatdv va eniToxope
a\hote "unep-ovrioTadpion" dalhote funo-avrioTa@dpion"” dedopEvou OTI
gival €EaipeTika OJdUOKOAO -av OX1 adlOvato- va €MITUXOHE MAANPN
avTi1oTadpion.

H-avrioTaBpioTiky auth Ttaon npooTiBerar pe tn Bonbeia katdAAnAa
KOTAOKEUAOPEVOU NAEKTPOVIKOU KUKAGPATOG TOU MOTEVOIOOTATH Kal  QEPVEL
TO nNAEKTPOdIO €pyaciag ot  JUVAPIKO  PEYANUTEPO  TOU  BewpnTika
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€n1BANOUEVOU, £TOI QOTE n QOPTION TNG NAEKTPOXNUIKAG dinmhooToiBadag
xwpnTikéTnTag Cy va yiveral ypﬁYopa.

000 n sniBal\opevn avTiIoTABUIOTIKA TAon auiavetral n anokpion Tou
nAekTpOdIOU €pyaciag yiveral Taxutepn Kal To nAato¢ Tng é€vraong I
pHeyaAUTEPO yia Tov idl0 Xpovo, ONwWC QaiveTral Kai ané Tnv padnparikn
€kgpaon tng anokpiang I-t tng ox€ong (6) (Ixnua 4).

Ei

Y

@ .

IXHMA 3. Zynuariki napdoracn TNG XPOVIKNG HETABOARC TnG évraanc'rou
pevparoc nukvern I-t (B) orav emipaAAous pia orabepr Tiun ouvapikou £
yi1a xpovo t (a).
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IXHMA 4. Mopen tnc anokpionc I-t- ToU nAekTpodiou €pyaoiac kara 1n
O01GpKegia TG avrioTabuiaTikng 61adikaoiag yia tnv 610p8wan TNC ATWANG
raong IR,. (a): apyn anmokpion, (B): "unepavrioraBuion”, unmepBoAika
ypnyopn amokpian, TaAavregeic, (y): aworn avrigr@@uian, ypnyopn
anokpian. :

YnepBoArkn,  avrTioTaBuIOTIKA  TAON  TNPOKGAEI  TAAGVTQOEIG  TOU
ouvogThipatog. Kpivetal AoImov oOKOMIpOo va €NATTOVETAl N TIPR TNG
en1BaANOpevnNg avtioTabpioTIkKAG Taong kard@ 10-20% Ttng TIPAG yi1a Tnv
onoia naparnpolvial oOi TGAGVTQOE!QZ’s. H owoth popen Tng amokpiong
paiveral oTnv nepintwon (y) Tou Ixnpartog 4.

ITI. NEIPAMATIKEE XYNGHKEX

01 neipauaTtikEg OUVONKEG TNC £pydoTNPIAKAE QUTAC HEAETNG E€XOUV Q8N
NEPIYpaApei avaluTikd O€ MponyoUHEVN epyooi014.

ITnV npokeipevn MEPIMTWON XpNoIHomoindnkav NAEKTPOOI1a epyadiag and
Ka0apd Aeukoxpuoo, Pt, (#:0,5mm, Spt=0,143cm2) kai kabapo ypagitn TFA
(@:1mm, Sy 0qqin=0>259cn?).

H andkpion Tou nhekTpddiou epyaciag, I-t, napbnke oe mnaipcypago
TEKTRONIX 5223 pe ynolaki pvAun Kai guToypagibnke kat’ eubeiav ano
TNV 08dvn ToU.

H avrioraBprotikn taon IR, emiBAibnke pe Ttn Bonbeia £101KNG
nAeKTpOVIKAG d1atagng Tou "Model 376, Logarithmic Current Converter
NG PAR.



TN IS ? (L e e T TEXNATI BARAES TN REPY.

IV. ANOTEAEIMATA - IYZHTHZH

ITo IXApa 5 napouci1aeTdl n andkpion €vAG nAEKTPOSIoU epyaciag amd
ypagitn TFA, oOtav emiBalAeTal o€ autd £€vag TETPAYWVIKOG MNAAUOG
duvap kol nhatoug 60mV ka1 ouxvorntag 1KHz.

Metaoxnuatifoviac T oxeon (6) €xoue:

‘ E t
Inl = 1p— -

(7)

Ru Rqu

YXHMA 5. Anokpion I-t &evoc nAekrpodiou epyaciac arno  ypagitn
(Sypa,irn:0,259cm2), orav emiBAAAeTal o0 aQutO €vac MAAUOC Ouvauikou
E=60mV ka1 ouyxvornra¢c IlKHz, oe aUarqya TexvnTou BaAaooivou -vepol +
FeClg-6Hy0 (C°[FeClg-6H,0] = 58,9107 mole/1). Afove¢ X=0,Ims/unos.,
¥=0,001A/unod.
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IXHMA 6. MeAérn tnc ouvaprnonc Inl=F(t) nou avapéperar 0TI¢
ne1payar IKEG ouvelnkeg tou rxnuarog 5.

H petaBor I=f(t) eival ypappikn (Ixfpa 6). H kAion Tng eubeiag
autRg pag diver v TipR -(1/R,C4) n d¢ anotépvouca yia t=0 Tnv
nocotnta In(E/R,). Me Tov Tpomo autd umoloyifovrai OUYXpOVWG N TIHA
TG avriotaeng R, kai N XwpnrikeéTNTA  TNG  NAEKTPOXNUIKAG
d1nhogto1Badag Cqy.

Etol Bp€bnke oOT1:

Ry=14,10 xar Cq=111,9:10" F/cu?.

Eav xpnoiponoincope €va nAekTpodio e€pyaciag and mnAativa, Pt,' n
anokpion I-t Tou nAekTPOSIOU a@UTOU OTOV 010 MOAMG QUVAMIKOU
napovoi1aleral oto IXAua 7 kat n HeAETR TG petaBoAng Inl=f(t) oro
Ixfua 8.

Itnv nepinteon auth R, = 10,20 Kar Cq = 15,0-10°% F/cm?.
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IXHMA 7. Anokpion I-t evoc nAexTpodiou epyacia¢ ané nAariva, Pt,
(Spt=0,143cm2), otav €niBAAAETAI O QUTO €vag NAAuoG ouvauikou E=60mV
ka1 ouxvérnrac IKHz . oe ovoTnua TexvnTOU BaAacoivou vepou + Fellg
6H,0 [C° (FeCl,* 6HQO)] = 58,9 «1073 mole/1). AEovec X=0,1lms/unoo.,
Y=0,001A/unod.

1 ' 3 5

t.107%s

IXHMA 8. MeAérn rTnc ouvaprnonc Inl=f(t) nou avagéperar 0OTIg
€1 pauar IKEC ouvenkeg Tou Zxnpuarog 7.
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oT600 €av eniBarkope oTo 510 nhekTpodi10 e€pyaciag andé nhartiva €va
TaApo peyahoTepou nAatoug E=300mV Tng idiag Opeg ouxvotntag 1KHz n
:gnékplon TOU nAeKTpodlou epyaciag I-t mapoucialerar oro IXAua 9 n de
peXeéTn tng ocuvaprnong Inl=f(t) orto )Ixr']ud 10..

Ano Tnv KAion Tng €uBsiag mou mMpPoEKUYE unoXoinsml n TIPR NG
xwpnrixkornrag €y = 15,0’10'6 F/cmz. 01 Tipég .Tng xwpnTikoTnTag Cy
{lou unohoyioBnkav T00O o€ YypagiTn 000 Kai o€ mAATiva Bpiokovrai p€oa
0Ta 0pla TOV TIP@V mou Sivovral oTH B:B)\ioypquiuz. 0oT1600 n TIPR TNG
XWPNT1KOTNTAG ToOU.. uMoloyicBnKe o€ ypagitn niBavév va unodnAovel
Kanoto gatvopevo }npoop(wnonq navew oTo h)\epréﬁlo auTo.

IXHMA 9. Anokpion I-t evoc nAekTpodiou gpyaciac amé nAariva, Pt,
(Spt=0,143cm2), orav emiPaAAeral o€ aurd Evag MaAuoG duvapikou
E=300mV xai ouyxvornrac IKHz, o0& ouoTnua. texvnrou 9aiaocivou vepou +
FeC?3-'6H20 {ce (FeCT3~6H20)] = 58»,'9°10'3 mole/1). AEove¢ X=0,1ms/unod.,
¥Y=0,005A/unod . ‘
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IXHMA 10. MeAérn Ttnc ouvaprnonc Inl=F(t) nou. avagéperar oTIC
el pauar 1KEC ouvenkeg Tou Ixnuaroc 9. )

Maparnpolpe emiong OT1 0f TIPEC TV Ry kar €4 mou uSTpﬁenﬁuv
Xpnoipono1avrag €va nAekTpddlo spyaciag and avepaka diagEpouv amod TIg
avTioTOIXEC TIHEG MoV bnokoyioenkav oc nAativa. AUTO KPivETAl AOYIKO
Oedougvou OTI n TIPR Tng avrioTaong Ry mepihapBaver To 0UVOAO TGV
navToeId@V avTioTAOEWV avaApesa oTa NAEKTPOSIa e€pyaciag Tng nAarivag
Kai .Tou avepaka -Twv Omoiwv n QUOIKoxnulKﬁ‘ ouunsplwopd ONMWOdRMOTE
O1AQEPEI~ KAl TOU NAEKTPOdIOU avagopac.

