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,  ABSTRA.gr, V

“The honrogeiiedus; surfed  diffusion tiod e l, vyith extertiil f i lm  transfer & '  solved fo r the 

tw c w x iro p o n e n fc a d s o ip ti^ ^ f^ Id a iid z iiic ^^ ^M C S ife  th^.stroBg-base^nio^e^hange resio, 

. 6 jw U ^ "X )6 1 ;;The b in a ^ v ^ i l ib r iu f f i  bettoeeti the to iid  a i^ l iq i i id

’ -. Isotherrtial' tn iin -co iunui adstSpdon expaiments fo r single and binary adsoiptSVi are performed, 

and the @ttemal c film  and dntra^MticIe sorfacfe diffusion parameters are fitted to  the 

, ekpenmentally measured breakthrough cmyes. r •

The ting ry  mass thtosfer paranKters -obtained are- similar to these obtaincdcfrdfai t t i i  single 

„ compo|eiit studies., Furth?rmore the. fitted  sdr&ce diffusion parametos are found to  be 

independent, o f the Reynolds cumber. This is noteworthy and suggests .thaf tlto^intiaparticie 

diffusion coeffident is indeed^m easu i*()f;aa in tero il transport mechanism.. ,

The characteristics o f  the mddel are investigated by "semi-quantitatively" compatflig existing
"fr . " » • *- - ' . . ' *

experimentally m&sured goldjSnd ^ ^ f  lntiapartiele loading profiles to model predictions using 

realistic valiies o f  the mass transfer parpmeterSi Broad agreement ^etween" the binary 

homogtiieous surface diffusion model a;,id the independently measured experimental results is
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" 51e- syiaration.;6f  coa îOncnfe from, a flmd. stnuon ,by adsoiptioa is a  

 ̂W aW iiTpracdce. The adsorption of a single component ftom an aqueous jjolution onto 

, vanous-adsoibisnS has’Bfe^ soccessfolly m o d e l le d a  immber ofresearcbers liclpaing-.yan

2 Dev|dteti (1985), : van- t ie r  (1983),- and .Weber and, Liri (1980). Relafively little model 

*4?velbpmenT has been done for die bitwy or ciulti-coqiponeae case however, which has to be 

. handJed ifl practice. As a'firstitep towards modeling ,  multi-conqronent adsorption system," 

= ^  tinaiy system isiattempted. In  this study, the binaiy adsorption o f gold and zioti cyanides 

, onto a strong-Tbase anioa exchange resin is iuvestigated. Zinc cyanide is chosen td1-be tbs" 

sdcond compqnsntv as. not only is it  fouiid in most real solutions, but i t  is often used to-elute 

gdd and sliver from scrong^-basearaonexcbaBgeresinSi x .  ,

t i f f  thê  experimental determination of the kinetic parameters, the mmi-coiamn ^^hp^' 

des<mbed b y  Weber and Lui (1980) is  used. Hus technique provides accurate s 

esdma^s of the mass transfer parameters on the basis o f the characteristic breaktimk 

which a& experimmtally measured. The essence of the technique is to ose coturc$t-^. 

sufficiently short adsorbent lengtii so that immediate or incipient effluent concentration 

■breakthrough occurs. As shown by Weber and Lui (1980). the mini-column technigjie gives

A

The resin lchoseg,;jbr- the study is Duoiite A161, a  strong-base anion exchange resin - 

' o^nufac^wi' a divisio^of Rational dhemibal Products Ltd., South Africa. ■



Fleming and Crbmbctge (1984) describe the historical developmfent of the tts6 d f resins to , 

extract goldfioni 1de solutions and pulps. Thisis summarised below. " ' '

AB investigation into resins was first performed in  South ASica in l961, although the 

U.S. Bureau of Mines conducted an earlier study In  1949. °3h the latter .case; the 

process failed owing to the inability oTweafc—basereoinsto extract anions efficiently at 

th& high p H  values o f cyanide leach liquors. Borstal efc-al (1953), and Borstal and 

Wells (1955) observed that gold in a  cyanide solution could itadiMy be adsorbed onto 

strong-base anion exchange resins together with other metal cyanide: complexes. By 

u-,ing a  series o f selective eluting agetus, they found it possible to retncve the var&tas 

metals fiom the resin successively and to obtain a number of discree elQates containing 

relatively high concentrations o f the various metals. : 0- " " • ,

Davidstxi et, al. (1961), using strong-base anion exchange resins also demonstrated 

the potential o f the: Resin-In-Pttlp (RIF) process and expressed the view that i t  could 

compete with the conventional zinc-preeipitation process providing that'the preg^Shtri: 

solution was high in gold and relatively free o f competing metal cyanide complexes. 

Using real solutions they observed that gold, loading op the re&n was related to the 

contact time between theyresm-rand the solutions, Thdr-desigit philosqiby was to 

extractgoidasselcctively aspossible, followed by non--5elective eiution,1 . 0 v-



./ -McEc rectati progrcs^ in  tiie deYeldpmenro£.the RIPfirocesstnade in the Soviet ITniori 

and Roumami^has ifeen detatied fcy Demicito er al (1967), Ridmaa e t al (1971), and 

Tatant-(1975), witb one o f the largest Soviet gold mines using an anion exchange resin 

to  extract gold i^'an R IP appiicajiorL In their process, noa-seleciive adioiption is 

followed,by selective eluiiotu 1

In  Canada, Stamboliades e t al' (1^78) recently investigated using strong—base resins to 

e)dract goM. froiQ'cyanide solutions. Tney concluded that the non—selectivity o f gold 

adsorption, coupled with thd iugti cos'! o f elution, rendered the process unfavourable 

as compyed with zinc precipitation. ,£ i their study however, only clarified solutions 

were investigated and the economic i-siieSts to be gained front the elimination of 

solid-liqiiid separation by Using an RIP process were ignored.

More recently, "Riveros and Cooper (1988) investigated the intraparticle diffusion o f adsorbing 

anions into a strong-base anion exchange resin using a shrinking core model They found that 

the intraparticle diffbsiooal resistances for gold and silver cyanides are lower than those for 

copper, zinc, and iron cyanide complexes. This explains why gold and silver cyanides load 

onto the resin relatively quickly. However, tiiey also found that gold and silver cyanides were 

then slowly eluted ffom tbs resin i f  i t  Was Icft in the solution. The driving force for this 

displacement was attributed to the resin’s equilibrium preference for the base metal cyano

A t present in South Africa, Sn increasing amount Of work is being focussed on RIP 

technology by MUfTEK, 8 which also iwludes th if  project. Other M IN TEK  projects include 

, ’ thedevCtopment of ,a gold a ^ .W e r  selective strohg-h^tiMuon exchange gtd applying

n a,.coimperciaiseale (Goltten juM eeJlib ldM ne). « „ ‘



- -T6e advafitages u id  (Ss^adyantage  ̂of the R IP ^oces^ over the? C IP r̂oeess^hs' stafed" by

• Fleming andCromberge (1984) are listed below. i  .

are snpaior to

. respect, to botif ratl'and eqtitlibri tmi loading of the aurocyaaide ion.; Tlris ineans'that. îdieQtiie 

reaB„iQventory^|di the.,plant, \w li )>e smaller 19 the R IP process., ° J ^  ,

(b) . Resiasjnay 6e eleted at room tempcratore whSrcas carboo mast be eluted ̂ t  high 

t^ ip e iW re ,J p ie ^ a & ^ ^ m 4 'l^Ciaapressurisedvessel. ' -

(c) = f ' Activated carbon requires periodic thermal reactiyaSdn" for tM  removal of

adsA ed|2rgaflicjiattyals, . ^  \

(d) ' V  Restiis ddndtload calciom carbonate to the shme ^xtent as activated carbon* and 

s‘ die acidr-wtes&ing iSt^i in  the Q P  process w ill therefore ptobably.be unnecessary in an RIP

,:’ (e) Basins do not appear to W'potsoned' b y  orgahic specigs which’ severiy inS&it thc

loading o f gol^ on activatod carbon. W eed Golden Jubilee Gold Mute is using reans due to 1



(i) Anion exchange resins arc Jess selective than activated carixm. for the," 

.aurocyatiide ion over the Sse metal cyanide complexes iprevaldnt in cyanide leach liquors.

(ii) The panicles o£ resin arc anailer than those o f carbon, and hence mons- 

sophisficated screening techniques are necessity. W otS: in  this field is |resetitly being done by

• MBCTBK.. ■. . _

(iii) 'The physical strength of resins and their resistance to- abrasion and attrition in

gulps is largelysinknown. v- ... .

Qv) • ' . , Resins are loss dense than activated carbon and tend to accumulate at the surface 

Of the puip unless agitated properly. ‘ .

(v> Resins are generally more expensive than activated carboo.

g and CrombCTge (1984) have examined the chemistry o f the interactions between the 

anrocyanide ion, the zinc tetracyanide ion and the anion-exchange resin. A  brief summaQ1 is 

presented below.

The Binctieaal group o f a  strong-base anion exchane-i resin is a quatemai^i anude-posesing a 

pennanent pmtive charge. The.adsotbmg anijHis are extracted by afl. ionvexchangereaction, , 

whichisshovmherefortheamTxyaiude^oiiadsoti’iDgonto'resinmthesmpiz^e-ionn:. .

Si.
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y  r . , . 7  ' y  A -

w & te  the ^ymbol,, | - -  ^ n ( % K , i b ^ ^ b a c % #  o t n ja trix o f  the^tesin, w fich  fo r D uo lito  , 

A lS i ispolystylene.^and ̂ Rs 'denotes t^ ^ ia ^ m a ry  amifle. The ehi&a} o^the'aiirocjfapide ..; „ 

Icm frcto d ieiean by!2ii^,<iyamde i i  &pictedbS' eqdad^P )^  , *  ̂  ̂ . -- ° '

f -N R 3 A u « % > r z f lC Q o ^ ;> : ( j iN R g ^ c c m ,  *  t :  

4 . . ^  . - \  - 4  2 * * % . :

This is^due^othe zincjt^^^d^iim on'beii^^ isO Tbed. moie stton^ly oato the ̂ trong-basc 

/, restiijbisoHtt A iti? "  Onde 6luted,. fhe.rednjs^gMei^ed befrac being itcycl^j to absorption.'’  ̂

-Jlusv^y t^dort^m tb .i.d ili&  tni&ral addas’the nnc tetrac^amde ̂ rapa <tecomposes in acid

s ^ ^ ,.^ % fe g e i^ t iw " -^ W is d e ^ c te d ^ e g n a H c m  - * i j  ■■■ ,^ , / " s- " -'■v.' '

( l> N R 3 )^ n « 3 ^  -+ 3 HzSQ*,— i  2 l^-NRsHSOj +. ^ S 0 4 . c . < \ "  " ^  r  _ . -

e :  ^  i * .  +  4 h c n  . ' : : < i

_ 1.3.1 /ADSORPTIOKJSOTHERMS •.

