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- cy g ngnmus staﬁsﬂcal meﬁods were empluyed ] ds&cﬂmsnéte betwean the models ltwas found tﬁat ': BN o
s forthe smgle—solute adsorphon, th:* Modifled Fréundhch :sothen'n e tha best modalwhile. jor the;_._._j_.; .
: mulhple-sulute adsorphon the Gen%ra emp;r‘cal modelwasbetterthan the Freundlich typa model

' %\" candlﬁms Was' exammed Expenments werg’ ‘conducted for b

-7 transer also developed. A plug:flow model was also developed and simplified using the mefhod - *-
S characteristics. These models were solved sumultaneously caupled:tp ttie Modifsd Fgeundlich

- isotherm to simulate the expenmenta% data obtained, It was observed that the model was less
. ..: ..:-_senslﬁve to the d:ffusion cq;afﬁcienz bencamsﬁaoe d:ﬁusion was ehmmated Thls modiﬁcaﬂorl i
_ " Implies that only film transfer affects ihe process The flm t’ansfer contmlled, made! was fnuw o
S representme expeﬂmenta! tata veryweu | L |

AESTHACT T S R e B
The mﬂusm’a nf*tempﬂrature on the Bquihhrlum adsurplion of 90!d ‘and hydroxrde u:m at eluﬁun

?g, adsorpﬁon of goid and OH ion-at the temperatures between 80 and 120°. Forgold eunoenﬁ‘ahan ‘f:_
‘%; leveis af bameen g and GOOppm were ireated wrfle me hydrgxida ion cgncgntmm leval was
baiwem oanduel@, RS S R - _ _

Three mudelawere ampxbyed tmmudei the ethbnum @dsorphon ofeach snluteatthe singl S '::..:uje
“ level. These cﬂnslst ofthe Freundllch Isothe gFl)gthe Modified Freundllch isotherm (MF1) al'itlihfe |
Lmeanzed form of the MF! (LMF!) Tha Moduﬁed Freundlk,‘h lsotherm allowed the esfifviation of the'

'? change in the eat of reaction of a&sorptinn, AH and fr gold AH of -42.63k/mol was estzmafed“f-. IR

- whils -14.86kJimol was estimated for OH. Thesé figures-oblained confirmed that tho adsorption- =~~~ © "

- processis s;gmﬁcanﬂy aphysical one. In the case of the multiplg sniuteat‘isnrptiqn the Freund!fch . o
R {;'type mode' and a Ganera! empinca! mu!ﬁ-snluie model W S

'ﬁsed fnr the modellmg
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_ Thie absence of an efficlent elution process one whih does not iestroy the Carhon) mllmated B

L B agamst the deveiopment of Iargo scale uss of carbon for the reoovery of gold fora tong tim. The . :
g | _blrth of the Carbon-in-Pulp (G!P) pmcess is the rasult of the patent due to Zadra' on'slution, This ~ e
o :patent lod 1o the dovelopment of & significant figwsheet for CiP whtch was first implemented on ji e

el iarge scale aLHon!estake Mme, South Dakota U!j‘in 1973‘ L S

2w

R ﬁgm 1 1 shm mhemaﬂc d‘agram onhe o p{oceas R _ﬂ_. -

o - '_The CIP process recwers golti and snlverfmm slurry streams by cormﬁng the pulp wllh actlvated '_ " =
. carbon, As cant be sden from mﬂmheet in Figurs 1.3, 2 convenﬁmalcyanide lsach precedés S

1he CIP cireuit, ”iha tﬂrcult mns:sts of three umt procassss namaly, adsarpﬁon, eluﬁon and

e _--ireuenereﬂon S e R T -

 "camonasmepulppasfsesmroughﬂmtainafoomactors‘ E ‘*\‘ -

. - The flow of carbon in tha adsorphon ctrcuit is periodic and chunter t:urreru J me flow of tha pulp | )
" This'ntermittent manner If( which the carbor is hmhwad calses the adsorpnon process%u bea : o
v dynamic systam in whlch steady-state d&es not exlst T

e

- ;’

'_ -Loadedcarbon from the adsorphon sfagafscunveyed toashipplng vﬁsaal where tha gald and

.- . I_-‘. . . .t

DO g o ’

:,. L .