AvribeTa n petaBoAn TOU MAGTOUG TOU €MIBANAOHEVOU duvapikoU ApRve!
avennpéacdTeg TIG - TINEC TwV Cd nov peTpndnkav, oTNV TNEPINTWON .TOU
NAEKTPOB 10U TNG MAaTivag.

Ba npene1 wotdo0 va onpeiwlei £d0, OT! G TIHEG Tav Ry xar Cy nou
unoloyiafnxkav o€ uvepuKu NEPIEYOUY €YQ n0006TO Aueouq nou owsaASTai
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atnvy 51a9opd TNG @AIVOUEVNG-YEWHETPIKAG €MIQAVEIAG TOU NAEKTPOdiou
nou UeTpeiTal, Kal TnG npayuarikig €migaveiag.

Ito IxAua 11 napoucialetar €va oGvOAO BOATAUNEPOUETPIKOV KAPUMUAGY
E=f(I) pe nhektpodio-epyacgia¢ and nAaTiva, o€ NAEKTPOAUTIKO AOUTPO
Texvnto0 Bahaooivol vepol Kail dApXIKAGC OUYKEVTPWONG FeCl, ~ 4H,0,
C°FeCl,*4H,0 = 2-10'2m01/1 Xopi¢ 010pBwon Kar pe d10pBwon TNG NTEONG
Taong. O1 POATOUNEPOUETPIKEG QUTEG KaUMUAEG, ONWG auTég PEAETRONKav
0€ naiaioTeEpn spyuuiul4 neEpPIypagouv 10 avtIoTPENTO oFeIdoavaywyiko
gloTnHa Felt - ¢ < Fe3t UE ap1BUd avTaAAQoOOHEVWY NAEKTPOVIWV n=1.

H avtioTpentétnTa TOU OUGTAPATOG auTOU aNOdeIkvOETAl and ToO
YEYOVOG OT1: '

a. n diagopa (Epa‘Epc)v=0 = 0,073V nAnoialet Ttnv TipR 0,0595V
(Bewpnrika unmoloyiopévn TipR yi1a T=25°C Kai n=1)1’2’3 Kat

B. o Myog Ipa/IpC=0,95 (p€on TipR) nAnoiraer tn povada (BswpnTiIKn
Tipn).

o1V

IXHMA 11. BoAraunepouerpikéc kaunvdeg E=f(I) xwpic &i6pBwon
(01akeKkopgvn ypauuri) Kai pe &106pBwon (ouvexnc ypauun) aro cloTnua:
TeEXvnro 6aAacoivo vepo + FeCl, «4H,0, (o (FeCly4H,0) = 2-10f2MOL/L
HAekTpédio epyaoiac : Pt, T=25°C, Taxurnra odpwonc Tou BUVauIKoy:
(1):0,02vs™1, (2):0,05vs™1, (3) 0,1vs™L, (4): o,2vs™1, (5):0,4vs71,



ANATIYOIMRBY 4N

H 3i16pBuon Twv POATAUMEPOUETPIKGY QUTAV KAUMUAQV  €MITEOXORKE
emifailovrag avtioTabpioTikn Taon ion pe to 85% Tng Taong y!a Tnv
onoia To oUOTNMA apxifel va MAAAETal €TOI GOTE N HOPYN TNG aAMOKplong
I-t TOoU nAekTpOdiou epyaciag (IxAua 12) va npooeyyioer e€keivn ToOU
Ixnpuato¢ 4y (Ai1yotepo amd TNV nNepinTwon TOU IXAMaAtog 7)  onwg
nepypaednke ndn-otnv napaypago II.
pc’ Epa’ Ipc’ Ipa Kabwg kai Tou Adyou Ipa/Ipc nou
npoékuyav peTa and pétpnon Twv  peyebov autav  oTig  S1opBupéveq
kapnuieg E=f(I), OuykpITIKG PE €KEIVEC MOU NPOKUMNTOUV Xwpi¢ O10pBuon,
napouciafovral ortov llivaka I.

O1 Tipeg Twv E

IXHMA 12. Anokpion I-t evog nAekTpodiou epyaciac ané nAariva, Pt,
(Spt=0,143cm2), orav eniBarAerar oe auto €vac nNaApoc¢ duvauikou E=60mV
ka1 ouyxvornrac 1KHz, o€ ouornua TtexvnTou BaAacoivou vepou + feCl ,
410 (CO[FeCl, » 4H0] = 2 - 10°% mole/1). Me 71n PBonbera Tn¢
avrioraBuioTiknG - di1araEnc- rou Model 376 Logarithmic  Current
Converter" exer enipAn@ei n kpioiun Tipq ifRe ToU OwOTOU - GuvauiIKoU
avrioTaduionc. ' )



X ) I I Kair ToU Adyou
MINAKAL I. Tiugg twv peyebev Epy, Epcs Ipas pc '
I ./I . nmou avrioroixolv oTi¢ Kaunuhe¢ E=f(I) tou Zxfuaro¢ 11 xwpi¢
C - -
57gp95)0n Kar pe d10p6won TNG NTHONG TAONG.
B 6 A
Xuwpig 8516p8won Me 16p6won
; . mA | I, ,mA | I /I
IIIVeS“:I Ep sV EpavV Ipc’mA pa’mA Ipa/IPc Epc’v Epa,V Ipc’ Py’ Py’ "Pc
: c )
20 0,400 0,480 0,100 0,095 | 0,930 0,400 0,480 0,1025 0,100 0,975
966
50 0,390 0,485 0,145 0,140 0,965 0,395 0,480 0,148 0,143 0,9
?
A 0
100 0,380 © 0,492 0,185 . 0,175 0,945 0,390 0,485 0,193 0,190 »984
200 0,375 0,500 0,240 0,220 0,916 0,385 0,490 0,253 0,243 _0,960
, N
b’ | 0,960
400 0,365 0,510 0,295 0,290 0,983 0,375 | 0,500 0,325 0,310 »9
?

AOLYNULNYNAYA '3 “THNYVAOIAX " I

1 44
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4 8 12 v/z V/2 s"/z

IXHMA 13.  MeAérn rn¢ ouvaprnong Ep. - Epy = f(vl/z) oro ouvornua
TEXVNTG Badacoivo vepo + FeCly« 4H,0 [Cﬁ(FeCIZ ©4H0)] = 2 1072
mole/T). Hxekrpodio epyaciac : Pt, T = 25°C.

Kaunuin (a): ywpic &16p6won, (Epa-Epc)y—o = 0,073V, n=0,81

KaunoAn (B): upe &1opbuwan, (Epa=Epc)y-g = 0,065V, n=0,91

Ito IYAWa 13 napoucialetal eniong n HEAETR TNG HETABOMIGI TNG
ouvapTtnong Epa pc-f(vl/z) yia TIG 0 10pOWHEVEC Kai A un
BOATOQUNEPOHETPIKEG KapmUAeg Tou Ixnparog 11. (Epa pc)v 0=0,065V oT1ig
kapnoheg E=f(I) oTav €xer emiBAn@ei n owoth avrioTadpioTikn Tdon an’
OMOU MPOKUMTE! OT1 0 apiBUdC TwV avTalhaooopevwv nAekTpoviwv n=0,91,
(xwpic avtiaTaduion (Epa_Epc)V=0=0’073»Ka| n=0,81). Iuyxpoveg n peon
Tlpﬁ Tou Aoyou I a/I =0,97 nAnoiagel. meploooTEPO orp uqvéSG oTig
i0l€C Kcunuxsq E= f(I)

Ano To 0UVONO TWwV TMEIPAHAT IKGV nupaTnpnoswv nou HOpOUOIGoenKOV
ncpanavw yiveTal Tpogavig n onuagia Tng MeIpapaTtikng avtioTadpiong
NG MTRONG TaA0Ng TV BoATapnmepopeTpik@V Kapnuawv E=f(T1) 6860usvou 0Tl

7

EMITPENEL TNV MOOOT IKA SKUSTGAAeuon TV GHOTsxsouava Kat  Kar
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E€NEKTAON TN OWOTR  €pUNVeEia TNGC  KIVATIKAG TWV  -NAEKTPOXNUIKGV
avTI9pAcEWV f TIOAUNAOKOTEPWY NAEKTPOXNU KOGV CUOTNHATWY.

SUMMARY

CALCULATION OF THE ELECTROCHEMICAL DOUBLE-LAYER CAPACITY C4 AND OF
THE UNCOMPENSATED RESISTANCE R, IN THE SYSTEM Fe2+/Fe3+ INTO
ARTIFICIAL SEA WATER.

YANNIS CHRYSSOULAKIS, STELLA MARKANTONATOU

Section III Material Science, Department of Chemical Engineering,
National Technical University of Athens, 9 Iroon Polytechniou str.,
Zografou Campus, Athens 15773

In the present study the value of the dncompensated resistance Ru
on a graphite and platinum electrodes has been calculated by applying
a rectangular pulse of 60mV potential E and 1KHz frequency and
measuring the response in current I versus timé t.