Adsorption; is o th ^ ti^ -  qf e q u il ib # #  Satk’- a ^ * ^ '  base iSpiiremcnli" of any .'ads^pti^

.. system. $KteM s the;Smgie comp^ncisQthenK&t^ Easily, dbtiinafak, 6 6  jriulticompotient • ‘
v  L #  j u f P s  v  t  . ' v - ; ' : ,  ,



’ As report^' By M ofey' and M :̂ E>ur^ î989>, ’ Bmler aiid Qckraot (1930) were the first to 

X develbp theLangmuir AodfeU This; model assumes a homogeneous surface wtih-iespect to tiae 

energy o f adsb^piion, no inieraedon between 'adsc ling Species and that all adsmption sites are 

dually  avayti>le $o SU^adsmbmg species; „ This was later modified ly  , Jtiiy and SnoAyihk:

'  • %1973)»whd 6 sumed that a pbrtioo oPadsoiptipa takes place without cotnpetirioa as aot all 

adkapti&q S i^  are avaiiable to aU spetiies- However, W c o w e  than two components these 

s , tiibd^ls were foun^ fo be ma^pUcable^ This led Myers apd PraU3nltz (ld65), and later Radke 

arid Praiisiit^-^1972) -to' develop the Heat" ̂ dstiibed Solutioa (5AS) theory. Ttlis theory 

assmnes ‘that, when fau^isola^ads&b simultaneously at the same temperature arid spreading 

« prefflure as each s i^ e s  WooMr th6  adsorbed phase fam s ati ideal solution. The mathematics 

‘ and contptltationai ^ f f ^  reqmicd hcfweVer Is substantial' which has restricted this theory to 

IW ted  tppficatidns. .Tfiis then Jed to the developmeM of empirical formulae by some 

reseaAh%sin0WingTdB a #  ScMuender (1974). , . . •

Th^ puipose d f this study is not to obtain a fimdameotal liaderstanding o f the intricacies of 

v . - jsotiieim theory, all that is required is to obtain" ait atouratc mathematical description o f the 

11 ; equilibrium lelaticHtihip so that i f  is pdsstijle to  proceed with the modelling of die kinetics.

FtA this t i ^ a  the etopmcal Telatiohstip propbsed by Fritz and ScMuender (1974) is fitted to , 

=■ thp-ekp«ih$intally d«cnninedisotberm data.





;As»ylscu5Sed_l  ̂ Section 1,_ Etitz  and Scfiiihder (jS74). have suggested a general <p$@rical 

z dquaaon fd r calculatMg itie adsoiptiort. equilibria of organic solutes in  aqueous solutions. The 

- ex^j^or^isof.thefollowtof formr1 „ "  ' T -  '

• ■

' - . .w h t e c v .  ^ 0.'.a y ,t^ ;b y4 'W c os sta n ts ’:-- „ ' • ;

C Lis^ liquB phpy.concm ratkm lXcom potienti, m g H  

_■ G^- is the solid phase conqpnmMori;of:coitiponent i, mggr4 

n  is  the oumber m  components ^

Liapis and Rippin (1976).:hav»-discusse4 some welUdliown relatioaships which are special cast

cu. ' ' '

for^b^., =t K  =  C; »  i  ,.it Becom&‘the-fwell'known ̂ g fiu ireq ia tion ':



For a -single solute Equation (2.1.1)

In  the special case where c is identically zero, the well known Ereundtich equation, is

Fritz and Schlunder (1974) have used Equation (2.1.1) to satisfactorily fit  experimental data 

for the two—component equilibrium ademption of p—nitophenol and phenol onto activated 

carbon.

Vi order to f it Equation (2.1.1) to a binary adsorption system, the 14 parameters fa#, &%), a^, 

flu. a2i, 222,  b#, b# , bi$, bis, b22» 621, Cjo, C20)  are chosen to minimise the sum of sq:i?red 

errors between the experimental data and the isotherm predicted data. As discussed in Section 

13 , the nature o f the isotherm relationship is empirical and the object of the isotherm 

relationship in this work L :o obtain an accurate mathematical relationship so that ft is possible 

to proceed with the modelling of the kinetics.

The .constants obtained are. merely "firting parameters and have no physical significance. : 

Furthermore owing to the large number of parameters there will probably be a number o f ; 

regions of die parameters which will give a gobd fit to the experimental data, - v

V

4



-Of

rThe predictiv& ntodelHng o f  tiie adsorption process rstpufes determinarioa of eqailibriom and- 

. istts parametets. The equilibriom "parameters must rigorously describe thel ejcperifqcntal

^  dynamics. As discussed in  Section 1, for each component, the external riiass transfer is 

characterised by an intertidal f ilm  transfer coefStieat and intraparticle transport by an 

. d feaiye surface diffusion coefficient. Ideally, as is the case in this study, the equilibrium 

, r and.=ratG parameters should be obtained from independent experiments and app'' d along with -  

appropriate operational variables, in the framework of a mathematical model for the 

-stinuladon and prediction'of the expected perfbtmnc6  characteristics of an adsorption system.

’ The following assumptions are made in  obtaining the rate expression:

■ i .<  The system is isfathermah ie. heats o f adsorption are low in relation to the heat

- : capacities o f the resin and solution.

b - i i ‘ Equilibrium exi^s between the soiM and tire liquid a tat all times at the particle/

liquidinrettide. j

iV . The intrapaiticlc surface diffusion coefficients for each component are

resin bead of speaks i  is «. tinder the above assumptions, 

obtained by solvingJ^U'ation (2^ .1)

-



x is the radios, m

The boundary conditions for this eqoatitxi are; 

PpS?5  <'«■') * I ^ < c c ! o - V

{2.22 )

(2.2.3)

(2.2A)

where, C^ 0  is the bulk liquid adsoxbate concentration o f component i, mg H

kg  is the film  transfer coefficient o f component i ,  m  tr*

Pp is tire particle density, kg (dry adsorbent) m"3 (particle)



For the simple systom cyi an in c  ite iiq^'GoKenpjadons remain- constant with ,

time. The ctiimplcte solution to th^^ropdel may tfaedfbe oijtained by solving Equati«M-(2J.l) J  

coupled to th^ isotltorin E^uatipn (2.1.4). p isais d^'lftim ericaliy .using die ^AG^FORTRAN f 

. software libra^jr iM tine DOSPGF  ̂ The program written, to spftfe ,the model is presented %

Appendix 8.

In  addition to the assumptions pressoted in Ssfction 2-S, tb^ following is assumed m deriving 

tbenoasteady^taieimiefMManceforthe|iacfiedadsbrber:  ̂ | |

i .  The liquid is  in plug flow !| \  „ ! ?'} •

il. The effect o f  longitudinal diEpigsion is negiipble. TMs is veri6 » |  6y Weber and |

L u i (1980). ) j  ■'

t i l  The volumetric flowrate a  cdt^tant as the aAsorbase conccntrationsiare io *.



t i e n 6asteady-i4tate,(toluma materiai‘balance as dcrivedin Appendix 3-is:

; * ST " 0 / *4-1)
wjseiei Cd  is the liquid adsorbate concentr^oa o f component i, mg H

iaterfac^' n j |  H- ' .

kg  is the film, transfer coefficient of component i ,  m r 1

' " t ; - |stime, b : .

.*-V  Is  the s d i^ fic iy  velocity, 'ms-2'

Z  "|s the longitudinal coordinate, m

:'Z is  the columc voidage

The boundary conditions for this equation are:

(2.4.2)

(143)

Wiere is the Coluim'inLetconceDtrMicm o f ctimpoinent j,  m g I"1 ■' ‘ s

4s  shoytt by Yomig arvi'yan y iie t  (198TJ, at. small times, the loadiog o f  »-

.-adsgriwnt particlcs are sn^U ^ a y  ̂ e-n?glecttcl "

iate$'at t ie  particle /  liquid interface are effectively' Zero .jrSris&r anininacas th6



, S ra ^ e ^ ^ io iL  l la d ir  fiiesc conditions thtixInicai effluent ̂ breakthrough concentration nay 

, : ea^Iy&lshow&Kfbe givedW  Equation (24.4). = - 1 - '  :

(2.4.4)

^iS tfae hqimTroncentratfon o f ad^rbent i  in the cB1q«!^i; mg 1"̂

i/tb e  ^orbentpackiag length,

■g- V Hei&e^eang^Equation Q A M i  ° the sxte^id fihn transfer Coefficients may be estim

- - j  independently' gohi thc effective surface diffusion coefficients from the incipient effluent 

*»i" _ concentration bi

coitipiete [Soii&n to the model is obtained, numerically by solving the partial differential 

Equations (2 X ti\a n d  ”(2.2. f )  |raultaheously ' coupled with, the isothermn Equation (2.1.4). 

Equation (2 .4 .5  which is the npn steady-state column mass balance is a first order hyperbolic 

partial d ifW ntia l equation. An adSptirm of the method o f characteristics is used to solve i t  

«ii mivolVes re du c in g -h y p erb o lic  partial diffeiential equation to an ordinary 

different^., equation along-: certain comiitious or diaracteistics by transfomation o f the 

it vaiabfes. t iic  charactdiStiCs in this cate are the shock, waves of solution passing 

, .. which are merely the trajectories o f the interfece between tire

• T , ' :: the solutippg :%he characteristics as derived in  Appendix 4  are:



; ;

>1



Under these conditions or characteristics, the column mass balance as shovm in  Appendix”̂

.3
l  ■1 . 4  v i .  ■

.wberis, I  denotesthe. characteristics  ̂  ̂ „

T is tfae residence time of the shock, wave of solution within the column. "

Tn essence the chazacteastics are conditions under which the partial differencial equation 

becomes an ordinaiy differential equation. The oidinaiy diSeiential equation may then b e ; 

solved numerically simaltaneously whh the m e expression along the discretised solntion shock 

waves down the discretised column. As stated by Acrivos (1956), the method o f 1 

characteristics technique is strictly speaking an approximate oae, yet it  is straigKtforward. 

Systematic and capable o f producing numerical results of great accuracy. Equation ( 2 ^ l f is  a. 

parabolic partial differential equation and is solved numerically using the NAG FORTRAN 

soft vais library routine D03PGF simultaneously with the parametedsed coihmg equM M si^IM  . 

solution to these equations is discussed fully i r  Appendix 4. ■ .
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to thb-sysem

V/iluamson

'  et o(,(l9635,<obtoî  Sctorelatî t

i w th  dissolving benzoic 5cid° -sph«es aM la t, •ta, tte'

1 where,; ^  Sh js  this Shenrood Nntrifer, Vk> .