R '“‘ﬂ Won ﬁﬁ‘eadswpﬁon pmosss consists ofa number ofwell mlxed ountinuous sﬁrred 1ank R
. reactors (CSYR) In series. Leached pulp gravitaes through tis series of reactirs. Catbon is*

. .rstamgd in aéich tank by means of a ‘mecharical seraoning dévica while the pulp fiows throughthe .~
“ * tank. The gold and other specles in the solution are. adaorbed from the puip onto the acﬁvated B L

R sﬂverarestnppedfrom mecarbonintoaconcentratedpregmntsoiuﬁon 'Ihisstagecansﬂtutesﬂw o
- eluion process within the CIP process. Thrae fechniques of siripping have been developedwhich
\ are the Zadra, the AARL and the Organlc solventprm (Thase orocesses Wil bedlscussed .
- indetallin the texi), All these methods use caustic cyanide solutnonto strip goid and siiver Jn the o N
. form of AU(GN)z and AQ(GN)z wecﬂvely from the carbun at mgh tempgmm Hmnuy o



o --'-f-f'sueeesg has been echleved 1n the AARL and Zedra elution preeesses where smpping is dene.";' o g |
DR wﬁrout cyamde Gold and sihrer are reeoeered frem the pregnant se\uﬁen by erfher elecsewinping: LR
L "__'or zme preelpltahon o o s

e _and are ot removed by eletren or acid washing This prosess involves.the heaﬂng of the carbon . | .
L to about 650“0 for up o 30 rmnutes in the ahsence ef air. The reactivated carbenis 90?99“9‘5 3t R
g ;about 0 8mm 1 remeve the fines befere bemg reQ"'ed wihe 3d5°’Pt‘°“ c"c“'t' o

...o_ﬁ..

L "0.._.:

‘ '.--_12 ELUTIOH Aﬂrsromcm. r’sssescnve , . ST
- S As far hack a5 1627, Gross and Scet‘ made presentatiens mdicating the use- ef wrde range ef-"- o '
R | merganiccompounds for eluting geld-cyantde cemplexadserbed ontg carbon Zadra ln 1959 mede- _ R
L A breakthmugh by effectively eiutmg geld frem carben with' alkaing snd!um su!phide at the -
L liemperaturs \of 93‘0 I8 1952 Hemesteke Mines operated a mediﬂesZadra process whlch utrlieed: . |
S 'caustlc cyanide (NaOH\NaON] sslutmn at atmospheﬂe pressure and temﬁ’erature ef between 90
o S 1ot b gold and iver. : S

o &

\'l‘ .
e .

'..fr'. a .-

3 It I8 remarkabte 10 nets that the us ef ethanel and cenam other water misr,:rble srgantc sﬁlvents U
| "in elutrnn has been achmesl 3 has been shewn that when a small person ef acstonltrile fot :

. ::"‘D --'. i ) . o \\':“

.({ L .

_ E "'The thrrd umt precess in the CIP is ihe thermal regensratron ef me carben Thrs is neeessery rn'-_'_' '.;_:
5 ordertoremovethe inerganic and organic mpurlties that are adsorbed during the adsorption stags .= -

o

",'".'lch preeiprtetien pnsr o filtratien has been 6 main recovery touta for’ geld befere the R
.deveiopmentofﬁif’ and it's re!atsd precesaes such asCarbgMn%eam (CIL); Resm-m—pulp (FHP) E B
-, etal. But CIP has now becoms ihe most preferred route. This is because the CIP process has
. N __demenstrated better efﬁciency ln terms of caprtai expendiwre eperaﬂng cest, geld rseovery ’
! - threugrput rate and ore censtﬂuents as compared teJhe zmc precrprteﬁen process’ e |

o After a series of iaberatory mvestrgatrens, the AAFiL process wes‘alse develeped by the Ang]o R o

o American Research Laboratory in 197, The process mekes use of preireatment, of the loaded .

o _carbon wrih ot NaCNINaOH seluhon and elutron of geld snd srlver with seftened or deiemzsd_j o L
e 3'wamr IR ) e | S SO



._‘,‘ .