The variation I=f(t) 1is linear and can be described by the
equation: '

E t

Inl = Tn— -
Ry

RyCq

where Cq is the value of the double*layer capacity.

From the slope and the abscissa at t=0 of the graph of the above
equation, the values of R, and-Cd were calculated and found to be
R,=14,10 ‘and C(4=111,9 1076 F/cm on the graphite electrode and
R,=10,20 and Cy4=15,0 10~ 6 F/cm on the platinum one.

The values of R, and Cq on a carbon working eléctrode d1ffer from
- these on platinum. In contrast the variation of the amplitude of the
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applied potential has no influence on the C4y values on the platinum
electrode.

We have also applied a method for the ohmic’ drop compensation of
the system Fe2+/Fe3+ in sea water at ambient temperature using
triangular voltamperometry on graphite or platinum working
electrodes. ‘ ) '

The voltamperometric curves E(I) were corrected and the values of
the function (Epc-Epa)y=o -f(v1/2), Ipa/Ipc = £(v1/2) now approach
more the corresponding theoretical ones. .

Using a potentiometer we have selected the correct portion fRg¢ of
the compensating resistance Ry, so that the added compensating
potential ifR¢ approches as close as possible the absolute value of
the product iR, that corresponds to the observed ohmic drop.

Key Words: Cq, Ru measurements, Ru compensation
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APPLICABILITY OF ELECTROLYTIC FLOTATION FOR THE RECOVERY OF
CARBONATE FINES

K.A. MATIS, G.P. GALLIOS and G.A. STALIDIS
Laboratory of General and Inorganic Chemical Technology (114),
Aristotle University of Thessaloniki

(Received July 9, 1986)

SUMMARY

Electrolytic flotation, which is characterised by the generation of
fine gas bubbles, has been applied in this study for the recovery of
magnesite and dolomite fine particles. After a brief introduction in
the fines problem, the flotation generally of salt~type minerals is re-
viewed, as it is believed that has attracted rather little attention in
comparison with sulphides, oxides and silicate systems. The different
physicochemical properties relevant to flotation are covered. The sepa-
ration of this group of minerals from each other is extremely difficult,
due to similar flotation responses, so for obtaining selectivity modi-
“fiers were used. Such agents, tried to samples of the individual pure
minerals and artificial mixtures of them were carboxymethylcellulose, so-
dium hexametaphosphate, sodium fluorosilicate and sodium pyrophosphate.

Key Words: Electrolytic flotation, fines, dolomite, magnesite, modifiers,
recovery.
INTRODUCTION

The Fines Problem

Mineral processing approaches a crossroads nowadays, as the demand
for minerals is continuing, while the grade of ores diminishes. For the
recovery of fine mineral particles, in order to avoid losses of values,
considerable interest is growing in developing new processes and impro-
ving old ones. Any new processing method to treat fine particles has to’
meet at the same time the present day environmental and economic con-
straints. .

Fines are produced as a result of liberation and also in other cases,
as an unavoidable by-product during mining, grinding or c]assificationl.
There are many examples of ores that consist mostly of fines.

Flotation, of course, is one of the important unit operations in mi-
neral processing; but the application of conventional separation methods,
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as froth flotation, is generally uneconomical. Many of the effects of
particie size on flotation recovery in industrial concentrators of cop-
per, lead and zinc were at first shown by Gaudinz.

The observed size ranges of maximum fiotation recovery varies a lot;
for instance, the following figures were tabulated by Fuerstenau3: at in-
dustrial scale, 50-150 pm for fluorite, 20-i00 um for galena 3-20 um for
cassiterite, 15-100 pm for sphaierite and at laboratory scale, 10-30 um
for barite, 40-110 pm for fluorite, 170-240 ym for galena, 50-150 pm for
pyrite, 9-50 ym for quartz, 20-50 um for wolframite, etc.

Examining the role of particie and bubble size, it was suggested that
attachment of particles to bubbles depends on the relative dimensions of
them4. Vo]kova4, examining the floatability of calcite by oleic acid,
observed that mineralization occured for smaller bubbles with finer par-
ticles, while larger grains were floated by a group of bubbles. With
further addition of collector, flotation of particles of a given size was
possible by much smaller bubbles.

Following this study, Eigeles insisted in an optimum relationship
between the diameter of the air bubble and part1c1e4. Similar conclu-
sions were reached, rather empirically in water, and wastewater enginee-
ring, where the particle size is usually of colloidal size. Certainly,
there are differences between the fields of wastewater engineering and
mineral processing, however, the particle size.presents a similarity
when processing fines.

So, going to the fine size range, the idea was to reduce the bubble
size and expect better flotation behaviour. With the same reasoning, a-
nother effort was to increase the size of particles by flocculation and
then flotation, a method applied already successfully in practice to ta-
conites (iron-bearing materia]s)b. Nevertheless, flocculation/flotation
suffers from the obvious disadvantage that it is difficult to be a sele-
ctive process, as required in such operations when trying to concentrate
the valuable minerals and avoid the gangue.

In practice, it is not easy to reduce bubble size without affecting
other variables in the system. Perhaps, it is for this reason that the
published studies concerning the effect of bubble size on the industrial
flotation of fine ore pulps are rather ]imitedl. Although fine bubbles
will improve certain aspects of flotation, it follows that no general
conclusion can be drawn as to whether or not the use of fine bubbles
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will improve the overall results of any flotation system. In-a recent
publication of flotation kinetics with fine bubbles, it was said that

each system should be studied individua1]y6.

Electrolytic Flotation .
One of the flotation techniques that are known to produce fine bub-
bles is electrolytic fiotation. The technique was previously revie-.

wed7’8.

In the latter, the application to effluent treatment was cove-
red and mainly for the industrial oil wastes. Scope of this paper is to
examine whether this method is also app1icéb1e to recover fines, and the
‘area of carbonate minerals was ‘selécted, specifically magnesite and dolo-
mite. The carbonates are considered to belong to the group of salt-type
minerals, being of interest to our country. It is noted that fhe econo-
mics of the process at this stage, was not taken into account. Prelimi-
nary results were pub]ishedg, while paraliel work on dissolved-air flo-
tation has been carried outlo. o

The main work on electrolytic flotation was carried out in the USSR.
Little attention was paid in the West, particu]ar]y for mineral proces-
sing. One of ‘the few exceptions is a study on cassiterite-bearing feed
at the’ Camborne School of M1nes11 Glembotskii gave the application to
pyrites, manganese and diamond fines, among otherlz. It was stated, af-
ter comparison with conventional flotation, that the technique brought
about additional expenditure for the energy requi?ed by electrolysis,
but in most case;, this was compensated by:

a) lowering or complete elimination of collector consumption,
" b) improved flotation rate, '
‘c) better quality of the concentrate,
d) utilization of raw materials that could not be beneficiated by any
other existing process, and .
e) possibility of complete utilization of raw mate%ia1s.

A theoretical analysis was presented to describe the deposition of
Brownian particles onto hydrogen bubbles under- surface 1nteract1ons13
.The polystyrene lattices were studied experimentally to examine the ef-
- fect of the charge on both particles and bubbles on the total collection

efficiency. Equations were also derived to describe the kinetics of se-
paration of fine suspensions by e]ectro]yyic gases and a procedure was -

Proposed for the calculation of the optimum dimensions of a ugit with
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_ideal displacement and its product1v1ty14

In non-sulphide systems, very often oleic acid is used as the flota-
tion collector, being very effective. The double-bond reactivity of ole-
ate was discussed1 . Some evidence suggested that cross-1inking may occur
between oleate chains via an epoxide linkage Teading to a polymerized la-
yer of *collector mo]ecu]es with greater hydrophobic character, according

_ to the schemal®: B (e
‘ h |
—CHZ-CH-CH=CH-CH2- -CHZ-CH—CH-CHZ- -CHZ-CH-CH-CHZ-
MY B

. 0-0H 0 0
—CHZ-CH-gH-CHZ—

: |
Flotation of Salt-Type Minerals

Salt-type minerals of economic value, like magneeite (also apatite,
barite, fluorite, etc.), are associated in nature with silicate minerals,
such as quartz and clay, sulphide minerals such as pyrite and other salt-
type minerals, such as calcite and dolomite, depending on the origin of
the ore deposit. Their separation from otherxealt—type minerals is ex-
tremely complex and often not achieved, particularly if the ores are of
microckysta]]ine type. The minerals in this category are characterised
by solubilities, Tower than those of simple salt minerals (halite, sul-
vite.), but higher than most oxides and silicates. Certainly,las the
Apartic]e size is reduced the specific surface becomes ]arger which in-
fluences their behav1our in many ways, among them, with increased so]u—
bility. ]

For example, calcite dissolves in water with their ions undergoing

the following reactions®:

. caco, 2 caco, ko= 10709
(s) ’ (aq) :
caco, 7 ca'l 4ol K, = 1070+%
(aq) s ‘
s - e _ 1a=3.87
COy + Hy0 2 HCOj + OH Ky o= 107
~7.65