. ,;c /''-0eS ^»« /^-5eyno ]4s^bC T , dpVp^t " j v

p  ' \  ^4? . S c  &,the Schmidt Number, (i/jJD'.-‘ ® ,• ' 

^ . ' : ° b sp. D  isflwfrecliqsiddiffiisivity.qttieadscrbate,

i

0 : ^ ‘ isifaepardcleaiamete,0in. ■■

fef  'is the film ’transfer cdefflden|,' m 

9  * £  isthecolunm voidage 1 "• ;r  >

:; ; 6X' " U istheUqtiidv&qpsclty, ^

p is the yqaiddensityg kg’m’3 . c .'-/>• "v -

Y 6(iag an^/ad^M et ;?1987) t&ve noted that tiriS txarel^pn |as an- intrinsic3 weakness in that "  ' 

the sdtface i ^ ^ t ^ / ,  aniihence-the fiW  jpnsfct.wreffiftenfe, of tKe t>enzoic'a^spieres V  

<>’ clmgeS as ttie dissdtudda p^o^sfcs. Jhey w ip d  the crareladoh'to B  adsorption d |Q f o c f  0
.o ' • •> . “ • .... ' ;V-. ' Z" n t
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the1 fretî Mqaid difiusivities a ie ĵ sn d e o t cgb the -.A 

|esshoui4 ftowevcr atio» f t i  ggod es^W S ' o f -the j 
q fa n ijtt systems wheS’usedHfe conjoaedoA' w i&  theĵ  I  1

W illiamson eta l 11962

i n # ,



f^S ? 5e ce ^ js '« to  fflustrate the chai^cteristics of'the hbmogeineous»surface 

i'and- ̂ s^(lw"thaP'i$ys in bixaa^agreBpient with extiting experimental, remits, ?

.. . -  :  . . - i  .

Existing, tirge plated_go% and zmcr,.intrapaitk:te concem îtiori profiles experimentaBy 

m eisiH^by PUlay 9989) :a|eyi's6ni' iquanti&tivel%' compared with m&Z) predictions using 

TeaJî -4tivto^fcT thĉ  mass jransfer'̂ parameters.- The homogeneous birSry cSurfecd diffusion 

exteifejd film  transfer is used as described in Sswdoh 2.'1 ^

^  t’ritz .and Scbltieî CT (1974)Li|iationjM^- discussed in Ŝ &Lon Z.LfCand presented in ^  

Swtibn S.̂  is. iised to madieinatî rfy desmte the «iUititouni or isoAerm behaviour. Hie



As discussed previously in  Section 2, the kinetics are modelled Using a binary veta<m. o f the 

homogeneous surface diffusion model which incltides" both external ' film  -jransfer and 

intraparticle surface diffusion. Ideally, as m this case, the eqmHbrinm and rate parameters 

should be obtained from independent experiments and applied along with appropriate 

operational variabtes, in the ftame'Jvceik of a mathematical model for simulation and prediction 

of the expected performance characteristics o f an adsorption system. In this cate, the simple 

system of.an infinite bath is used. The model is presented, and it's solution discussed in 

Section 2.3.

• 3 3  EXPERIMENTAL 

Loading. Prof-ies

The, imr^article ktodi^ prc#es o f gold and zinc cyanides were measored experimentally by 

Pillay (19E9) usind a Scanning Electron Microscope (SBM) technique. The experimental 

conditions under which the loading profiles were meSsored iwere different to those used to 

evaluate tho isotherm An excess o f lOOD mg per litre of potassium cyanide and a pH of 10^

’ .„*as used tbr the isotherm studies, whilst an excess concentration o f  200 t f^  per litre of 

,, potassinm cyanide and a p H o f Il,($was for measuring thelpadins ^ ^  -



ddnebycdiiiacting 8 to lOSiioiito A161L"resin‘ beaas in S O m la f 

^  "Ac pieMl„coQC^catioBs w6re lOO rag per litre each.  ̂ TBc solutions contScbg tbe

c ;  • b^Sis w ^ e mixeii;usiog a rdtaiy agiulor fb^different times. A t the end of each ioading test, 

° V ihe beads fwere t e w k e #  msd prepared for SEM examiiiatioiL,i Thi&.was (fene by ’rapidly 

V  . J  Srecmg-iye, beads ' using liquid mtrqgen in order to quendt die .adsorption and diffusion

The sxp&imeneally' measured loading profiles for times o f 2, 3, 4 and 6  bours aie given on” 

,'Sgfiits ^ i  to 3A.o It i$ clear from these figures that the zinc boundary moves progressively 

 ̂tSSrards "the center o f the. bead with more zinc loading with time. The. zinc is almost fully 

iloadediofihpurs.

.F V  the toaffing profiles, of gold however, it  is seen that gold initially loads more quickly 

“witMn |be resyi particles. A t twohmirs the gold has a  maximum loading somewhere between 

. die cenfc and the outsife o f the bead. This maximum moves to the .cSntre o f the betid within 

3  ^oursV after which thc gold loadings inside tbe resin bead progressively decrease. A t 6 

djiepiid iscleariy near it's flnal elutoistate. ? " , . .V  '
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The mass- mnsfeb^iaiatiiettis chosen to represent the system are given in Table 3-. 1. "

• Adsdri^ate « »■ --•’ '-kg 105 Dgj *  IQ12 

- .. [n A r 1].

. A k G N )? ; , : i : . 5,00 ■ 5,00

... Zn(CN#i~ /  '?■' . 7 1,50

These surface diffusion parameters arc of the same order as those fitted to the binary 

mini-colmfin adsdiptidft experimental studies presented in Section 52. They were adjusted 

slightly in or4<& iQ-obtain broad agreement with the experimental loading profiles. Ttu.- 

soiutions to the m tid tijt  i ,  3 ,4  and 6  hours are presented on Figures 3.5 to '.9.

It  is clear fivm  thesa figures that very similar loading profiles are obtained bearing in mind 

that different' cofiditioSs existed when the two sets of profiles were obtained. It  is clear ■ 

therfdre that die binary homogeneous siirface diffusion model is in broad agreement with {He. 

experimentallym^mr^rJpadingproSfes. • '



The'model cxplanatioa is as fotkySs; Fiistly, when the beads coroe-into contact with solution, 

the relative gold cyanide concentration at the panicle interface is higher than that for zinc 

cyanide, since the film  transfer Coefficient for gold cyanide is higher than .that for zinc 

; cyanide. Therefore gold loads highly on the resin at thepafficfe interface, acd'since.gold has 

a high surface diffusion coefficient itaugr&tes into the resiii rapidly. However as adsorption 

progresses and the liquid concentrations of both species at die particle interface increase, the 

isotherm conditions change and by’the nature of the isotherm the zinc loading rises whilst the 

gold loading drops at tire interface. This means that the concentration gradient for gold is 

reversed and gold actually starts to. diffuse out o f the bead. As significant quantities o f gold 

: have diffused towards die center o f the bead, the gold loading passes through a. maximum 

jnside the resin bead. As the loading of zinc at the interface always increases, the zinc 

s leadings.throughout the bead continually rise lind do not have a maximum.
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t /  ; ; ^ X ^ n m o F m E ~ m w  ' > v ' V ' V "  - 'V  • h ^ -  - " i  ■;

y /  f' T ib  r e ^  is-'^nanMtotEii^-vnili chloride ions attacBed to the LqUatem^y. amide fimctio^id ,

^  poups.,  S in ^  j i t  p ftc ^ e  the rwui is regenefaled after elution with sulphmic add, ^  must be" s';

" o cdnv^^d.lo the sulphate'fi^rn. '^iis 'was dOa& simply h? washing the tesiri beajs Steiriatcly

; ■ • wiih dSute snlphtoic adid aDd'sodiorti hydroxide solutions until no chloride ions..were found in

•«(>, , - die satitnn hydrmddb -wasg sotfiSoiis. ‘ ‘The beads were dim  left in dilute solpburic dbid .

V  ? . salotibn d v # ii^ it  affer, wMcB they -were s^red urider distilled’ water. I t ie  sulphimc add add

• - |odidm Kydrd^Me ‘idlugon contilntiations W C  reach 5 '& by mass. Silva- nitrate solution was

= » * “ usedio check for ctiaride ions in the sodium hydroxide wasti solutions. ? o : . ■

u" =', 2fe-tiThe resin was then sieved into a seriti o f particle size frictions, a%' the analltir the particle

- v ' size, the bighd- the" rate o f adsorption, although particle size has nd effect on die equilibrium

f  loading, ’file  resiri beadi used were to the 0.85 mm to 1.00 mm size range.

v , ’  . damaged i f  allowed to dry. Thisi&thod is descried by van Vliet, Weher ad i Hpztiim (1980J ?. ,i';

Y * '  and6 mvoiy^'d^vScnng the rean beads to a, state o f being'"touch d^J^ b f  eentrifagihg it^ t . 0

° ^  »4O00^r.p:̂  f e ‘m-nnnafes in  a Smiered gla,^ futtitel. ;l^he^i^siure*wnMts o f the."toudi - ,v

dry^reSn sminVesriga&d atid^Be resytsare p r im e d  in AFpendix’l^ ;  '



There are many factors a^ c ting  adxsrption tfaaf.must be eliminated i f  meaningful esfipnates of 

the vanous-mais ttansfer parameters'are to be obtained, these factors are.

Palp.iiensity^ A s  increase in  the pulp density reduces the initia l rate o f loading, ■ 

This- may.„be dtie Jo. a decrease in  the m ixing efficiency as a result o f  increased apparent 

. viscosity, or due to  physical blinding o f the pores on the resin by slimes in  the puip. Bor th e .

: • experiments only clear solutions are used.

(ii) pH; Fleming and Crosnberge (1984) have shown t im  the pH value of a solution

-ranging between. 2 and 12 has,little effect on either the rate o f loading or the equilibrium 

loading:.on the strong base anion 'exchange resin IR A  400. Even so the pH of the solutions 

was maraained. at LQ.O.: For the^^ailibriuni studies this was done simply by adjusdr. th-. pH 

-at regular time intervals. For the column studies the head solution was made up !v • t  of 

10,0 and the pH of die effluent was monitored. I t  was found that the effluent pH did n>x drop 

below 9,5. The pH Values of the solutions were attained by the addition o f small qaantitiesW 

sulphuric acid and potassium hydroxide as required.