- '--_msancé " added to aqueohs cyamde sgluﬁon sugniﬁcant desorpﬂon (targ be effected at___il |
o -temperah.nres such a.s 60CY. The use of ﬁwse organic solvents ka\been fuund to bé mare' oy

T econcmical than the Zagra and the AARL methdds of strippfﬁﬁ But the necessw for recovery nf

SR 'the soluhon anti its attendant fita hazards have miiitated agarnst its 13799 33359 ugs,

- 13PROCESS BESCR‘IPTIONS o
" .7 13 AABLPROCESS I R TR
- Alter freainq the carbnn fram siime, wood ﬁbre and plasﬁ% mater ia‘ Wmﬁ W#“ aﬁect “‘9 G"“ﬂ"":
o effielenf:y, the vatbon s 1oaded into the elution colfimn for acid washing Acid washmg by 3% HCI .

~ atfhe slution tprperature of 110 1o 420°C (reoenty 0°C) therefre precedss the process. n et o

W Fugut«p 12 shnws the ﬂow duagram ofthe process

The. Zadra P
and an e!ew',_‘__

--The temparature st
:gold from the carban,

o The process e:mibfts siow kmetics takmg up to 50 hours for satisfactory elutum ‘i‘his does not only. . |
g necessutata Iarge strrpplng p!ants but afso rssult in asignfﬂcant iock up of gold va!ues fn the plant

B ﬁ.'.fj - -currently plants have bean demgned o acid wash at ambient temperamres and this may be dnne . -_3:' '- _-
L afferhe elution p'rocess. Th( )t aClduIS dsscharged Into the adsorpﬂbi& circuit while the acld
- washed carbon s preheated wil strongcaistio cyanide soition (210 3% NaCN & 2% NaOH) and
. the carbon s allowed o "soak"  the feagentfor about 0 minutes. Gold s then stripped fom ther~. -
- “catbon by the use of hlgh quahty softened or delonized watar, hawng Iuw mmc strangth g<3ﬁ0g1t g R

of a) for 8 hours. Gald in the oolumh&iuate is recovered by electrowinning urby zitc prempﬂaﬁan. S

v g - :

PHGGESS | R | o _
makes use of ocnhnuous cércuiatlon of me eluant thruugh the elut;on column- B
" ""ning celtin series. The eluant made up 0f0.F 10 05% NaCN an¢ 1 01020%

NaOH Is H"". the elution cojumn and this Is prehaatad by thé soiuhon Ieawngme column 3 '

hon ralssd to 120°C by the use of steam heat- exchangers'. After srppingthe

te solution is r:uoled in'the incoming heat-axchanger and further cooled .

o below its ambient pomt an & coo}er heat-exchanger The: solution then flows to the_:_..__ - o
- -electrowmggng cells nonna!i} by gravity where gold is won from the solutaon and ﬁrzally reiums o . .
K the elution column feed pumps»(see Fig 1 3}, e T e R
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S | t contsiﬂm b d up in the e}uam m@;'may severely restnct tha eu.lti(m unless a

i . nmmw to prépipltats tha b

_-}}13.3 aaemc SQL\!ENTP_ ﬁcess SR I R
S Th's is achu!yavanauon oithe ¥ draandﬁieAAHmeeesssmnwhach the aiuanteontalns Ial'ge_ e
I amount of orggmc solveﬁts ilke ”_"'thanol ethana} o acetonltriie RS AL

. A q,-plcai hrganic solvent pmcess :
. contalning"4% N&CN and 0,2% NaOH)
e elutea column of Ioaded carbon The cal

| :_.._14 OBJECTNES DF me PHOJECT 7 - S

" Siange and King® indlcated that asit beaomes more e:&‘:emwe in tenns ;of cap:tal Iabour and_ i
.-.___.___‘-._energy, to design and uperate rmneral ﬁmcesslng piants\the need. far ‘optimiin” uulizauon of

. resources becomes mare pronoanced. The bituation is ntensified by the falfing oregrades Plans -

- "'are therefore carnplax, rnaking it difﬁcult td enSure that design andlor operatton of a p}ant SR

‘m‘) .