I-‘ICO\3 f H2O z H2CO3 T,OH K, = 10
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o147
H,CO, 2 €0, 4 HO K = 10
(g)
++ - + - 0.82
Ca'' + HCO, 2 CaHCO} Ky .= 10
CaHCO; 2 H' + caco, K, = 107-%
(aq)
++ - - :
ca’t + o 2 caon’ Ky = 10140
+ -
CaOH' + OH 7 Ca(oH), Ky = 10%+37
(ag)
ca(0H) + Cca(OH) K, = 10245
2, % 2 10
(aq) (s)

Due to the solubility, the mechanisms of surface charge generation
for salt-type minerals: are basically different from other systems, as it
is.controlled, in addition to any preferential dissolution of constitu-
ent speties, by the presence of various complex charged species that re-
sult from the hydrolysis reaction that the constituent ion may undergo.
By the streaming potential method, it was found a point of zero charge
of 6-6.5 for magnesite, and.a ph less: than 7.0 as-isoelectric poiht for
dolomite,given in an excelient neviewlﬁ. - ‘

Adsorption of collectors, their orientationvon:minera]/surfaces and -
hence the resuitant flotation are dependent on a number of factors:

i) surface properties of the mineral, including charge characteristics,
chemical composition, and crysta],structure;,ii) collector characteri-
stics, such as functional groups, chain Tength and concentration; iii)
ionomolecular composition of the aqueous phase, which depends on.other
relevant solution properties, temperature, ph, ionic strength, and the
presénce of various dissolved mineral species and their reaction pro-

ducts with each gther as well as with collector ions in the solution.

Long chain.electrelytes ysed as collectors for the sait-type mineé
rals possess. one.ov:mgre ionic groups and the role of these polar groups
in governing‘f]otation'{s indeed a major one. The fonic part determines
whether the collector-is anionig or cationic and whether it is‘COMbTete~
ly or partially ionized. Relevant collectors are fatty acid_soaps
RCOONa, a]ky]phosphatesRP04Naz,a]ky]su]phates;RSO4Na, a]ky]su]phonatqﬁA'
RSOBNa, amine salts, primary RNH3C], secondary RNHZ(CHs)C1, tertiary
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RVH(CH3)2C] and quaternary ammonium salts RN(CH )3C1, where R is a long
chain alkyl group containing e1ght or more carbon atoms.

In the case of weakly ionizable collectors, which are widely used, it
is important to consider their ionomolecular composition and the effect
of the composition on the formation of insoluble salts or ionomolecular
complexes. Fatty acids and amines undergo dissociation

RCOOH Z RCOO™+H® pK = 4.7 (at 298 K)

RNH, + HZO z \RNHE + OH™ 10.0

2
and the resulting ions form insoluble salts with multivalent metal ions.
Solubility data for collector ‘metal salts, even though important for a
proper understanding of flotation, are not easily available for all the
collector systems16

The presence of inorganic species other than the mineral consti-
tuents will also affect the flotation properties in a number of ways. In
the case of calcite and apatite, H* and OH™ as well as all the products
of hydrolysis of the constituent ions have been shown to be potential
determining. 1In addition, fluoride in pulp water has been found to al-
ter the zeta potential of apatite significantly.

In sparingly-soluble salt-type minerals, we can distinguish three .
types of behaviour in flotation collector/mineral systems, where cova-
lent bonding occurs: i) Chemisorption. Interaction of the reagent wjth
the surface: without movement of metal atoms (ions) from their lattice
sites; adsorption is limited to a monolayer. ii) Surface reaction, In-
teraction of reagent with the surface toge her with movement of metal
atoms from their lattice sites; multilayers of reaction product may form.
iii) Bulk precipitation.- Interaction of metal ions and reagent away

from the surface out in the bulk so]utmn17

The existence of electrochemical potent1a1 is precicely why surface
precipitation can often occur in certain systems, even in the absence of
bulk precipitation. It was shown that is possible to have precipitationin
the inter- fac1a1reg1on even before cond1t1onsforprec1o1tat1on aremet in
the bulk solution 8, The extent of bulk vs. surface precipitation will de-
pend essentially upon the mineral solubility and the 'dissolution kine-
tics. High solubility and fast kinetics will promote bulk precipita-
tion. The collector consumed for the Tlatter is unavailable for flota-
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tion and hence bulk precipitation (for instance, calcium oleate) is de-
trimental to flotation. ) '

The collection process was considered as one of surface reaction than
adsorption and as an illustration, the use of soda ash was considered on
the surface properties.of barite. Equilibrium in solution is controlled
by the reaction: ’

BaS0 _+ HCO3 T Bacly  + H + 5027

s (s) :

and -the surface of barite, as it can be demonstrated, behaves as BaCO3
than BaSO4 in tie presence of sodium carbonate, used often for pH ad-
justment.

In the case of carbonate minerals it is extremely important to con-
sider the role of atmospheric CO2 in determining thermodynamic characte-
ristics. The calculations clearly show that, in this case, the solubi-

.lity and stability characteristics of various solids can be totally dif-
ferent depending upon whether (or not) the system is open to the atmos-
pherelg. k . ' -

Using solution equilibria Ananthapadmanathan and Somasundaran, con-
structed a diagram showing the amount of Ca2+ in solution from apatite,

calcite supernatants and also calcium o’.eate17

.- To develop an understan-
ding of the flotation properties of this group of minerals it is usually
necessary to examine the relevant physicochemical properties, like cry-
stal structure, solubility, surface charge and adsorption behaviour, as

" these minerals behave in a complex and different manner from most other
‘groups. Previous work on the floatability of calcite has been publi-
shed?C.

EXPERIMENTAL PART
The electrolytic flotation cell constructed in the Laboratory was a
modified Hallimond type with electrodes, in the place of the porous dif-

3 and- the

tests were conducted in deionised water, working with 3g of material.

fuser, shown in Figure 1. The content of the cell was 270 cm

A stirring of 150 rpm was applied to keep the particles 1n‘suspension.
Pure natural minerals were used as materials in this study. Magne-
site coming from Chalkidiki and dolomite from the Kozani area. Chemical
analysis of magnesite gave a loss on ignition of 51.40%, Mg0 47.80, Ca0
0.32, 5102 0.42 and R203 0.06%. Dolomite had a 1.0.i 46.21%, MgQ zl.42,
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Fig. 1. Laboratory electrolytic flotation apparatus.
. (ALl dimensions in mm).
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Ca0 31.30, SiO2 0.28 and R203 0.09%. Thiw was also certified by x-ray
crystallograpnhic analysis. After crushing, grinding and wet sieving, the
partié]e size range of -45 +15 pm was taken; where the -15 pm.fraction
was discarded by wasining and decantation, after the calculation of éet-
tling time from Stokes law. v,

As flotation collector was used a tall oil fatty acid {anionic col-
lector) witHAthe trade name Acintol FA-1, supplied by Arizona Chemical-
Co. According to the Company, this.had rosin acids maximum 5%, unsapenf
fiable 3 and total fatty acids 92.8%; from which oleic acid was 44, 1i--,
no]eic‘43, soluble 5 and other acids 8%. All the reagents were put and
mixed together before flotation and then diluted to the double volume.
The concentrations quoted are those of conditioning™®.

RESULTS AND DISCUSSION

Initial Test )

iCa]cite, which is the most common carbonate mineral, possesses a
rhombohedral structure with the Ca'* ions located at the corners and fa-
ces of the unit cell and the CO;~ ions located at the center of both_fhe
edges and the cell itself. Each cation is coordinated in the structure
to six oxygen atoms of six different COS_ groups. Crysta]rstructures of
maghesite and dolomite are of the same type. Other carbonates, that ha-
ve a comparatively Tlarger cation, follow the crystal structure of the a-
ragonite type (form of CaC03). Crystal chemistry of sulphates, tungsta-
tes and phosphates are much more complex. Deviation in the crystal latti-
ce of a mineral from the ideal structure can be estimated from the data
obtained for its electrophysical parameters, such as Fermi level or con-
centration ratio of the charge_carriers, since these parameters reffect

such deviations. It was seen16

that minerals as calcite does change from
n-type to p-type semiconductors upon dry grinding and thereby become more
floatable with sodium oleate. Heating of the solid can also be expected
to affect the flotation response, since upon increasing the temperature
the Fermi Tevel of n-type would be lowered, enhancing the anionic colle-
ctor adsorption and vice versa, as observed with calcite, barite and flu-

orite.

* £xperimental coi]aborafibn'of“Chemistry student Mr. C.7. Grekos is
acknowledged. ‘
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The effect of the type of electrolyte used is also significant. So-
Tubility is decreased due fo common jon effect, when electrolytes that
contain constituent ions of the salt-type mineral were added, and increa-
sed when other electrolytes were added. It is noteworthy.that the res-
ponses of the individual species to the addition of an electrolyte differ
much from each other. These phenomena are of particular relevance to the
study of flotation chemistry, since the number of ions that 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 workg, it was found out that a conditioning time over
180 s was not a%fecting the process giving recoveries over 95%. The ti-
me of electrolysis and actually flotation time, was 300 s when collector
was used. For dolomite fraction -45 +10 um, 20 ppm of the same collector
was giving recoveries of the order of 70%; the pulp density over 17 kgm'3
(which js indeed very low) was decreasing the mineral recovery. A cur-
rent density of 100 Am'z, which is the ordinary value for ‘effluent treats
mént, was producing recoveries over 90% with both the .electrolytic flo-
tation laboratory cells that were constructed and tested. Also, a com-
parison was made for these cells and the advantages were givenﬁ

However, care was-.needed for the height of the cell, which was in-
creased for this reason after the pre]ihﬁnary‘testsg,Ato avoid the trans-
fer of fines to the surface mechanically, due to their small mass and -
momentum. An alternative explanation for ultrafine flotation behaviour
was proposed, based wholly on the hypotheéis of mechanical entrainment,
which was further deve]oped21. : .