.-(ti ).  . Ionic strength and fiee cyanide level: Fleming and Cromberge (1984) have 

shown that, for the resin IR A  400, the ionic strength of the solution has little effect on the 

•initial-rate p f  loading,",. Hovrever,. a-fairly significant effect on the equilibrium loading? is . 

noticed. They attribute this to Competition between the aurocyanide ion and the other anions;.; •' 

..'present ,;which m their csie. Was the ch^ride..ibn.- A  free.cyanide level q f 0,i%  Potassium 1°“

' cyacidtt.by mass was chosen, as ^maintains a high- solution iomp strength as well as being a 0 ' 

^ypical ievei dsed in im^istty. JBy•m^ntaiftifi^i higitsdjution ionic jtKngtfe. smaE c^?ges,in a

/it .w iQ  have'sraatf Effects on the adsbrgidn character!^



. (iv) , ’  ^.TeirperatiliB^ Hemmg' and Q:omberge,(1984) hayc^M *(ri;that forifae resin IR A  '  # 

' in c r e a ^ in 4  .^dprosses^ the eqiulibrium.. capacSy - o f  'die resin, ’  whilst ,.

changes in . the p i i M  r e g ^ ^ id a d iK g .  a ltiire ^ ig ib te .1’ The a^a -p o lum n and isothem ^ -t 

experiments w O T )hm 55 ^ :'iti5.edri'h ‘cor&tant temperature room -m fita in ^ i to .Avithm l 0 'C o f  , ,;■•

"(V) »»..'•,0, Orgamcs present; I t  is ^kfiown that -iamon exchange resihJ'adsotto/fcrganic ‘ 

icsnpo^^fiDm^i^ueoBS 'solutions. To: w hit ekteiit and liow  (hjs aSects tiie adsorption ,o f ' A 

goidanS.onc'.cyanidtofoflto.tberesfa |s unknown. J'o prevent"organicscfromJtheleaching of 

plastics e^-“ intd-the system.only glassequlpment and silicone rubber tubidg was used.-.:0 ; Q 

(vi) '^vjo^gedcontenti’ ftAnincrease in the dissolved: oxygen content o f the solutiotvhas 

little effect on the^inltial rateof |dsoiption^-l̂ )_wevcr the eq îiilibriurfiiAoaditig is Sbppre'ssetL-'In ■ 

the isotirerpt studies,- the' oXygen„conient of the solutions was,maintained by r^satgdly^petting ‘ ' ;- 

. the stbp^redrolu&ns tortile Mnosphere.^. - ^ *

For thejsmgle-componeht \nd  tmary mni^holumB adsoiption..cxpt^sents, die gold and zinc s 

head concentrations were, chosen to be approximately "') pptti 'aei.ZO ppm respectively^ The ' 

source of the go^ '^ l  ginc ̂  KAuCGN); end ZnfChOa respectively. V -'1

The iscti.em i' or'eqmli

^nc-cyanide ..s o tu tto p ^ -tB ^ ilu ^o n s  were,madeu'as described 

' bniy differtipce% ei^ tb «  the; standard ^u tio n^nce ritra tiq ns  #  ̂ OMand zinc v^We highwTof 

'■ tiie  ist^heEm|to|ie^ than fo r'd le in i^ i-cdlupu | studies.-' „• ; ~ i ■ |1 ‘ £ ' "

: : P ,



y q , '

:: S yr"

%• (fj ig^x 5Q0 .a £ s ip e # g t ^  f } a ^ .  „
4%

@) Scan^ard, gol^^bd ■zanc1 cyam^j^olufidns o f approximately 2

is as-follows: ^

(i) _ .The dcsi|^,'con|«itrStion o f goid knd’ zinc ^ y t ie ^ ia d o n  iS m a ^ ^ m  the

„ W ).00 grams^of the soi'wfotiis weigh^^Mplaced into ih#i|iass jlasks. - > > ,/

• b -  iCesiRis’rttepheii aecm ^ry^ff the ’touc^ry''state, ‘as describ^jn Apperidix I ,

(iv) • The .botde^re ysa&d aiyi; placed'4nio the shaker t ik e  „wluch is ttfldf set i

j  " .- ( y ) ^ : ' a . Ev&y y .to u rs ’the pH of t h ^ 6' l ^ 9p 5re.ch«fc^-aM ,ad.justtd&accOTdiogIyil'*ith

:. f ^maCquantities pqta^em.'hy#)xiae#of suiph i|jcyaciil_^e,f!a^ ‘|ir^ s o ^  left open'.’for 1 '

•• - i f ' ' "  j^vi). „ The sadiples agitated in this mam|er'’,for one 'weiik,af6 r  wfach/the ^btal 1 

,*•>» f v  - ” concentrations in stifDtion a^e.detemfined using Atomic Absoipdqn Spectroscopy^ . . « / -  - •



ar&dctmmned by mass

.Tbe raw  ^ataIfi® m i;ih e s ^ y ^ S :ta b u ls t^ 'iQ jjA ^n d ix^^rh e -"re ^flts^a r& p ffe to h te d  h? icc& m  ^  »_ • 
. . . . _  . a . .

The experiiileiital'tippaisBis is showif.in Hgure-4: I t  Soansa o f a 40tlitrc,gtea Sm tant bead, "5 /  ( 

rescrvedrin whicl^tEcgold ind ^ 6  cy W de 'E W  % 1

- '■*" ' V " j h e  Q ow^hicti is^mgnSorcd usmg6adrotmne^Janl 

'«k^k ,  bed o f y i ^  r ^  b e a d iill ie  W giny,;

s o f 1  mm"5jacrietef, Xwhich i s . R e  tim e s^eras tips-* ?

■ ,n.. , « # ,  - fit order to  mimmse ©stmcc an^.lxjS effects.. T ^ ' iM d e  diameter o f ''theloiton Ig»

• " 3.60 Li^htfopt(-1960Xsngge^l'an tz fte m a i'c o lu ta /"^ ^ ^ ^ # atS a ^t

30 , times thej|rtic l& '(6 a m e ^ 1to pril'eM.excessiVe -ivall Effects. T h l M o ^ o f ^ M ^ i i iB

pacfcmg was 8|pr&timateiy42 ,b cm.



B "
' <$.

relufi^d^sototions o f gold ai^;^hic%'ani^s are rnade t̂fp a#4 “ crUxd in Section 4.2, tbe‘ 

.V r '‘ meM/concenmiitins" are tbSi1 ai|:uratdy^measured using A titnlc Ateorption JSp^trij^^y.. 

: • A c  401iBeScOf soIutibd^S tiien muhped up iiilo'the°constanE heEuI> resdvbir, whicb j s  situated 

P., _. a p itra d im ta ^ ^ i^ e r^ a ^ e m e e o la n m o u tlt i. : -

;.. ;  V-The resin is p te k e d .^ to ^e  ro lu^^betw een the glass bea4s_(6f litid mm diameter) as drown y 

"  ro H g u re ^ i TTuS isdbne u iideF^stilled water so^  to a v ^ d &  ^ b b le  entraiEmient in  the ' 

c 1 colunnC T t i^  Water ieVel is  ihe ffW uced-to  just above the glass bead packing in  order w - ° : ' " '

>v
1 exppriment isfcomnfenced ̂ 'd^tm in^  the ccmttpl valve, and' the,fiowrate is mcraitored “

» using the h^meter place .̂' before the ‘rolurnn: Samples o f  tfie effluent, are .taken at

' pn^teitnmed0time tiit«vals and fte 'golxi a^d zinc metal cuncecitratidni are measured using

Atoinir^tsorption Spectroscopy- S

/%:

QV':'

.  ......................................
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J  T b i  tit|d,-Fiitz Mid SchiiMj^ei' t ii& iy  fsotiiQms Telati^^S^q^totaibeyycC n gold myi zme 

iloadings-ori ttie resin to g^W aM zm c cyaiuctes in  solntidS are ^vca W Emations (5.^1) a i ^ ,  

rjSspcCtiveiy^ • t h ^ ceguationsilwere fitted top the>5 experimental data presented in

iadetail MAppendi^S.

• *  6,3456 ' .

i  : ,

° Cg ;is t^e§o(id mtial cencentration; mg g <  ! . 

'Gc - is the ^ t'jid  adsorbate cwicentration^ mg 14



T to  gioodnesS’Of fit fOT'the^ ^^ations 'afc r^presMt^ i ^  5.1t3 ami 5, I X ^ e r e  jhe 

^  a:- ̂  y-ton^ared lo the loadings

- I«i&ctda 6 y Equaticais (5.1.1) ahd^S.U)^ tfe.parpose o f the goodncsS of^fitplott is to show 
/ ' . . I ' .  '  ; f .  J r  / I  . . ' i ; .  :

/i |b w  c w e ll. thff -cqisteiehtai: lesuits^ fit  £tie'*isodiefmi: J f  peifea agrcehwnt between the-,

‘ _ Jexp«im enaj,re^ts S ^ ' t t e i S ^ i ^ ’ were qbtiiqbd}. all d^a irould; lie on • ••

«.> . .n  ... .« a the figorisf' I^ ean-j^ s^Mi tiiat "the .deviEutotis are hot"large- and ,

e-are ns systematic

»■ (5.1 jj'Ses^fiihe tile cquilibriumAlabi wcl£ ^

>' = I ^ x n  H g iie  5.1.1>- i f  4? tiia t thcipreserice-tif cSmall-'iamohtits o t  zinc •cyanide in  volution -

gresti^Ttiduce t h c ' ^ ^ s i ^  fpr^goSl' to' be adsorbed’ on the lean.' H ow evtt, as'Vnay b £  seeiv 

/  fiSm  Rgure 5di2.ii' thefpre^itce-bg g-Sd cyanide iirso lu tion  hardly. tnflnciices the loading o foa nsKny, muncnce
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A r  described in , Section 2,2, the homogeneous surface diffusion model is fitted to the
»• ’ ^  ° 8" „ ' i ' = ; ’,-1 ' ,■ '<*'/ '  " u . "

expCTimental inM^liimhy'teealcthiough curves by minimising the sunroof - the;; squared 

diffetiices between thei experimental results add the ,model ^ ^ c d o n s . This is done/,by 

„ nriiumismg tbe^sum of the ̂ squared, differences between the oxperirW t& ^/nteasW d

- oc0hdwmffiphs,and the ingdel predicted,coi^entrations by chdice b f the two k&en'bparametoS, 

namely the film,.coefficient and the surface diffusion coefficient for each componerit. The 

a experimental coimitiSns and data are presentedin Appendix?. Th'emodeiis solved uring an 

adaption of the,method o f Characteristics. This is described in Appendix 4. The FORTRAN

1 programs used to %  die external film arid intraparticle surface diffusion coefficients for both

r the rihgle ctml^orient and binary adsorption cases are premfifed" in Appcfidix 6. - ThS program

Written to solve the/single component adsorption model was tested against an existing solution 

by Weber, arid Lai (1980).^ Agreeiriwit between xhe model ,and the existing solution was 

obtained. The pmgaiti written to solve the bmary ac’sciption model ,waa then.testcd agaiflst 

the sitigle ctmroonen't model by seffi'g e ilr^ o m ^ n e n fs  inlet cpncentrafioh in trim; to zero,

I

rocgh^nrves withitipect.to tiitetwo mass tranafefprtytessds are 

« ; ;  tsefot indicators o f how p W r ^ ^ s  influetcC fixed bedj a^«ber'dynamos. The use of

such5 analyses has been well 'SesgtiieS by AVeber and L d  (l9 80 ) ,wht) p a n n e d -  serisitivity V  

‘analyses, on "ariv^dendc^li mOdeL fcr- lhe.^tids&tption.'- ^  :;para4Sp^phm dl and ’

■f' do&cylbenzeCicisulphonate‘ iii feted

^pctetnal f ilm  nnd mtrabarticle'^u

- w .



ihdr,SMlys6S are t$  the samSicm fc’as t$ 

tiiis study  ̂ / I$ e a cdnciasions wticfc tiiey rdrs%v ar» Eence applicaMe in this study." Th^se

6 (1^ _ Tlie- initiaTstage of lbfe breatoffpugkcorvfc is alwaysdominatiidby film  ttansfer."
 ̂ f » ...