."?'Q ':_«_water ﬁ\\?lanm in the circuit has 'oﬁen,baen a problem smca electmwmmng is

‘| : ,,,

B ) '”Hrgh suiverfo guld ratiola on oarbon may a!so causa %rob!e@a in the Zadra procéss Sulvsr ;s more
we easily eluted from camo than go!d and hence it !s the ﬂrst me!al o report o the elech‘wﬂnnmg

el Since the silver is a'i reduced electrolyllcally fn cyamde solunan) befure gold, thereisihe, b .
o tendency in the pracess resycle soiuﬁun relatively hlgh in gotd concentraﬂon This eventually N _
L reduces tha effecuveness \theasiuamo dssarb gold: To achieve sahsfaclnry result it may be-_-
ver wath a Su]phida {eg Na2$) before eleckowirznlng; N PR SEPR DR

/ |

Yin‘the ﬁrstbaﬂvaluma ofsoivant } - \
:Jl,.._. . ._:-._\_‘__

X -\__ -

gnear 100”0 \ : o

j\sls of ihe Us -.-=of a mnxturg of 40% vlv aeetonltrila waier'}._'f o
\ - a-‘_ﬂaw rate of 0.25 bed volume per hour at2570°Ct - -
.n is normaﬂy pre»washedw;ﬁ! acetonltnie«waterwfﬂ'lout" .
o .cyamde o .,aturate the carbon with aoetoﬁltrile prior to efuhon, The prooedure produces greater o .

| than 90% desarpﬂon ofgoid in 8 10 hnuri; at 0"(.‘ with approximataly 85% ofthe gold recoverable —



: \\ Qpﬁm”m esf’ecialw{’ne usinqmanuaf’process analysw and deslgn i&chn!qms ComMgr-' god

w; 1 e O
C&mpute" sfmuiaﬁons can n{y be donema process when apprapnate mathemat}cal modeis are «

. X availah!e fo descrlbe the prd‘iess Modellmg Is iherefore the achvlty of developing a mathemanpal

' " process equatlon thét prowd _ anadequataﬂquantitahve-vdescnptlon of ’mat process Simulation”is L
“theact of anplylng the modsl tc\"p;edact what happens fothe real s;tuaﬁon when changes are mada o o T

“infts design’ and/ur lf chang sLoceUr in the oparating cond:tion The purpose of tha mpdéf \““‘Q o
therefore be% predict numerk values of dgpen&bnt prouess vanhbies cm the bas:s of Va!%&ﬁl? .
relevant mdependent vanables ajyd model para;maters i ST A

L ‘_ Preme:"'_ ;-;Wbrkon tha modé’ihnq‘{f’fhe e
: N iof -'stre"ch, GYamde and hydr icle ion cancentratlonsancﬁemp@fatufﬂ dﬁW“ tﬁe BM‘"“ ..

column haveyia%ery strong mﬂuence on L
s

B _.ﬁ

N * T quanﬁfy ihe eﬁects of the pr'ence ofhydroxrde jon and temperature on thegolﬂ -
j equilibnum adsarpt:on lsotharm __der typical elut:cm condihons ' ' o
' - .To deve!ap an equ:l‘rmum madr gald adsorptian onto carboft »takzng mto |

. conslderanon ihese factors ' \ .

o co I &ns se as tc get mass transfer parameters undsr these conditmns o a

o use the Ta\i‘-&'atary data ubt‘ained _from' he eqUiiiEi’r_iu:r_n_ a_nd m'neﬁc,experiment%ié;_t |




e arralyses ths shoricomings and Ifmlté."' fis of
i :'_ i xpanmen!a: equmant nséd and mefﬁmge nf éxpeﬁmontat techn!que for tha eqmﬁbnum wiork. : L

" "Chepter four describes the m"dﬁﬂlf‘g of the eqiibjuni data generated at both slngia andmut- <
5 "-:'-_-“Zznmpanent levels. A Tigorous/Stat s%pca[ meidd for discrimination between. the models is also;;.;; L