- The time of electrolysis was tested for both materials and the re-
sults are shown in Figure 2. In these experiments, the pulp density was
11.1 kgm'3, current density 100 Am'z, conditioning time 600 s and no col-
lector was used. The voltage was in the range of 15-24 V. A small volu-
me .of sodium hydroxide solution, 3.7X10'3 N totally, was added to iﬁcrea-
se the conductivity of the medium. What is interesting from these re-
sults is that electrolytic flotation was possible without any collector.

;The gas bubbles generated during electrolytic flotation were measu-
redzz.‘ Most of the bubbles measured were in the range of 20 to 90 um,
compared with 0.6 to 1 mm of conventional froth flotation. With increa-
sing the applied current density also the bubble size was decreased.
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Fig. 2. Effect of electrolysis time on flotation vecovery without any
collector and influence of pH of solution on electrolytic flotation
of magnesite-dolomite. The dotted lines refer to the upper and right
axis (through the rest figures).

» . ~

The electrode material was,'ih this case, stainless steel, More in-
formation.on the type and construct1on or electrodes for e]ectro]yt1c
flotation will be pub11shed

It is known that during electrolytic flotation 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 collector dissociation and the ionic composi-
tion of the pulp, this localised pH effect is important. It was also
proposed that the pH of solution could be used for selective flotation
of carbonates23

The varjation of pH from 6 to 11, however, as shown also in Figure 2,
did not produce any appreciable differentiation of electrolytic flota-
tion recoveries for the two minerals individually. In these experiments
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20>ppm of collector was added and the time of electrolysis was 600 s;
while the other parameters were as before, Solutions of sodium hydroxi-
de or sulphuric acid were added as pH modifiers. When the collector con-
centration was doubled the results were not different.

Chemisorption of fétty acids or their soaps on salt-type minerals re-
sulting in the formation of alkaline earth soaps has been advocated by a
number of investigatorslG. It was also shown that the adsorption of o-
leic acid occurs at low pH values predominantly by physical adsorption
and at high pH values (over approximately 6) by chemisorption. Infrared
spectroscopy, in the sixties, helped for the above conclusions.

The presence of the 5.8 um band associated with the stretching of
the C=0 of the -COOH group, and 6.4 and 6.8 um bands associated with the
asymmetric and symmetric stretching modes respectively of the C=0 of the
-C00” led to the proposal of the presence both of physically adsorbed
and chemically adsorbed oleate on the mineral. Washing of the mineral
with acetone removed the 5.8 um band due to the physically adsorbed ole-
ate. : ' '

Chemisorption was proposed to occur by an ion exchange process and
below the point of zero charge, oleate was suggested to adsorb on calci-
te and apatite electrostatically. Change in zeta potential and even
sign reversal occurs at high concentrations of collector due to the for-
mation of hemimicelles. Having as basis a hydrolytic model, a different
mechanism was proposed16, which involved a combined action of jonic and
hydrogen bonding of the oxygen of the polar group of the collector to
the species on the mineral surface. These mechanisms essentially seek
to explain the adsorption of the first -layer of fatty acids on mineral.
Multilayer adsorption of fatty acids on calcium minerals has been also
found to exist24. ”

However, according to recent theoriesla, previous IR results cannot
be used to draw any conclusions regarding adsorption mechanisms. Becau-
se IR is not an in situ test and pretreatment, such as consolidation of
particles (altering the double layer interactions) and even more seri-
ously, drying will produce artifices and can yield misleading results.

It is noted finally that reverse flotation by cationic collectors
(amines) is the existing technology at MantoudiZSA
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Use of Modifiers

Since the separation of salt-type minerals from each other is extre-
mely difficult, particularly when the minerals ceontain common cations,
modidiers are invariably used for obtaining selectivity. 'In addition to
the pH modifying agents, modifiers commonly used include inorganic and
organic reagents. Mechanism by which reagents act, however, have mostly
remained obscure, mainly because of a lack of systematic data in the 1i-
terature on their application.

Preliminary tests of modidiers (citric acid, sodium metaphosphate,
etc.) addition for dolomite electrolytic flotation were reportedg. “The
results were better when the addition was applied before conditioning
with the collector. '

oH
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T 1 1 T 1 1 1 1
90 F -1 90
80 - - 80
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& >
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8 [0 8
® sofb - 50
40 |- -{ 40
30 . L ‘ ' Lt ‘ 30
0 40 80 120 160 200 240
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Fig. 3. Addition of carboxymethyl-cellulose to individual samples:
Effect of modifier comcentration (at a pH 9.5) and pH (c:ca eone.
40 ppm) on recoveries. (The symbols are the same as in Figure 2).
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Organic modifying agents, such as starch, tannin, dextrin, etc., have
been used for a number of years for increasing selectivity during salt-
type mineral flotation. These are generally characterised by their high
molecular weight and the presence of a number of strongly hydrated polar
groups. Carboxymethyl-cellulose was applied to the beneficiation of Sat-
kin magnesites on a semi-industrial scale by flotation with recycled wa-
terzs.

Electrolytic flotation experiments were conducted with the .applica-
tion of carboxymethyl-cellulose as modifier to the pure minerals indivi-
dually and these are presented in Figure 3. The collector concentration
was 40 ppm (the rest parameters as forementioned). The results of the:
study of modifier concentration and solution pH are varying but at higher
concentrations the lines are approaching. At certain conditions around
pH 9.5 a reverse flotation is expected, .as magnesite is depressed, sho-
wing also an apparent difference in recoveries for the two minerals.

pH
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Fig. 4. Modifying action of sodium silicate withoutvany collector. Eff?ct
of reagent concentration (at a pH of 11) and pH (with 100 ppm sodium si-
licate).
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One of the most commonly used modifying agents in salt-type mineral
flotation is sodium silicate, acting usually as dispersant. OQur tests,
shown in Figure 4, examined the influence of pH and modifier concentra-
tion and in this case, magnesité was the more floatable.

In practice, sodium silicate is considered to act by depressing
quartz and other silicates (at relatively high concentrations and above
pH 7) and by d1spers1ng the sTlimes that are present in the pu]ps16 An
increased depressing action of sodium silicate was observed on calcium
minerals such as fluorite, calcite, scheelite and apati@e. Both the mo-
de of preparation of silicate and the ratio of 5102 to NaZO were shown
to play a role in determining the effectiveness as depressants.
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- I
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e
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>
2 _
() 40 = o - D =
@ o - [x]

20 | A §

0 i [ I i t |
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Fig. 5. Effect of concentration of added sodium fluorosilicate on eZe—
etrolytic flotation.

Then, sodium fluorosilicate was tested forAthe two minerals, as so-
dium fluoride has been also widely used; the results are shown in Figu-
re 5. The collector concentration was 40 ppm and the pH approximately
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11.6. It is noticed that magnesite flotation is not really affected,
while dolamite is strongly depressed, having a recovery difference from
87% that of magnesite tc 37% of dolomite, for 520 ppm sodium fluorosili-
cate.

Another inorganic reagent examined as flotation modifier was sodium
pyropnosphate and the experimental results are shown in Figure 6. Again
the same variables were studied, at a rather high range of modifier con-
centrations, showing a depressing action. However, the obtained recove-
ries were nat much different from each other and so not encouraging.

Concentration (ppm) ‘
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Fig. 6. Adding sodium pyrophosphate as modifier (with 40 ppm collector).
Effect of pH (at a concentration of 1040 ppm) and pyropﬂosphate concen-
tration (at pH 11,5).

The action of polyvalent anions, including that of phosphates and po-
lyphosphates which are widely.used as depressants for carbonate minerals,
could be the result of -the effect of these reagents on the surface charge
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of the minera],rsince they can be expected to make the minerals increa-
singly negatively charged and this causesa reduction in the adsorption
of the anionic fatty acid collectors. Kom]ev16 have attributed the de-
pressing action of the polyphosphates in the flotation of magnesite from
dolomite, in addition to reduction in fatty acid adsorption, to 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-
difier in electrolytic flotation of carbonate fines. In Figure 7 the in-
fluence of pH was looked with the addition of'80 ppm of modifier and at
two collector concentrations. At a pH of 8 the difference in recoveries
is from 50% that of magnesite to around 24% of dolomite. Also, the in-
crease of modifier concentration showed a decrease in recoveries, mainly
with 40 ppm collector, as shown in Figure 8.
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Fig. 7. Effect of pH when sodium hexametaphosphate 18 used as modtfzer,
with 20 and 40 ppm of colleztor.
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Concentration (ppm)
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Fig. 8. Effect of sodium hexametaphosphate concentration at pH 8, with
20 and 40 ppm collector.