' ■■ (2)  F or tiv ^  samti dpgre£ of 'cbang^m the. ekiemal f ilm ^ n d%.or sorfecevediffimon,

' coe|ficien£s,V 8>e r e ^ n » ^ a it tiM -^ la m n  is'tDore settiitiVd tha5,'that o f a long^colatiinv

Hence ^  die column is of^sufficiently skcat lerigth' so that the iodipient tneahhrongh occurs 

, then the initial stage o f  the breakthroagh curve is diiiinated by. film  'transfcR ’ Htincc the film  

transfer coefficients may b6  estimated indepemliatiy using'^he initial pomcp of. the 

mioi-Columii breakthrough dirye. This was verified by- Young: and vto  Vliet'|J98?) who 

^rfonned ocperimehits cm tiie adsorption "of phenol onto a number p f adsorbates using,.a- '

' mua^-colunui -teciiniqto; /  Young and v^n V liet (1987) ajso noted that owing to the practical * . 

: lin u ^ tio ^ m ’ the >^|ierm ^ial ecjuipn^it- ,"t i$: not posable, to iiieasure 'the ,ciincentratipns. at 

■ very small times antfsd th^ determihatiph o f c ^  film  transfer, becomes less accurals at higher.. .

. Reynolds numbers.' T h w  iliusffated'this, point bW testing 

' - film  ^ansfer cocfiicienL The film  tra^e.coeffieiiiiteare  

■ (2.4,,4)giyen.inSMtion 2.4.. '^he inioftl6®lsntconcei 

; fipm the expj5ain«itil, dat4. TMs ajiptQach i l ’Valid 

effluent-ctuicentratibni may be ol

m tn S v i^ ^  the jtnpdpl m cthe :

.good estimate o | the^nitial ' .  

isnbiein-c^es'wheijp t^ itii t ia l  

taken beforejabout' lOO ml o f  

i»aatifecaly‘ l M  d % jp

ed.' TIus may'.ppftie 

efflittoit ccgtcentfa'tipn ch|iige$rapidiy. ? Any exp^imental-p

he column were, ignored  ̂as

dilutyHi with interstitial



- The onfy/.uQja»»7i liflg tare the effsc6ve sar^ce diffiision coefficients..

asadisctissed in  jSectibiVi2.4, are estimated minimisuig th e  sttiri o f  the ajiiarai.

' o- cTK^d of<tbe;diffaSin asSfficients. As 'st ĵw.v by Weba- and L tii ’O980) the later portitra of 

,» - n ^Ihe breakthroagh citrve is tiSydly? sensitiveto tiieantface difiusion cpefEdientsfor reasonable 

, , value^o£#b6  lafletia^aTameters.- This means tiiat good estimates o f  toth kinetic pam tietm

» may be obtaizied fibm ihe ttiini—£d!umn Experiment Afthougli the mini—column technique is 

K " ̂ more ^ ^ c u lf  to d S l with dxim a.mathematieal tnodeEng p^spective than a  batch system, it 

'  %attMMive b6CaU@e it  allows good esfitiiates o i thc kinetic parametMs to be made.

"c The sin^le O@nponenr and binary mini-column breakthrough results are presented in Section 

^ 5.211 a n j 5,2.ZSSpe^VeIy. The corresponding experimental data and conditions are given in 

''Appendix7. ‘ *’ " " V  , "-'i ' ' V

-̂6



i2 .1  together f e th  ihe ir correspqnding R eyn |)d s  numbers.

are presented in Table ,

n-

[d^.asoiP tion S O ' ' -

. v . . »
Ds 4 10ti  . ‘r

J

' ' , v ™  ^ -

■ A 44 2,4 0 . .

/  - % p - ' 2,42 "

2,39 a  . ='

%'  4,63 2,41 "

S .

i i i

^ - 4 ^ %  tha t th e  ̂  b ffe titw gs^ fac t-  diffiision .gdefficjpnt D ^ 'is  in i^ pendeo t < S £ t  R ^ n o ld s ^

/■ V ^  « ' c nu m b e r.^ 'P iis  is  c o n s is tG rS ^ tl^ e ^ f |e t^ h a t= Q s  is'5a  m easu rt’o f  intraparticle diffusion a n d  ? ' - . ! ‘ 

' :sh o W  b e  if id e p e i^ en t»p e  ̂ t r S s ^ b g e f f i c i e f t t  on=th6: o th e r  h m d  i s ° « p « t <  t o j n c ^  *

_ ' ; ^  y *  th e  R e y h o i^ n u m b e r  a s  p redk ted"by  the  W ilSam iog ' t t  a y i 963)  conelatjpn. nThis is  /

^ '8  X "  / o u n d to  b e  gie  case. T he e x p e r im ^ i!^ re a M iro u g h  data po ih ts and  th e  conesgbnding n ^ e i  

" - -°1  v ,, fits  a re -p^ sen ied  Qn K gure 's,5.2 .I  to 5 . ^ 5;  On th e  w hole  the-agreS tm nt can tx ^ e c n  to  b e 9 :  ,

;• I S - ;  ^ e r y j o o d .  low  R e y n o W N u n A eo ^  th e fe a k fh rd b g h  curve is ddm inated tiy^filn^transfer, = ’•



is  illustrated on the 'seriativity p f i^ e  model id, fee filmico^ficient !s‘
■ ’ . „ ' *■ V ‘ ' ■' "0 .. ° 0

shown.o Kcis noted, that the model'W Itost sensitive,to tbe fiim  coefficient when=the Reynolds

number js  tiiglL? ThepresenftemlB ar6 .iVeU W ith in "^ rcg&njof agcraacy method since





' t  . ' . T IM E (S ) I" " :  r
F ig -; 5 . 2 . 3 :  G o ld  C y a n id e  B r s a k th r o u g i f i  C u r v e ,,, Re «  3 .S 4

&
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The fitted mass tranfer parameters for th» adsorption of zinc cyanide are presented in Table 

5.2.2 together; with their corresponding Reynolds numbers.

Reynolds

Number

k f *  10s

[m s-4]

Dg *  10 =  .

[m 2s^]

1,49 2,45 1,64

2,60 3,05 U 7  .
3,94 3^1 1,60

5,16 3,99 1,59 .

6,48 4,06 1,62

. l£ is dear that thfc effective surface diffusion doefflcient D s • is independent o f the Reynolds 

number. This is cphsisteiit with the fact -tharD. is a. measnre xpf iBtrapargcIe diffusion and 

should be independent. The Glm transfer Coeffident oh the other haiid is expected to increase 

With the Reynolds number as .^ d ie ted  by, life Wifiia6 iion.':cf'a / (1963) correlation. ..This is 

, .found to be the case. The ex^efî nerital breakthroii^i data.points and the corresponding model 

fits  are, presented on Figures 5 ^ 7  to 5.2 .U . pn  the whole th&agr^!nent can be seen to be

very good. A t lo *  Reynolds "Numbers,, the breyah^gttcur^e:‘is  '4Dfcinatea by fiim  transfer,



and as the jteynoid^ Number increases, the period o f  film  transfer domination decrease? This 

is  2Iustrat?d-on 5^.12 where the sensitivity o f the model to film  coefBv...

shown, I t ls  noted that the model is least sensitive to the film coefficient when the Rsyrk 

number is hi^i. Ttie present ̂ '^ults arc well within the region of accuracy o f  tiv; method s£ac& 

the model" curves are still sensitive to thp film  coefficient



- n .W E (s )
Cu r» e ,, „ ?.



Z in c  C y a n id e  - B r e a k th r o u g h  C u r v e ,  Re * 3 ,9 4



TIME (S )

a s

0.7.

0.5



, .Hie fitted mass tranfer parartietcrsffor th'e simultaneous. Msorpdda o f gotd:aj.d zinc cyanMe&.z 

are preMntedinTibleS^.S.

R<^noIds ; t 

,N"mber, ^ t » s n ;  ; •
' > w , > w : ' .

' - .

. 2,70 i . .  w . v  A "a !

> 6 0  : - . .  . W  v , ;  A . -" W : . . .  ;

' '  ^

A 16 . .  - -  -

' " W 3  '

Subscripts I ,  A d  2-refer to gold a iiz in c  respectively.

I t  is'clear Aan^ie effective sinface. cUfiTisjdn^oefiicietfts D ^ j. and D ^ i i p  Mepe.-y)ent <5f the 

<:• Reynolds number. This is m  i h ^ '

, intrapanicle diffusion and, ShcttiS^e, mdeperfden t o f |he Remolds tlumber^/ ^

" breakthroughfti^ta points m d-th^SlespORdiBg model fits’ are: presented m f H g f e  5.Z13 g v '

' As $  t ^  i îg3e’com^nen| adspTrion,'studies dfe^eem eftt Ca^.te se^n.to Be yeb;-'



55 '"" :  '  u;

noted |hat those obtained for the Mnaiy studies dre dighfly Lower for both„gold and m e  

oyacide tiiaii tttose for ttie.sin^e component studies... H is  suggeste tifet therfc is only a smati 

degree o f interactioa between the iniraparticle diffQ îon eoefficien^/'ftir gold and'anc. This 

•r means that the &snngitior^&at the gold.and zinc‘inffaparticle diffusion coeStcieats 

independents ̂ io iiab lK ' is iiSo worth ncHing thai the film  coefBdents bps simflar, tins is

liquid diffusivities o f gold and a oc cyanides being su^resscd in  the binary system. A ll these 

factors are fcxtremely encouraging since it  suggesyi- ^t the mass transfer parameters are not 

as&3 independent ftom each ofhsr, but they are also ineasures o f both the external film 

transfer and intraparticle diffusion mechanisms. In fact the interactions between zinc and, goM 

cy^des are e ^ l ^ M  by the nstuic of thelsotfierm. The faci that snlall amounts o f zinc have 

' a  negative eSect off gcjd adsorption is sufficirat to sati^factorily explain ihe results.