- .,_::' f meiféde&"ﬁhapter ﬁva descnbes how the kinetlp mwdei was deﬁvediand sensmvity anaiysls of the RO
e mode‘f vﬁﬂ? respact to some of the paramaters. Chapter six presents tha modelhng o\t tba kmetic T

- o

PV

" '_'_ﬁ_This chéptar also revlws ghe previo}_ s,_work dafie on the: modelllng dmhe etuﬂon'fpr,

data Tha last chapter summarlses the impoptant ﬁndmgs and mnciusmns of the study

. _? 5 DBGANISATION OF THE TP,.:?IS ' - f -.:3*'- ;' e ﬂ;.: L '-ﬁl,__'_‘ ::'_ o
L chaptar one gwea a broad overvaew of thé GIP pracess and the histonéaLdgyelopment of the W
5 _3 e "'eluﬁan pmcess lt ‘further discusses ihe vanous elutian processes and ﬂ;e nbjactwe nf the shldy

.. Chapler o ﬁiscusaas the chamlé*try of the e’luhompmcessand the factnrs affeotirig thé process. .
| 65S and_
'models developed Chapter threa :'__'scrlbes the -

a Lo

- o Aﬁentmn i incussd on cyanlde free éluﬂqn because q}f i[s ng]ﬂug eoonomic ad1 rantages,' ﬁpaﬁ ..
. } .from ﬂ’l& fa&‘thatabaut 37% Qfme total opgrahqn cnst" led basavgd as é\-}gsu}t of 9}|m§n,aﬁon e
o cyanide fom the procesﬁ, iis expected that safoly would 410 bo enhanced #the absende of
S :;'cyamdg itis therefore hbpa\d that such a kinstic modal coutd form tha baﬁis at a general deslgh
SR FE i-iand sumu{atuan pmcedursz ,ar the cyann&ﬁefAAm. emum pracess el

0.
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" From modeumg polnt of v!sw. tmany mveéngamrs haie used a single et expression 10 doscrd o
e adéorption of gold ont activated carbon’, Van Devenhar“‘hasaboproposadabramhed por{ o
. " model n which the msc‘wamsm of adsorption is assumed tobe ﬁrulﬁ-step with difforant diffusi i o
i rechanismsfor the rnacropores andthemicrnpores respectlvely Tmsapproach‘Was usedbv\!g IR
| r”%\.’ we‘”in hiswarkuneluhon S e :J R
- From l Igura 24 four transport processes that take place in the system are disﬁnguishad, Thesm-' R
| _areﬁlm dlffusion, pore dﬁfusron,surface diﬁusron andadsorpﬁon Since eluhon!desorpﬁon is merely )

e

"'_;C‘HAPTEM | “ e e ] e
L ?mﬁﬁﬁmﬁﬁaewaw L e
. 24 ACTVATED émaow X Pr-wsrcm, \STHUGTURE & mEcHANISPA o
' ADSORPTIONELUTION e T SRRV
L -'Figuremshw;sgphyslca!nctmaftheeamansﬁucmrauﬂderadsomﬁon Physically macarhon.',_ |
 particle contains acompiexnewnrkofporeswhim maybeciﬁssmed n tﬁfms"f““mi“a’d'a’“e“' -

- ._.asmacropores,mesopﬂrssand micropnres SRR | R B

_,f} o

.fr-

Macmpores 50 2000nm e

Mesopores * ﬂ 5~ 50nm-
er:romres | 0.8 5nm

'»« e

o 'I‘his classrﬁt:atmn is hnwexrer arbitrary and usualiy depends upon ths instrument or meﬂrod used e
~ Since ihe surace tmundlng cylindrical or arregular shaped potes Increesies wnslderably with
decreasrng diamatar l;ls:he walls of the mssrapores whrch contribute tha magjor partof the Iﬂ’temal_. . » :
~surface afea of tha carbon. The mecropares essantially Sorva 8s. Irquid filed ducts withru which
B adsorbate molecules are transported hy difusion o the mesopores and ni‘rcmporas where mostol I

. the adsorcion accurs. The micro-struchire Gfthe actvated carboh can therefore be 001’38 a‘larg. l e
B numbar 0f mrcro-crystallrtes mtorlinked by mreroperas. mssopores and macropores

ppih -

" the reversa of adsorphorr the transport. mechaniam wnuid be as follows: desomnon. surfaca -