When inorganic and organic modifying reagents are introduced togethén
the possibility exists for the presence of interactions between these
reagents that can affect the final flotation responce of the system con-
siderably. In couple of preliminary experiments, mixtures of modifiers

- were introduced: in the first, sodium hexametaphosphate 80 ppm, sodium

- silicate 200 ppm, collector 20 ppm, pH 11 and in the second, sodium he-
xametaphosphate 80 ppm, carboxymethylcellulose 100 ppm, collector 40 ppm,
pH 9.5. But the results for the two minerals were showing recoveries
without any appreciable difference and not far from the experimental er-
ror.

Artificial Mixtures

- Following the above work on the,indiVidua] pure carbonate miperals- -
and the necessary copc]usibné that were extracted on the use of the mo-
difying agents: for tﬁe~se]ebtivenséparation of the carbonate fines by
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fatty acid electrolytic flotation, experiments were carried out for arti-
fical mixtures of these minerals. The average results from duplicate ex-
periments are shown in Table, where sodium fluorosilicate, sodium hexame-
taphosphate and carboxymethyl cellulose were applied to different concen-
tration ratios of the two carbonates. With the last modifier, magnesite
was expected in the underflow, i.e. a reverse flotation and the data ob-
tained from chemical analysis are given in both the concentrate and tails.
It was observed that the grade of magnesite, which was improved in
comparison with the initial concentration, if it is compared with the
calculated (expected) % grade from the experiments with the individual
minerals, shown also in the Table, are less. However. magnesite recove-
ries in all the cases were better. From the theory27, it is known that
there is an inverse relationship between recovery'and concentrate grade.
Certainly, as shown from the results with the different initial. concen-
tration ratios, having a number of flotation stages sepa%ation will be
improved; further investigation is warranted. From parallel experience
in froth flotation of carbonates, it is felt that it is more a problem
of the given system for selective flotation than of electrolytic flota-
tion.

It is already known'®

_ that selective separation, which is required
commercially, of calcite from apatite, or of fluorite from barite or
scheelite by flotation is not easily achieved. It was also shown that
the differences between flotation characteristics of various salt-type
minerals (like calcite, fluorite and apatites) might not be any greater
than those between samples of a single mineral from different deposits.
The use of modifying agents is therefore essential to achieve selectivi-
ty in these systems.

Concluding, the similarity in the response of various minerals.to
flotation techniques is often attributed to their comparable surface
chemical composition and in many cases to the high surface activity of
the collectors usually employed to float them. - In addition, interactions
of dissolved anions or cations from one mineral with other minerals in
the pulp as well as with collector species can.be considered to contri-
bute towards the poor selectivity. This is the reason why all these
aspects have been extensively discussed.
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TABLE

Selective Batchwise Experiments of Mixtures of Pure Ores with Modifiers

A, Use of Scdium Fluorosilicate: Concentration of collector 40 ppm,

modifier 520 ppm, pH 11.5

Magnesite 80% - Dolomite 20% R, = 98.4% G, = 84.2% calc.: 90%

M M
60 40 2100 67.6 78
4o 60 100 48.1 61
B. Sodium Hexametaphosphate: Con.col. 20 ppm, modif. 80 ppm, pH 8.0
Magnesite 80% - Dolomite 20% R, = 74.9% G, = 85.8% calc.: 89%
%
60 40 . 81.7 704 76
40 - 80 82.3 47.6 58

C. Carbozymethyl Cellulose - Con.col. 40 ppm, modif. 100 ppm, pH 8.5

Reverse Flotation:

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

D .
Tails RM = 42.3 . GM = 85
50 ) 50 Concentrate RD = 70,2 GD = 58,7
Tails RM = 50.6 GM = 62.9

NOTE: Pulp demsity 11.1 gl *, current 100 Am 2, addition NaOH 3.7X107°N,

conditioning time 600 s, electrolysis 600 s. For the case C, no
individual reco@ery’data for these conditions were available for
comparison reasons. ‘

R refers to recovery, G to grade, calc. to calculated values of

grade and the subscripts M and D to magnesite and dolomite,

respectively,
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The existence of fine mineral particles complicates more the whole
matter. As the particle size is reduced two characteristics beg1n to do-
minate: the specific surface becomes large and the mass of the particle
becomes very small. The relationship between the physical- and chemical
properties of fine particles and their behav1our in flotation was exami-
ned, among others, by D.W. Fuerstenau et a] . Certain phenomena, as Tow
flotation rate, high reagent consumption and rapid oxidation, affect the
recovery. Other phenomena affect the grade, such as fine particle en-
trainment and non specific collector adsorption. Wnile there are some -
dffecting both, as froth stabilisation and higher dissolution.

The problem of processing mineral fine particles poses an immense
challenge today to the researchers, with the increasing demand for mine-
rals and the continuously diminishing grade of ores. 'The application of
conventional separation methods is generally uneconomical or inefficient.
Electrolytic flotation, a process cbming principally from effluent treat-
ment, offers certa1n advantages and particularly, the production of'fine
gas bubb]es. Interest1ng results were obtained with the artificial mix-
tures of magnesite-dolomite f1nes, showing better recoveries of magnes1—
te compared with the individual tests. In-this way, work on this field
is going on in our Taboratory and the research program is continued.

NepLAngn

Zluvcn:érnra Ewcrpuoa’ﬁg TNS NAEKT POAUTLKTIS errtrmeuang agTnNV aQvaKTnon

Aerrtav tepaxtdlwv avSpaKLva OPUKTUV.

K.A. Matnc, .M. TaGAAtog kaL r.A. STaA(dng
Epyaot. Tev. & Avopy. Xnu. Jexvoloylag, AMNG

H nAektpoAutikhy enlmAeuon, mou xapakinplletal amd tnv mapaywyh AEMTOV
aépLwv @uoaAldwv pe nAektpbAuon, egapudoBnke o’auth TNV €pyaaia yia tnv
avakTnon Aemtdv tepaxtdlwv uayvnoltn kat doAoultn, kAdouatog -45 +15 um.
"Yotepa amd LG gUVTOMN £L0OVWYR 0TO MPOBANUA Twv AETTOV TepaxLslwv opu-
KTOV, avackomeltaL yevika n enlmAeuon Twv OpukTwY TUmou &AatTog, yioTl mi-
oTeleTal OTL £XeL €AKUOEL ULKPOG €vDLOwEPOV O  oUyKpLon pe Ta Seiolxa, o-
Zelbia kar mupLTikd cuothiuata. KaAUTTOVIAL oL DLAPOPEC QUOLKOXNULKEG L-
OLOTNTEG, OL OXETLKEC Ue TNV enimAeuon, Onwg r KPUuoTaAALKA Gouh, TO EmL=
QAVELAKOG QOPTLO, N DLOAUTOTNTG, N CUUTEPLPOPG KATA TNV TPoopoencn CUAAE-
KTOV, TPOMOMOLNTGV (EVEPYOMOLNTEG, MOPEUTIODBLOTLKE, dLaomaptikd), K.G. 0
JLaxwpLoudc TwV OPUKTWY QAUTAC TNG ouddac HETAZl Toug elvaL €ZALPETLKA
dlokoAoc, Adyw mopdpoLag cuumepLeopdc Katd tnv emimAeuon, £€TaoL yLa va E-
mLTeuX0el ekAeKTLKETNTO XpnoipomoLfidnkav tpomomoLnteég. TETOLa avTLdpa-
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othpLa, mou dokLphobnkav oc aveidptnta kabapd delypata opuktlhv KalL oE
TEXVNTG ulypata autav (Nivakac), ftav n kapBoZuucOulokeAAouAdln, To mupL-
TLKG vatpLo, TO £faueTapwopoplkd VATPLO, TO @OOPOTIUPLTLKO VATELO KAl TO
TIUPOYWOPOP LKO vatpLo. MNapduetpol mou £Zetdadbnkav NTav o xpdvog enlwAeu-
ong, To pH tou SdiaAluatog, n guykévrpwon Tou cuAAéktn (epmoptkd Ailmapd
0Z0) KaL TWV TPOTOTIOLNTWHV OF oX&on PE TRV AvAKTNON TWvV opuktov. - Me ta
ulypata Bpédnkav kahltepeg avakthoeLg, o€ olykpLon ue ta aveZdptnta meL-
pduata, aAAd xeipbdtepn kabapdtnta oupnukvipatoc. Ta amoteAéouata Oewph-
Onkav evBappuvtLkd kat n epyacia c’autd tov touéa cuvexlletat.
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OPTIMISATION OF A MULTIPRODUCT BATCH PROCESS
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SUMMARY

A computer model was developed to simulate an existing multiproduct
. batch process. This was used to determine the bottlenecks and to
explore possible ways of increasing plant capacity by investigating the
effect of modifications. Factors taken into account included delays due
to equipment waiting times, delays due to random equipment failures and
several other uncertainties. It was shown that different operating
policies and some plant modifications could substantially increase the
capacity.

Key words : Modelling, GPSS language, operating ’policies, operating
procedures, bottlenecks; waiting times, equipment failures, stochastic
situations, discrete event, statistics.