V i
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-3,51
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4,06
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'A t discusscd. -m Sectioth l ^ ,  .there are nti' literature-vaiues'fm- i ie  M i ,  liquid difitilyities of"

• gold and zinc cyanides, and hence, the’Sherwood and Schmidt”.numbers are-unable? to be 1

. eVtiuated._^<s purpose ot this section is to provide a sultable'cxpressioii'from wtich die film  - 

transfer «>efficicrits may be estimated- As described in)Section 2.5,r .tbe correlation described ...  

■ 4>y Williamson et  flf't'jp63) is assumed tg tjescribe the sysfem-adequately? The correlatioSis

• fittecj to. the experimental results presented;m Table 5:3.I  by minimising the sum of the ' 

differences squared between the experimental results and: die correlation ’predifctidns using the 

free liquid diffusivities as .the fitting parameters. The fitted' free UquM-diffusivities are 

presented in Ttiiie 5.32 . "" .

System D , * 1010 

[ m V l ]

* 10W ; ^

Au 8,38 ■' ■

Zn 6,96 / .  ■?.

7,19 ■ 5,93 . .

Sutecribtsl, and 2 r?fer to gold and zinc cyanides respectively, ^  ^

It  is' interesting, to notdfor gofd ai}d zinc cyanide,, that the ̂ ned free liqmdjiiifusiviQeS-fdr W  •

Studife 4hdeS 'itis ^ ^ ^ ' t h a t  thepresenGe;pf a second supress'tbefree liguid '
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•Gold A d s o rp tio n  
Z in c  A d s o rp tio n  
B in a ry  A d s o rp tio n  (G old) 
B in a ry  A d s o rp tio n  (Z in c )

R e y n o l d s  N u mb s

F i g .  5 . 3 :  F i lm  T c a n s f -e r  C o e f f i c i e n t  C o r r @ la . t i o n

Single, Qomponent Gold Adsorption Correlation

S.~  Sfnavy Acisorptidri Correlation,, (©aid)

(c -..Srnyfe'Compo'nSjic' Zirie; " tp rre la tjo n ';’’_.: 

,-d .? j3 in < rr '=A d sp fy tion  CdrrelatidiT^ (Zinc),



fiial- film  transfer bas been 

sucessfully solved for the bmary adscapdtiif o f "gold and zinc cyanides dnto th8 strorig-fease 

aritoi- cxciiange lesm Duolite1 A161 in;: a^mini-colcfnfi system.. Tiie .values for the mass 

transfer paracetors obtained for the single co^oneQt adsorption Stndids are similar to those . 

obtained fo r tbe tiinSi r̂ ads^dop studies. Also the- effective inasjlig ick #s u r f ^  ^iSusion 

coefficiwits are found to be. iiidependeht o f  the Reynolds nmnber. This is consisten/ with a , 

measure; o f intraparticle diffusion, ^wthermore the measured film  coeffidents display a 

depsdderice on tfie Reynolds number that is a^si'stent.with an'wasting correlation. /

The enlpirical f t i tz  and ScSuender i:,(1974) -binary isotherm lelaticasMp was found to 

mathematically f it the experimental equilibrium data well. The 3-dimensional isotherm plots 

illustrated the elution properties of zinc cy% deQ v& gokf%anide., "" ' '

The external film  transfer was able to Tie a^^uately correlated to the Williamson et al (1963) 

relationship by choice iof suitable \^lues of tBe free liqtiid diffiisvities. ‘  " «

The characteristic^ o f the liOmogeneous smfaGK difiupi 

wepe Ulustated by ‘l̂ m i^ )an tiw ive^ f,'l inodeliytg, il 

intziapartfcle ooncentratibii profiles experimentoUy*niel 

fo r th^.case' o f an.infinite fciath using realfttie.values”

i model widi external film  tamsfer

wment betweenthe model predictitiffs^nd ff

byPUlay This was done -

ir the mass transfer parameter. Broad 

itakcesults was obtained. * "  ' ’
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APPENDDG1:

The weighing of the resin r e q u ire s s ^ ia l ji^didurci as the characteristics o f the resin are

- '^damaged ifl'lbw ed  to dry. ,The resin js  weig^ti in a~mctist but 'Jroach dry'' state: The nwthod
I  - ' f . . "  :

us«3 tQ aet|a6H: the resin is well: described-^,van V lie t Weber and Hozumi (1980), and

s involves cefl triftj^ng the resin beads at 400- r.p;m."fdr tvto minutes in a Covered sintered glass.

, funnel,, The ̂ method Was testid fora, few saraplej,ofTesin and the moisture contents o f the

. "touchdry1,;tesin sam$lles ispvenin'table A l." ^

. Tablg A.Tt 1

; Massof "dvy" 

Resin /g

' ; Mass o f dry -. ’ 

Resin./g

% Water

5,220 47,98 '

2,939 T v 47,90 .

• x= ' 4,002 ' . • w * ' - .  : . ' 47,55 .

47:86 ' ■

:  . - s k o  . : . 1,64231 \  -4T58 / "  ,

The resin, was- dried in  an^iven at ijlO?. C for 24 hqufS.r "Bie asCrage moiaure c^icent of the.

_ ''tojikh'dry*' resin is 47j,77% (w/w), Snd the staadard'deyiatton is 0,i96%-j-;Iteean f e  seen that 

%'ttds is an accurate "and rdiable.^vayof deterprimrrg the, mass ofresin witipyt daiaagmgit's, i

properties.' ; ■ 4,'
' a ;



,, . APgENDg-2: Tsotherm Data

190,80 pfpj'Au 

0,00 ppm Zn 

10,00 

25°c

* \  . J I*W (rf: Gald CoticentrBticm Gold" Loading .

Resin /q (Ppm) : (g /tg r i)

■.

\  ■ 1,0218 0,18 SI 340

0,8086 0,42 46 089

0,6078 0,70 62 503

0,5^29 1,04 76 866

■ ■ 0,4080 X m . .,33 391 .

0,3050 ■ 2,72

' 0,2085 .

- " A

„ \

- Solutionl ;• 150,91 ppfnAq *  •- *

_ ■■ • •  _ ;.25”C> , < .  p - y



v y  v .

■ ■ ■; A - i  :

v - ' V  ■ .

;  v i ' i -

? • '

f t .

■ -V"



50,31 BprnUu / .  

m ^ l  ppm Z F .

25 710

23 m

25 21713,47 "59:206

61 M



. %

: i : y /  ^ 100,62 ppm A ii 

87^4 ppm /to

io ,0

2&G

: r  .

-

■ " V ‘

m f M r n ' Gold Cone, | l in e  Cano, 

(ppii) ! i# m l

a i d

{g /t) (g / t )

'-1,0066 5,02 1.95 24 912

# , * # 7-31 2,43 32 089 45 773

@,6022.' 11,7 3,88 36. 121 50 167

0,900® 23,7 10,7 40 36 7 . S3 264

. 0.3022 39, i 20,1 53 596

5 5 ,0 . 33,3 47 118 53 992

r ^ w : •• ?1,4 84,4 45 512 m m  ..

. *V.

1—

N.
■. k



5 V  Solutioti 171,43pp;

Qo-ld Loading

'R e s in  / ? (g/toni

1,3508



'S u p !r$c ia l, w lo c it y  V

’W r e n t  i  | : | C onponsnt i  i  '  t  3

in  a t  z  |  -  U s t s o d r S l  

Conqronent jo u ta tZ l .A z =  A V C  .f: ^

C on^m enti adsorbed ? A  

Gproponenti accumulated

1.



%  the panicle density, kg (d?y !partick) per

' __ 4°'
is the 4Y!Wage|&fid^lSse Conceneration o f componen



ififcjjroSte ■ the' a v e ^ e  Inaease in  the -solid ladsM ba^'ronc^trati^^.StopIy the amount o f  

adaxbato in  by dif&inon namely; ; ?

dCy
P p a r - .  =  kfi.<Gc i - % i >

dCd  3 k -  
pP 3if -  e  T r t F c i - C p i )

Substituting this into tiie column expression yields: 

FSi9 "*• 3 p-T5] ̂ <Cci-Cpil + BT m



/
-  0

where, C ^  is f te  liquid Msorbate concendatiou of component 

' i, m * I-*

at thfc; article /  licfflM interface, mg I 4  

kg  is the filn | transfer coefficient o f cQmpon

m s4

f0 is the outside radius of the resin bead, n 

t  is time, s

V  is the superficial velocity, m r *

Z  is the longitudinal coordinate, m

« -  i s # COltinm v^age" .



1 % '
;• A  shell balance (g ^ d ia % , difiusing species.i, ̂  imp tite spherical fesin bead as sated by Iiiap is : ; 

; ttcbere,, v- Pci'', i5 solid adSoAate'ctyicentratidn o?c.omponenE

: i | 4 e  efBmive surface diffusion coefficient of 

. -r. ,component i, m V 1

r  • is the radius o f the ̂  jsin bead, m .

-Hie boundary conditions for this equation are:

Cs£(r,0) =  0

, TT ^(0 ,0  — d . 
d c .  •• ic'f. '

(A4.5)

(A4,6)

(A4.7)

where, Cg. is die liquid adsrabate concentration of component 

i, m g H '

Cpi is the liquid adsorbate concentration of component i  

at the panicle /  liquid interface, mg H  

kj- is the film  transfer coefficient o f component i,

■ n t r f . .

tfi is the Qjttside radius of the resin bead, m



The complete soiutioit o f the 'makl^ts .i$ 'Eai^^/"so Iv ing ':Eciuations (A<1) and (A4..4)

simuttancously Equaticm (A 4 ,l) is  & hypaSoIic 'p^tiaL ,differential equatioa -and is solved x [-r

using the method o f dwacterisdcsasdfescnbedbyAi^iyos(1956)andMxjTay(1988)i ; ^  ’

Tlie solution td EqBatk>n ( M . l )  is as idllows:; , \ .  :  v ;'"

The concentratic^ of adsorbate in fhe solutioh of compodent i  im,y be expressed as: . ■; ,2 S

^ . ( y z ( A w ) .  . ' v -

on a curve pirametetised as z =  i(s), and t  =  t(S)1 with s hting a parameter along the curve.

Differentiating 'F(s) with respect to s:

S t ,  s c . .

where die prime denotes differentiation with respect to  s.



ReaniEgingdiise^reSSott:, . ■.’■•

- SUlSaradng thisi.expte^dn4iiro die coluipn maerial balance yields;

' - f -

,  ' . ' f " A ''/" '

where' - ; Z  -  Ls  ̂ (fo^ eonvenience) 

and, • L  is the bei^ftt^pf l^e: bed.