. drﬁusitrn, pore diffusl"( and ﬁlm dlﬂusiun Thesa mechanlsms are dsﬁned as fol(ows‘"

g

o " Fim. diﬂ;as!un s the- -drfrc_isrori fom tha' _nurk:rrqurd ph'as_e - mm'ugh 'a-hrmtheﬁcal: TR

0y
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.(:1. K

[

: N hydrodynamic bmihdary Iayer or ﬁlm sun‘eunding lhe partlcie

" o diffulon i the transfer the.t involves dlffuslen ef snlute through the pore quuid of the o "'

- parllcle

 Surfase ﬁ!ﬁuelen isthe mlgraeon af tre adsorhed moieculee a‘fmg the. intemal pg,e wall S i
~ Adsorplion onto the intemal carhon surfeee Desorptlen therefere is slnppmg f;om the- .

_' intemalcarbegeurface I k e
;,..Asshuern n Fgurazimeparea:ﬂseﬁaue d:mxsmnmechamsmsactm pﬂfﬂ"ﬂ* LWanewf“h% o

" shown that when mess fransfer takes piace thrnugh a numbsr ofetepe in peral!e! orinsefies, the

' fate of the- parallel steps are additive, He stated turtherthat ﬂ'le overall reaction rate Is determined B
by the slowest or rate detennlning step in a serlos of mass ireneie| and reacticn steps From thls e
A the eﬁects of pore and surface d:ifusion en miss transfer are merefore eddmve g o

Y Frem the: Fgure, t"lm mass transfer mechenism acts in series wlth ﬂ\é mtraparttele (pore and'-.' S
. surtace) difusion mechanisms and the adgorption resction. Therefore the slowsst of these thros
B "mechanlsms vtouid ‘constitute the rate-oon‘eollmg mechamsm ln reahty the rate eenlrollmq'-""_" g
. mechanism changes wuh time. For adserptaon it ls suggeeted 1that the ouerall rate is oiten_'
" detemiined at the Inital stages by fim r mess transier mechamsm and thein by in,temal diffusien“ |
o _ﬁ‘-The raveree wil be e for eluton. '_ S e o

o B ;t .

- E lt Is a well founded aeeumptlon that surface diffusion conlm(s intreperﬁcie dlffusion and ;hat pere Sl
| '-dlffusion ean eften bo neglected under the follo'mng eenditlons | S | '

a vhente edsorbanthasatllgh afﬂnuy for the adsort;am,
b ~when the adsorbats s raversably adsoggesd,
' when the adserbete has a ?avoureble isethem"

-_"._'.,?---Younsr" hes defined that he adsefbate will have & faveureble lso‘ihenn Fr, e oxponentinthe
- - Froundich isothorm is Ieeéman 1, qupacﬂvatedcemen-aumcymmsysmm all three mnd;ﬁms .

~ bove are true. It is staed that pore diffusion wil only be dominat under conditions of high pore.
- fud eencent’anen Van Deventer” aiid Vn der Merwe" in their mode!iing werk ellminated pore-_ SR
. =diffuslen based upon these assumptie,is. A | -

)



) ___-ﬁazmscnemsmvorsmou T

o .: The best understandmg of ihe edsorpuonlelunon mecharn’ém is summarised in quatlon 2 1 from o

1temperamre° L
2 ionicstrength ';_ L

3 cyanldeendhydrexldeconcentraﬂqnsand Lo TR e
| 4 organicsolvent 'ij__- co BRI :

s - The effect o these factors on e{uﬂon Wlll be dlscuseed Iater n thé ehapmr\ L ,' -

{I.

o (where W coulﬂ be ons Ilke K" Na ca’* of al) Adems has shown i'hat this adsorphon equ ikon o

- B thﬁrmeﬁynamncany roversitle. “Thus chermical and physical effects which enhance elution Wil

) . | -_;therefore inhibit adsorptlon and vice versa, These factors ﬂlerefore farm the bagis Qf the glutmn PR
e -'--Procese andihey are asfo!luws s | | T