~ ABBREVIATIONS AND TERMINOLOGY

A, B = Reactants; N = Neutraliser; P = Product; R = Reactor;
S = Stripper; T = Storage tank. - Imdices : m = number of reactors or
neutralisers; n = number of products; q = number of strippers.

INTRODUCTION

On a production process, the per%ormance could be defined as the
proportion of the time that the plant is running at normal rates. There
is 100 % capacity performance, when there is complete access to all
required equipment at all times. If the annual capacity performance s
quoted as e.g. 85 %, the potential annual production is simply 85 % of
the normal rate. Reduced capability in batch processes caﬁ be due to
equipment failures or to waiting times if the downstream equipment is
occupied. ' '

* present address to which correspondence should be sent:
Commission of the European Communities Directorate—@eneral for
Science, Research and Development, 200 rue de la Lot, B-1049 Brussels.
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When many batch operations are involved in a multiproduct plant,
the process is complex and it is almost impossible to predict the
effects 'of delays due to failures, waiting times and b]anned process
modifications. For this reason, a computer program is required to model
the process.

The model can be used during the design stage or during operation
of the plant to reveal existing bottlenecks, to investigate different
plant operating policies and to obtain capacity figures before plant
modifications. However, scheduling methods can significantly improve
the productivity and cost effectiveness of batch processes and should be
considered first before investigating process details 1.

The program was developed in GPSS computer simulation language 2
The elements of mode]]ind included statistical distributions for the
process steps derived from the actual plant. They handled stochastic
situations and performed discrete event and continuous modelling. Such
an analysis required that all factors which appeared to affect the plant
operatioﬁ should be identified, relevant data collected and the overall
capacity calculated. More specifical]y; the following information was
required : The process description together with- the plant operating
procedures and policies; the fhequency of change of product; the
occupation times for all batch equipment; = the throughput of each
product in all continuous equipﬁent; the capacity of the storage tanks;A
the equipment failures and de]ayé; the equipment cleaning policies and
cleaning times required when a product was changed or when equipment
was fouled; other information specific Eo the plant. A similar study
for a different process has: since been presented by Felder and Kester

The detailed data requiFed for the simulation are, however; best
illustrated in the example which follows.

PROCESS DESCRIPTION

A flow diagram of the process considered is presented in figure 1.
Several chemical products are manufactured in batch reactors (R1 to
Rm) according to the reaction scheme, :
A+ 8B cata]xst> C+P

where P stands for the product.
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FIG. 1.w*Flow diagram of the proceass,
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Reactant A is fed to the reactor via a preheater. According to the
existing scheme, one preheater serves all the reactors, but can only be -
used for one reactor at a time. Simultaneously, reactant B and the
catalyst as well as recycled reactant A are added to the reactor.

. At the end of the batch, the reactor content is emptied into a
neutraliser so that the excess of reactant B is neutralised with NaOH.
Following neutralisation, which 1is also batch, the crude product is
emptied into the buffer tank, which corresponds to. the product
concerned. Then, it is stripped continuously in one of the strippers
(§1 to Sq) in order to remove the water obtained from neutralisation as
well as the excess of reactant A, the latter being recycled to- the
reactor.  The .distillation bottom product is mixed with filter aid and-
~ then filtered. Finally, the fi]frate is stored in the corresponding
final product storage.

METHODOLOGY

—The compﬁ%er model operates in the following way : First it stores
all the information provided by the user of the program i.e. reaction
times, neutralisation times, storage capacities, and others. It then
calculates the processing times, taking into account not only all the
unit occupation times but also the delays due to waiting times,
equipmeht failures and others. -

When a reactor is empty, the model checks whether the preheater for
reactant A s _available. If this condition is true, it occupies the
preheater for a fixed period, while reactant A fis fed into the reactor,
and then carries out the reaction. The reaction time depends on the
product processed. When the reaction is completed the model checks
whether the corresponding neutraliser is embty and also that no other
reactor content is being discharged into another neutraliser. This is
one of the existing Tlimitations of the plant. If both of these
conditions are met, it then discharges %he reactor content into the
neutraliser and carries out the neutralisation. The reactor then
becomes available again. If the product has to be changed, a reactor
cleaning time is allowed for. '

After neutralisation the corresponding . buffer storage spare
capacity is checked and, providea it is greater than the reaction batch
size, the neﬁtra]ised product is emptied into the buffer store. If this
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conditions 1is not met, the neutraliser has to wait til! the storage
capacity becomes available. '

When a stripper is available, the model selects the fullest buffer
store (i.e.. the one with -the highest percentage of its cépacity
occupied). Tt then strips the content of this buffer store, until the
store is empty or stripping time exceeds the predetermined time when
the stripper has to be cleaned. Then the stripper is cleaned and
another buffer store is chosen. . :

Plant capacity is then computed for a range of production
strategies. '

A&t a Tlater stage, modifications to actual performance were
Aconsidered and built 1into the program. Then, the model showed how
different hypothetical plant modifications and operating policies could "
increase plant capacity. The aspects examined were at the poinf were a
bottleneck occurred. Amongst the modifications considered were : adding
storage capacity, reaucing failure rates, producing a smaller variety of
products, reducing batch reaction times (through changed operating:
conditions; for examples see Results section)i and others,

The computer program- incorporates a random number generator
subroutine. This selects randomly, within 1imits set by the indjcated
probability, the choice of products in each reactor, the mean time for
repairs and the mean period between -failures. The program could then
calculate the plaht capacity.

Ea¢h time the random number generator subroutine is called, it
operates on a seed number, provided by the user ‘of the program.- When
the seed number is changed, there is a change in the sequence of events
e.g. choice of products with different batch reaction times, choice of
failures with different repair.times, etc. This results in different
computed capacity figures. All-cases-had therefore to be run several,
times using, each time, a different seed number.

THEORETICAL MODEL

The following describes in detail the plant operating data as well
as the assumptions made for the computer model :

Pfoducts

Several products arve manuTactured (Pl to Pn)
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Preheater of reactant A

. According to the existing scheme at the actual plant, one preheater
serves all the reactors, but can only bée used for one reactor at a
time. (This of course gives less flexibility and creates a
restriction, but was originally designed in this way to reduce capital
investment). .

. When a reactor is charged, the preheater is occupied for a predeter-
mined period.

Reactors
. Each product can be produced in some reactors only, as indicated in
table 1. )

TABLE 1 : Product-reactor matrix

Products produced in reactor
Product
R1 R2 . .. Rm_1 Rm
P1 Y Y .Y Y
P2 N Y .Y N
b P N
p-1 N YooY N
n
Y = Yes, N = No

. The probability of having a product manufactured in a reactor is
calculated from plant data on the number of batches in each reactor.
Then, the computer program rahdom]y selects- tﬁé product to be
manufactured in each reactor with the probability concerned.

. Average batch reactor times for each reactor are considered (the exact
batch reactor time could be found were a reactor model to be
available). ’

. When reaction ends, only the contents of a single reactor can be
emptied at a time. This can only then be emptied into the
correspondfng neutraliser provided it is not occupied.

. There is a product change in each reactor with an equal probability
evéry 1, 2, 3, ..... » 13 days. This was calculated from plant data

~and is shown graphically in fig. 2.

. When changing the product to be processed, the reactor is cleaned.

A different cleaning time is taken into account for each product.
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FIG. 2 : Product change in each reactor with an equal probability every
1, 2, ....., 13 days.

Neutraliser

. The occupation time of the neutraliser is taken into accbunt. 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 is discharged
into the buffer storége which corfesponds to the product'processéd.
However, it will not be discharged if the space available in the
storage tank is less 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.

Pingl product stores

. The capacities of ﬁhe final product stores are selected to be Tlarge
gnough that there will not be a bottlensck. Thig ig justified since-
with good production planning their capacity is not a real Timitation.

Strippers

. When a stripper is available, the content of the most Toaded buffer
store is chosen (provided this is higher than a specified minimum).
It then strips until the storage tank is empty‘(provided it does not
strip for Tonger than a predetermined period and there is no stripper
failure). " )

. The throughput of each stripper depends on the product processed and
on the stripper concerned. However, only average throughput values
are considered.

. Strippers are assumed to fail at widely varying intervals and for
variable durations; the probability distributions of both were
determined from’plﬁnt data.



60

P.A. PILAVACHI

.. After a predetermined period of continuous stripping the stripper'
operation is stopped and the unit is cleaned. Cleaning times are
taken into account.

. The stripper is also cleaned whenever there is a change of product to

be stripped.

Filters .

. The filters are considered to have a performance of 100 % i.e. they
are considered to have no failures and are not responsible for any
delays whatsoever..

Productive days

. Scheduled p]ént shutdowns are taken into account for the calculation

of the productive days. The most important shutdowns are due to
scheduled maintenance, holidays and others.