Therefore: - f  r

ar] '  - , frf^|^R,r'V * ’•
where I  denotes the characteristic t =  % -+



Along thi& characteristic it  is noted that the' hyperbolic partial'.fliBerential equation iS iedticed 

to aq ordinary differential equation. The characteristic is merely.d shock wave o f section, 

pasar^ dosyn the column in plug flow. I t  is die trajectory o f the inte^gc# iKtwcsa 

adscffbateaddthesolutioa. Ttisis':thownco f f^ ^ .6 A 4 .L ._ .

The simultaneous solution o f the parametensed ordinary differential column equation 

@quation|,(A4.8)) and the rati equation (Equation (A4.4)) is as follows:'

(1), Break the surface into a fine grid as shown on figure A  4.1.

(2) Solve Equation (A4.4) at Z  =  0 (C ^  =  at the various grid th|ies for C ^. This is

done using the NAG FORTRAN software lifeuy ibulSne D03PGF. ■

(3) Solve for the Cp.’s using the isotherm relationship (Equation (2.1.1), Section 2,1) at 

the veuiqus grid times. . .

(4) tTsing these Cp ’̂s, solve Equation (A4.g) along the charaaeristKisffom Z  =  0 to Z  =  

AZ to obtain the C^'s for the grid times a t  Z  =  A Z .. This is done assuming the C^-'s are 

constant, over the integral step, which is a good assumption i f  the step length is small.

(5) Use these CX's to solve Equation (A4.4) at Z  =  AZ to obtain C^'s at tire various times.

(6) Repeat steps (4) and (5) until s =  2, ie, Z  =  L.

Fortran programs were written to solve the single and binary adsorption models. These

nTnoramc At* nreeantaii in AnnanitiY’ £  * '■!



= L .





cop&Tvith the task. Tliis fras overcome by choosing the powers or b's and solvijng3for only 

three;q)tinjatn parameters ̂ tl^ a's). ‘Die a’s were then substituted into a second prognun where 

i theyVs'were Optimised. The b's were then used in the first prbgram to find new estimates of

' The optimfSatipn rcratinc usodfs the JMSL-FORTRAN software library tontine. ZXM IN .



C—  +
IND p E  OPTIMUM

ENDEH ISOTHE

.0>^yUo03,Y2(60)COMMdS NP.X 
}fP^3 f

■ 38  l o  l= i ,N f .
. io  READ(5,*) X ra ),X 2 (l),Y L (I))Y2(I>

6(1)=504792,1

&.(3)=1000

:a l  gu e sses  f o r  th e
:RM PfifiAHETESS AI,". A2, Yvif A3

*  OPTIMISATION ROUTINE USED IS  ZXMDT

CALL ZXHIN (FUNCT,M,NSIG,HAXFN,IOPT,A,H,G,F,W,IER) 
, WRITE . (1 , * )  F



-SUBROUTINE W d T ^ M v A .W  ^  ' . .  ,
GOMMdN NP^XlCSjljsMCeOl^CW^aCfiO) »

. in t e s e s k  - ■•••  ̂  ̂ ■
- REAL " 4: a;" : - ? .v

•Sa=ACl^U,ry>^?^sy/(A’C2)*XI(I)*»-69?4.A(3)*X2fI)»6.394)

-

$E% Y



(yraftSA-rijN

CALL (Fi

IS  ZXMIN





,?" :^ere.M e two" first pro&raia solves Ae singly cGapooept adsorption,

': ycase.„,itt;was.checked against^ sblUdons’presemedby Youflg and vah«'Vliet (198Z) fa k

' ; ' »  '

’  ■p^sccondprograni solvcs ^tw9;ccmporient adsorptiQp.case. fy'Was.cbetikeab^se' ngia 

= f in a ^ jw « > in ^ :,ix^GentrSions'^i,zero, andrusihg the program to solvc fa^ singie.comporienf .

” piodel ibr toQt '.c^ponegts %djvi3itolly„ Agreement was then obtained " with the" sSglc,

^  \ . r  ' - ' -



*  PROGRAM TO S0LV2 FOR THE, INTERNAL SURFACE *
*  DIFFUSION A&D EXTERNAL FILM TRANSFER *
*  COEFFICIENTS FOS GOLD GOLB AND ZINC *-«.
% CYANIDE ADSORPTION ONTO DUOLITE A161 *  'i

iM P L ic rr real* a (a-H',o-Z)
REAL*S X(50),Y(2.>50),CP1(10000)
REALMS CF2(10000)itiCl(10000),002(10000)
COMMON DSi,DS2-,RO,RHO,XFILMl,XFIIil2,CC,Cl,C2liNX

THE REQUIRED DATA IS SPECIFIED HERE

INLET CONCENTRATION (G/H**3)

:
c i= ccib  . .

LENGTH OF COLUMN (M)
XIF22.4ET-3 ' z '
SUPERFICIAL VELOCITY (M/S)
7=3.799E-3
CARBON PARTICLE SIZE (M)
R0=0.A623E-3 
COLUMN VOIDAGE 
ETA=0.4655
PARTICLE DENSITY (KG/M**3)
RHQ=476.0
THE F ilt i COEFFICIENT (M/S)
XFILMl=6.00E-5 
XFILM2=3.20E-5 ,
DIFFUSION COEFFICIENT AT ZERO CONCENTR-.TION (M**2/S)
DS1-2.72E-12
DS2-=1.60E-I2

. ;ALPHA1=-3.0*(1-ETA)»XL*XFILM1/(V<'R0)' _
iLPHA2—3.0*(1-ETA)*XL«XFILM2/(V*RO) . • :

s i n   ̂ - -
)i(51?EIN(l.S707d633*i:(Isl.5/(NX?l.D)-)^$y3S;L 0



“  CClCJ)=63: '
:,.cte(^-=G2 

CONptij® - „

'̂ TIME' IS  -jfe  '# .  »* 
r, of ̂ time I nternals

wriMEeioo. » /  .
DO-12 L=i,NBBD ° = 

-DO 17 I=iiNX-
6 -  T ( i:i)= o ..o  ;■ v ' '  

. Y(2;i-)=o;.0: •
7 CC»n*INUB ‘ , ' .

-t-(F£OAI(L)=- l .  0)*/.(FLOAT CUBED) -2.0) 
TO=ETA*S*XE/V' '
DO 2 K=1,NTIME- / .

,, .TEND*(FKI^:) :  1.0)*100.+ETA*XL*S/V

TEND.15 THE CHARACTERISTIC OF 
THE FASAMETERlSED P.D.E.^ .

. Cl=CCl(K) ■ ' '
C2=CC2(K) ^ e' _ /.
CALL E0N2 (TO.«TKND ,XyY ,CPI1, CPI2) 
CPl(K)=CFlll'T "
CP2.(K)=CPI2 . , c" ■ :

' TO=TEND %. 4 "='!’
CONTINUE ■»
THE Sr”''TION OF Ti& HYPERBOLIC P.D.E. ALONG THE 
CHARA.. a iS tiC  ^

m  a i=i,tfTiNE /-:>  .. - c- ...
■ CCl(I)=CPl(I)+(GCl(I)-CPl(I))*EXF(ALPHAl*a./FLOAT(NBED)» 

CC2(I)=CP2(I>+(CC2CI-)^CP2(I))6EXP(ALPHA2*(1./FL0AT(NBED))) 
CONTINUE •• /•

2 CONTINUE. " J'1 •
13 I=1‘,N; 'ME ’• " . ,o

. '■xWMTECl,*)(r-l:0)*100.0,CeiCI)ZCC10,CC2(I)/GC20
3 ' CONTINUE. ' ‘  • 1 ' ' -

END X-.'-M  5 v '• 'X , rv ■ ■' 4 ••

.••EUBROtiTnreEtoilCTChTE.ND^vY.CBI.Cpa)’ 
s THELlCIT .REA&3 . (AtK.O-Z) , ; '
' EXmNjAL i W ^ Y * * ;  a ' ^

REA^a, T^icmoB>,cp(id5oa) .cs'CKioooj...



REj&*8..wk<So6o) ,X(50) ,Z(2‘, S 0 K . ” 
d d M H O N r D S i . D S a . S O . S S O . X F I L M l . X F i m . C C . c r i . C Z . t i X  . C.

inosm^ '  . v« ' : •

-CALI D03PG?,(NPDE,5,M,PDEF,aNBY,iryTEND,Y>Ii;, , .
i  nx'.x .hS I rr^ bsekr. inorm.montr. imon-.ib in d , ,.
2^tfk',IWK,-IND,IFAlE) V " • c-
^LL^STIKM ^Y.CPl.dPZ) , . --
f W r n r  . '  '  ..

^ '
SUBRQyTIffi PDEi<NRDES ,Xj T,UXJIKJX,F,G,C)
XMPLl.CilT, RE6L*8 ^ , ( 7 - Z )  "
-REM,*8 TOC(2) ,D0X^Z),F(2)JG (2,2),C (2) ,"
COT1M0N 'dSlsI!S2,R5,RHO,XFILMl,XFIIW2)CC,GlJG2,NX
m y - i . o  \

" .

f ( 2 ,i?i=o:o- 
- 0(2,2,1=082 ■ ;
-RETdRN<.

SUBROUTINE ̂ NOYCNPOESyTjUX.X'BND.P.QjR) 
IMPLICITREA£*8 (A-jI.O-P.); , .
REALM UX( 2 ,  P (2X,Q(2 )  ,R (2)
COMMON DSl,DS2,R0,RK0,.XFimi,mLM2>CC,Cl,C21NX 
IF<IBND.EQ.O)THEN

Q(2)fel. 
R(Z)“ 0. 

■ELSE ,...

R (1)M .

"p c ilk s
- ■- * r.

CALL .FGNCukxAUCPI, ZNGPTX . - V  ■ 
R (I)= ffIL M l% l-A a C P I> /< p o M s i)

. : SUBROUTINl MOtoCNPDES ,^% P T % ^^S T ,uW ,T 0U T % )T ) 



j W R U K k

g:? , ” ?SM ' ISTHRtt CAtCtiL&TEi TtiE EIQI0 
•:C •-;' .CdNd'AT 5HE- EARTIGLE INTERFACE -

" JUBROOriNE" ISTHRMttS, CP4.CP2) .
. a«puci|--RE4i*6h (£-h,6-z) "«•■:■...,. . a
i-. .EEA1*8 SS(2iS0) ,}pC(2')^ a ■ -

'  '.[COMHOti D|l,DS2»RO,^tHOtXFiLMl,XFIBB,.Cq;Cl,C2,NX.
l. .->B cta)=GS(iiii>1 " • » ■ • ■

- •X5f(2.)5=6S(24l! ■'-
?CPI,Gto)

SUBROUTlKE^rcN £X,> J.>F2)"
IHPL^IT SEAItfJ . (A-^,0-Z) .
W iW *- ?X(2d .