- " i I.: S | o S
I g
# ) . )

- As seen from the chenmival equanon’above, ge!d adeurbs asan Jﬁ\u(C:N)2 ion pair For eiuﬁon o -

. bafavoured it demands that the solution-must have low coneniration of such épechator jons like
" Ga, Nat et henoe Jow lric strengin. By so dolng the equilbium reaction above wil tond o

- shift to-he eft favou ﬁ:lutmn Under low pH condifons e AWCNY; complex tands to form
lute, There Is therefore the:eed for the solution ifvolved i the efution
process to have & high pH which connotes a baslc envarenment This wil mean that the lonic
o '-strength of the snlution will lnvaﬂably be hlgh Further the presence of CN‘ and OH ions have 8

| AuCN which s d!fﬁcl.nlt

| .modllymg effect on ihe suﬁace of the carbon structure This results In enhanoement of elutlon

_ However, high CN and OH ion concentratlon resu!ts in h1gh ionie strengt?i whach wlil ln um favour ' | |
~ . adsorption. Elutuon is lherefore an attempt at arrangmg these factors so that gold is suocessfully L

”desurbed B N ,\\

W .
Sl L
] B

 23FACTORS AFFEGTING THE ELUTI&N PBOCE.SS 3 | . .
=" Daidson" sy suggested that the AARL procedure i§ essentlaily a chromatographie mechanlsm- o
'-whereby metal cyanocomplexes are sequennally dersorbed frem the preheated carbun using an |

e



mmc %tranglh gradient aa a means of efrectmg elunon Beoause of thrs mochamsm, both ﬁre prug
" fiow i f sluate through tha system aod the geometry of the column play an imporrant rale. Ritfrom
Van rlar Morwe's® wgrh the abovo ossemon has besn put in rloubt The above oonclzisron mlght

V@ boon drawn ds rosult of by- passrng of sohon through the column, While tempamwm plays j;_ o SR

" tha mast signiﬁcant rola in goid eluﬂon (Zadra & AAHL prooesses), the parameters

som%what oomplex

.‘!"'.- P G
s
-

| 2‘3'1 "'EMPERATURE R

Thisi‘is probably the mcvst important variable. An mcrease in temperature rosulls ina signiiloant e

decroase @i‘*’jﬂrrﬁéorptlve power ogf,carbon Thoexothormic nature of the Ioadmg of gold is typical

ofmbsﬁretorogeneous adsorptlve processas: Thusall operatrng elution prooadurosareoarriadout_

i at olbvaied tomporaturds. Both the Zad and the AARL procesSes oprats above €0°C and 8% .

of tﬁ{f AAHL Ylution systems in South Africa, for instanoa, operato at 11 0°C or above Booauoo of -
the
preé&ure process o o Kx :

2.3 2. IONIC STRENGTH

igh temporamres under whroh the AAHL orutrorr prooess has to operate |t thus has to“ho a "

As i{ﬁdir‘ pted by the chemical oquat:on shova, golo Is normally adsorbed onto carbon as an ion palr-'_ B

of ﬂ*re wpo M"*[Au(CN)‘],,. The presenoe of Jonic. speo:es ke Ca** Na® o i in the: adsorp’ﬁgn SR

_ meu.rum gonorally rooults in: an mcroaso in the Ioading oapaclty of oarbon and thrs offeot rs found ae

fo n:lépend on the iypo of oatuon and it's oonceniraﬁon

F. .

Hedce dosorptron is favoured by condrtions of iow fonic strength and the absont:e oflans iiko Caz* RS

and Mg* Which enhance gold adsorption. Low ionic strengths tend to.8hift tho eqwlihrium raaotton N
o t{aa (6ft ?avoonng desorphon, This forms the bagls of the AAHL elutaon process. in whtch the

- pré reatment with hot caustic cyamdo oonverl:s the ca[olum ion palr into the tess sirongly adsorbed
Na“[Au(CN)'], whuch is then eluteo under the conditions of low lanic strength produced by the u%e -

of rﬁEPionized water. An moroaso in romc é‘tréngth thoreforo rasuits Ina deorsaso i eluﬁr)n rate
23, 3 CYANIDE AND IWDRGX!DE CONCENTRATION AR S
Tho mpaorty of carbon for gold adsorptlon decreases with increasing oyanido, and in a Iesser -