Failure Analysis _ _

, Data from the plant showed that the main factors for fai]ures and
delays commonly encountered were due to : Main equipment mechanical
failures, equipment leaks, equipment :b]ockages,h pump failures, valve
failures, pipework blockages, general piping and flange 1leaks or
ruptures, control system failures (or maloperations), changeover
failures (e.g. installed spare does not start although it was all right
yesterday); service failures due to steam supply, cooling water supply,
heating 0il supply (e.g. due to failure of the boiler), instrument air
supply, electric power supply (e.g. due to strikes) or others; failures
or delays due to lack of manpower, operator errors, computer failures,
instrument failures, product quality failures, quality monitoring
equipment failure and many others. '

For each unit, statistical data on "foilure vepair time” and
"period between failures” were obtained from the existing plant. All
failure data were taken from one particular year. The repair times were
grouped 1in seven categories according to their length, and the
probability of occurrence of each category was computed (the split into
seven categories was arbitrary). The period between failures was also
split into seven categories, whi]e‘%heir probabiﬁity of occurrence was
also computed. Failure analyses were made for all the reactors and
neutralisers as well as for the heat exchangef.
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Typical resuits of a faiiure anaiysis for a reactor are shown in
figure 3. As éhown on the graph, the highest probability of occurrence
was for a mean repair time of 4 units of time. There was also a 15 %
probability for a repair time of 1 unit of time, etc. A1l probabilities
should, of coufse, sum up to 1. A similar analysis- made for the "period
between failures"” for the same reactor is also presented in figure 3.
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FIG. 3 : Typicai failure analysis tor a reactor.

RESULTS

The computer model was run for a simulated period of 1 year. The
agreement of model results with exfsfing plant data validated the model.
A further indication of the validity of the model was obtained with
computer results which indicated that the fraction of each product
manufactured does not change considerably from case to case and compares
well with the fraction of each product produced at the actual plant.
This is illustrated in table II.

The model was used to determine the bottlenecks and to explore pos-
sible ways of increasing plant capacity by investigating the effect of
modifications. Tacturs taken iniv dccount included delays due to
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equipment waiting times, delays due to random equipment failures and
several other uncertainties. It was shown that different operating
policies and some plant modifications could substantially jncrease the
capacity.

TABLE II : Comparison of model runs with plant data

Product Fraction of each product manufactured
' ATT assumptions for the existing Actual
» process apply Plant data
Seed No. 1 Seed No. 2
P1 .206 .202 .196
P2 .037 : .050 .037
P 0 .004 004
Pn .021 .011 .008
Total 1.00 1.00 1.00

The computer printout provided tables with statistical information.

The information obtained from these tables directed the modifications to
be considered and the next computer runs to be made. The statistical
information included : ,
. Time reactors are waiting for the respective neutralisers to be

available; .
. Time reactors are waiting for the preheater to be available;
. Time feactors are waiting for another reactor to empty;
. Time neutralisers are waiting because the respective buffer

stores are full;
. Daily production of each product énd cumulative daily

production of all products;
. Total yearly production of each product.

The computer model was run for several cases. On the one hand, run
1, for which all assumptions for the existing process apply, and, on the
other, runs 2 to 8, for which all assumptions app]y‘except the one
indicated. These runs are summarised in table III.
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TABLE III : Effect of variations on base case

Run Description of the simulated case Capacit% increase
A11 Assumption for the existing
1. process apply (no modification - 0
applied) '
5 Reaction time of each product in 17
. each reactor is reduced by 20 %
[ e e e e e e e e e
3 A1l failures.are eliminated 9
4 Only boiler failures are eliminated 1
5 r One storage capacity creating a 2
: bottleneck is increased
Less frequent change of reactant A
6. with an equal probability every -3
8, 9, ......, 20 days
Less frequent change of reactant A
7. with an equal probability every - 1
1, 2, «..... s 27 days -
| 8. Only. the major products are produced 1

If the reaction time in all reactors 1is reduced py 20 %, the
cabacity increases by about 17 %. However, a further time decrease of
10 % gives a further capacity increase of only 6.7 %. This non linear
increase is due to the decreasing availability of the neutraliser (when
the reactor and neutralisation times become comparable, the reactor
waiting times increase).

While reducticn of reaction times may be straightforward, however, -
it may not always give the desired result. For example in the case of
simple non-reversible reactions or reversible endothermic ones, reaction
time could be reduced by using higher . temperatures, (é]though for
reversible exothermal or for multiple reactions, temperature increase is
not the optimal operating policy for a reactor). However, increase of
the reactor operating temperature may require more energy consumption.
In this way, a possible capacity increase may be accompanied by a higher
reactor operating cost and perhaps a higher production cost per unit of
product. Modelling is'necessary to identify the optimum strategy, and
may require analysis at the reactor level to be introduced into the
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process model. An overview of batch reactor models, the input needed to
génerate these models and also the type of payback that might be gained
from their use is described by Wilson .

CONCLUSIONS

Simulating an existing multiproduct batch process, it was shown to
be possible to increase plant capacity in a number of ways. The
conclusions may seen to be qualitatively obvious. However, the model
allows quantitative estimates and a priority classification of the
possible modifications, e.g. '

. Reduced reaction time. By reducing the reaction time in all reactors
by 20 %, we can increase the capacity by about 17 %.

. Fewer plant failures. In the hypothetical situation where all
failures are eliminated, the capacity increases by about 9 %. Boiler
failures alone account for a capacity loss of 1 %.

. Increased storage capacity. By increasing the storage capacity of one

buffer store which was creating a ‘bottleneck, the plant capacity
increases by 2 %.

. Less frequent reactant changes.

. Producing fewer products.

In future, the model will be applied to obtain capacity figures in
the case of other major plant modifications. It will.also be applied to
other procésses.‘

MNEPIAHYH

BeATLoTonolnon Tns duadiraclas napaywyhis oeupds mpoidvtwy ratd mapTldES.

AvariTUxBnke povTéAo umoAoy(oTr pe To onaio npoaopoxéveTcl U@ toTdpevn
§iadikaoia mapayoydc xoTd mapTiBec nou akoAouBeiTal Yia geipd mMpoldvTov.
To povTéro €dwoe Tn SuvardTnTa va epeuvnBolv o1 eminTageig 81dpopav HETO-
BoAdV ka1 XpnoiponoidBnke yia Tav evTomiopd Tov BECEGY CUOOGPEUONG
(bottlenecks) kai Tnv avalitnon Tpdmev pe Toug omofoug efval Suvatdv va
auZnBe! n napayeyikd 1kavéTnTa. IToug mMapdyovTeg mou AfgBnkav umoyn
nepiAapBdvovTtar koBugTepdae ¢ Adye avapovic Tev pnxavnudTtev, kaBuoTepr-

ogeic Adye Tuxaiev pnxavikdv BAgBdv kat Sidgopa GAAa ampoBAenTa.
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I1o oxrdua 1 8idetar To &i1dypappa porc Tnc umdyn Siadikagioc. Ta
8i1dgpopa xnpikd npoidvra napdyovTdr kaTto napTiSec oe avTidpaoThApeC (R1 éwg
Rm) olpgeva pe tnv avtidpaon:

KaTaAlTrg

A+ B C+P

dnou To P avTinpogernelde! TO NpoIdv.

To npdypappa kaTapTioBnke otn yAdooa GPSS (yia mpogwpoieon) (2). Ta
gToixefa pe Pdon Ta onoio katapTioBnke To povTéAo mepiAapBdvouv OTATIOTI-
K€C xaTovopég yia Ta otddia Tng napaywync, Ta onoia eivar Ta otdadia nou -
axoAouBolvTar oTnv undpyouoa eykaTdoTadn. Me Ta OTOIXE{o QuTd UNAPXE!
duvaTdTnTa Xeipiopold otoxaoTikdv Sebopévev kat eivar duvatr n povteio-
noinon Téoo Hradikaoiag koTd nopTiBeg doo kat cuvexoulg BIGBIKGU(GC. H
avdAuon auTh mepiAdppPave Tov npoadiopiopd kdBe otoixeilou mou ennpedlet
TN AelToupyia Tng eykoTdoTaonc kail Tr OUAAOYF Tev OXETikdv Bedopévav kai

TeAlikd Tov umoAoyiopd Tng oAikrg mapayeyikhg 1kavdTnTag.

To povTéAo ypnoiponoidBnke yia Tnv npodopoi{eon xpovikrig mepiddou
evoc €Touc. H ouppovia Tov anoTeAsopdTev Tou povTéAlou pe Ta dedopéva

and Tnv undpyouca: EeykaTdoTacn enaArjBeude To pOvVTEAO.

NpaypaTono 1i8nkayv unoAoyiopo! yia 813Qopec MepINTAOEIG. Ta amnoTeAé-
ouaTta guvoyiZovtat gtov nivaka II. ‘Onag gaiveta:, akoAouBdvrag O1deopeg -
MOAtTIKEC yia Trn AeIToupYio ka! UE OpIOUEVEG TPOMOMNOIACOEIC TnNG eykaTdoTa—

onc efvar duvaTtdv va auinBe! onuavTikd n napayoyikrf tkavéTnTa.

MeAAovTikd, To povTéAo Ba egoppooTe! yta Tov unoAoylopd TnG nopayo-—
vikAg 1kavéTnTag g mepinTeon mou enépyovTal dAAEC ONuaVTIKEC peTaBoAéC
oTnv eykaTtactaon. Oa epappocBei enfonc xat oe dAiec Si1adikaciec mopo-

YOYAG -
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