\  i= 3 C i:« 3 5 . ^ .
' 3=2. 489 !- 

' . C=|3?«5B7 ̂  V :  , • ■/■.
D=$2j2-?42 '̂-

.8£T=0..399 -

: .BPS=(btX(17/(A-B*X(l)’) ) « * l. /U Z  " ... .
AK^(E*X(2)/(D-J*Xf2)))**l /GAM % ; «
-5t2f (AKA*EPS**(DEL/GAM))**(1./(I. •BET^Eif(AIP*GAilJ->) j .  '

*; F1=X1 * '
J2=X2 ■■



" c, v  Pĵ OGRiH TC) SOW, FOR’’THE EXTERNAL'FIIH&  
% ^ i, C *  AND INTERNAL .SURi'AOE' DIFFUSION *
' - V '  C-* COEFFICIENTS FOR I p  SINGLE COMPONENT''= :* i

/? ' C <*= &SOSPTICN. OFGOLD , OR’ 2INO CTANIDES ^NtO ^  "
D pom # A k ii . . . \

-'"-"0 '°.'). ' inlet OONCEKTRATION ii:G/M^3y f: ̂

. c S o 7 %  ,

' : a s H - T "
• - ■= '(i) ETA% ;465S

TKE:-REQUfHED DATA , 3 St’EClFIED liERE-

< -  a .

 -,-ERW PARAMETERS' ■•'

\  C- ? ■P&RTICil£;,DENSITY (KG/M**3-)
'= ..' , # 0 ^ 7 6 .0 - ,  . ''* f '  c ■"- ‘ ■ ■ . . “••
-. % y  ' -r-THE' FIlM COEFFICIENT tM/S) ^  L‘,,c \ . . „ f  «
*  X. .-" tE IIt i^ S IE -S  ., • ‘ -
'  G:> • DIFEOSJPN COEFFICBNT AT ZEIQj.CONCENTRATION' fU**2/S,)

!" . I f

. # T S  blE=NO.;DF RADIAL BOiyTO

D O # .1=1, NX

. ,,Do”u = i ' !;s(}b fc & 1

' a .  f  ^

d , .NEED IS. TKE R d .O F  DISGRERidED

:#"'r



/  . .. DO iz> i,T fflB n  " . " C

r :
. -47 CONTINUE " • » .  *  . V), „. , ■ ,

» , 5=(.FLOAT(^)?J .0 ) /(FLQATfNBED5-i.0)„ • .

? V6 S TS THE PARAMETER FOR TKE'tigUJMN EQtliTION

... TZ#=(K*1.0-1:01*100. +kTA *X L*S /V .-« ^

> .- ,V2.  C9NTINUE°-o .... ,
ft’ .DO"8(1=1.100 '  •-• 11. », ■ ■, .• •- .■■" W -

. C Â AESTi.CAi SOLUTION TO THE PARAMETERISED ' r, , i
' ‘G .HYPERB'OLIC P,D ̂  . COLUMN: EQUATION ^ P,. ■»

. ' i  ?f--„Cd4:P(l)+(-5CC(I)-CP(l))*kXP(6LPHA*(lz/-EL0AT(NBED)))

: . • '•.DO 13 T - l.lO O -• . - ' I - ,
r . x ' :  1  ,W R m (is* ) ,( ir i..o )* io ^ .o k c c (i ) /c c v .._ .V  . , '

, \  .(13 CONTINUE. 1 •

t "  "SUBROUTINE. EQN2 SOLVES THE PARABOEIC’ - %, V

" '’ sUBROAIME' £QN2(T0,TEND,,X,Y;CPI) - .
"■ ^ MPMGlT REALMS ^-H .O -Z) : .. ., .»

•5. o EXtERMlAPDEF/BNDY l̂OmR - „ • f %.x. i . .
1 ., ■ 'REALr'e^.TiMf'soodo^apfsodoo) ,cs(50Q0G> * c *   ̂ . . ,.

- a w w w K W P t i M s n ^ t o a w  " ■ • .

- f r ; . r" ^^%.D03#(NPDES,M,-P6EF,?W,TO,TENlf^,lU, t.



v :i„ S H B R Q ^te  PtlEitNPDES.X.T.U^DUX.F.G.C), 
y ^qttoLTCIX REAML (4-S,0-2:). : -  ..- '

-;= -; R?to*8 tix(i)y6ax«),TCi)»Gci;,i)
. . ,C O ^ ® S , 8 0 >EHQ,XEIIH'VCCri 1GiMMA,ffiC/

9 ^ : ;

U ;

‘ SIJBRGUTINE BNDYCNPD^S,tUK.JSND,P,Q,S)C‘
‘■^i Mp l ic it  's eAi ^  (A-K.o-z);" •-'• • s*

r£AL*8..UX(1),P(y,QU)','S(1) " ,  - '
-a .CGffltOtf, DSjROvRHD-.XPlm.CC.A.GAMMAvNX ..
,.o bdBN D ^e OJTHEN. a '

, %
. ' -QCD-i.;.- ..>■ ,. '■•: •;> . ..

» ' • ;R(l)^C-(UX(l)yiC&r0.1624*yX(l))>’>*t(l./GAto,
i: ■ R( U  =cc-<uxcn A )>  (1 . ZGMEA). ■ "  '

' - R(iHFzra»R(i)y(ijte)*DS) ,  ̂ _ ...
EOTIF  ̂■ V ■•' .,• • • ' % . '

-S " ' - :
, SUBROUTINE ti0hmt(^ES,X»Nra,T;tE4ST",U,ra,T0UT,DT) ' 

^.lilPLICIT REAL*S. CA-U-.D-Z) ..1 , V
- - J k i lM  x(so)>u ( i i so) -. , ' vv  " *
, ,  COMMON DS,ROlRH01XFimi CO.,AJGAMMA,NXV ‘ ■ ;  D
"  .'-RETURN, . ", , ’ o 2- 6

'iv%

,. SUBROUilNS TSTHRKfCS.CPI) 
f  iHPLlCTT REAIi*8 (A-HtO-Z) }
" REAL*8 08(1,50} .

COMM# OS ,R0 ,RHOi XFILM, CC ̂ 4, GAMMA, NX
!C P lW l»41)Za--0,l62**C sri,II}0 , .?

. 6Pi=g^a,n)/CA} -.. .. ;
. .CR£=1jPl**Cl ,/GAMM4} • . • i ■ .
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GoId"inl6t corlcentrgtioR =  44,9 pp'm 
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: O^lumn height ̂ = 22,0 mm . ;
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Qbldinlet conceritratioa *=453 ppm 

,^ n c  iiflet cbncenttitioc *  19^ ppm 

Column'height =  22,4 mm 

Superficial velocity =  3,80 mm

.0*487 0,520

0,512

5,621
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GoH inlS^conceritrab'oh. ̂ 46^2 psm 

,Zinc‘iaIet concentration =  20,0fppm 

CS(Imnn;'heigh^= 20,0 mm
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I8BLICIT 52AL*6 "ti-r.Of-Z-) ' ' ' ' ; V." •
R m *8  K (S 0),r(2 ,50 ). ■ '
COMMON t t l !  DS1 ,DS2,R0‘iRH0,XPILMl1XFIIM2,CCX0,CC20,tK 

THE' REQUlEED DATA IS“ SPEGIFIED̂ 'HEHE - .

INtET CONCENTRATE# "XG/M**3> ' ^ ' : .'J -
0010=100, - V
0020=100.0
CARBON PARTIC7, 1 SIZE (M)
R0=0,4623B-3
PARTICLE DENSITY (XG/M**S)
RHO=4?6.0
THE FILM CtffiFFIClENT (M/S)
XFILhi=5.0E-5 =
XF2Ltt2=3.5E-6
DIFFUSION COEFFICIENT AT ZERO CONCENTRATION (M**2/S) 
DS1-5.0E-12 .
DS2-1.5E-12

DO 10 I«1,NX
Y(1,I)»0.0
Y(2,I)»0.0
XCI)=SIM(1.5?079633*((1-1.)/(NX-1.)))*RO 

10 CONTINUE , ,,
X(1)-1.E-13

TEN>2.0*3600. ' ■
CAH. EQN2(T0,TEND% Y)' . '
DO 32 1=1,NX

WRnB(l,*)XCI>/0.4625B-3,Y<l,I)*d.5,Y(2,I) - Xv- " 
32 CONTINUE -'X:

STOP 
END
SUBROUTINE EQN2(T0,TEND,AY) V ' .
IMPLICrr REAL*3 (A-H.O-Z) , .•
EXTERNAL PtoF,BND?y>K»rrR - ' -■ •v" :
REAl*8 TIMdOOOO) ’"  :
REAL*8 WK(S0D0),Xl(50),1(2,50): ,  - ,.v .
COMMTO) /B l/  DSl,DS2,R0,RMO,XFIIiMl,XF3IM2,cCl0^CC2O,&

- 'TU=2 ■■■o'- . i* - j  "

2 = ,^ ,  . '



INOFM-i 
IMON=0 
IBiND=3 
IWK=8000

a r ^ '
n'Atli D03P6E

1 NX,X,S]
2 WK.IWK.IND.Il 
SEtDRN"

"END . .
SUBROtrtL-I PDEFOQ 
IMPLICIT RE6L*8 (A-S, 
lSAE*8 yX(2)»SVX(2),$ 
COMMON /B I /  DS1.DS2,

. CC1)-1%0 
.F {O = 0 .0  
irC i,i)«DSi
-G(IV2)«0.0 
C(2)=1.0 
F(2)=0.0 
G ti,l)=0 .0  
G(2,2>DS2

!F,BNDY,TO,TEND,y,IU, 
.MONTE,IMON.IBAND,

SUBROUTINE BNDY(NPDES,T,UX,IBND,P,Q,R)
IMPLICIT SEAL*6 (A-H ,0-2)
REAL*B UX(2),P(2),q(2),R(2)
COMMON /B l/ DSl,DS2,M,BH0,mMl,XFILM2,CC10,CC20,NX 
IF(IBND.BQ.O)TBEN

Q (l)-1 .
R (l)=o .
PC2)=0.

ELSE ( ^
PC1)«0.

P(2)=0.
QC2)»1.
CALL rCN(UX,AUCPI,ZNCPI) 
R(1)=XFILM1*(CCIO-AUCPI)/(BHO^)S1) 
R(2)=X Fmi2*(CC20-2N CPI)/ (SH0*DS2).

IMPtlCEEoREAL*8 (A- 
-REA1*8 X(50),U(2-,5( 
v.GOMBON i/B l/ .DSll "  
iRETta^ "
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