# ’



rf" hydmxids concantaton. J!\darnsa has pnsmlated thatihe presercs ofthese ionsias surface | '_ S
" '_charge efféct on the carbon, “This results in the raductmn of the adsorpuue capacﬁy of thg mn I

e j'j"rhisaﬁectfonnsmabasusoftheZadraprocessinmchcausﬁccyamdeathlghpﬂisusedtosmﬁ? TR
R _tha adsnrpﬂon aquihbnum tafavourelutmn :-f‘i G e e

Y .

B _The eiuant composmn hasan effect on the rate m‘ elutmn thh thef upposmg inﬂuetwes of cyanida o

. " and hydromde concaniration on one hand and ioni¢ strangth on the other hand. Adams® ha.s ghown
" thatas thefonio sirenga: increases, the rate of elution decreases and that tls possible o perform

 elution by usiag only hydromde or cyanide solution alone Also the rate of eluion lncreasas with o )

o __ mcreasing cancentraﬂon of 911]19!' cyanide or hydrcxlde at constant ionic strenﬂ‘ﬂ"

o .zm oﬁemc somsw“

. : Attompts have been mada in vitich various nrgamc suivents were added to aqueaus soluhort to' T
L promote mnre 9fftcisnt desorphon of gold The sMes provad that evan at Iow temparatms, gnld T

" canbé eluted in the presance of high concamration of cartain solventﬁ Aciamss suggested thet the | R

T _acﬁon of organic solvents in elution ls dusto preferentlal adsorpuon of the orgamcs on the surfaoe S

- o wbon. displacing the adsomed M"*[Au(cN);],, spgsies S

o 23, 5 WATEH QUALITY AND ACID THEM'MENT _ o _ SR
% ltis shown thatto mamtaln overall efficericy, ot acid washing of ﬂle carbon with diie Hc| prlor o
S gold elution is essential for the AARL e1utinn procedure“ lnvesﬁgatlons have shown iFst cold - "
© dilute acnd will effecﬁvely femove calciut and zinc from carbun Hot acld at abdut c wull_' -
~~ remove calcium, zinc and icke! tojether with  large proporton of fron and sahca Gold &Warami -

o iécopper are not eluted frnm carbon Uﬂng :*ofd of hot ac:d

'!\

) lt s reported“ that cold acid washmg results in lhe fimite formatlun of anAuCN type specias the B

. rsact:on bamg considerably more marked when hot washmg Is amployed From agoid alution pomt e

. _of view, the AuCN formed is very dimcult {0 aluts Adams has shown that aﬂer the acld washing | o
- step only 50% of the }oadeﬁ gold on the carbon can be desarbsd by reg:onaf v.\ater To convert the - S
 AuCN formad info a state that s amenable to 9luﬁon. presaakmg is employed Presaakiﬁg convarts [

. the AuCN to Au(CN)2 WhiC’h is easily eluted with good regional water o



t'\

- Apert fmm the remevai ef calcuum, zmc, nickel et el whnch inﬂuence gelJ elu'uon kmeﬁee, eedf_ i
" wasting has an effect on the adsorption process. Without acld washing fior adsopton meybe
- _'eneeuntefed inthe adserptien circuit. This is due 1o the passivation of the carbon surface with < <.
" calclum carbonate. Acid washing destroys tfie calcium carbonate hence lheretmg the. eerben fer._ S 5
. 'edeerptlon Beceuee ef the dlfﬁcult;ee of elutmgwAuGN fermed after the aejd waeh!ng etege, o
o newly bullt plants employ acad washleg aﬁer e!utton o - R \ EE R

| - ;.ze MOBELLING OF THE ELL!TION PROCESS _ S SR
. Adams end N:col‘ mede the ﬁretattempt etthe medeiling efthe eluhen preeese andthnsm baeed- B ey
| < on the Zadra preeeee The authors assumed- that the: eeeorphen and deeorptnun of goid from. i
- .' act:vated mrbon in the presence of cyentde does not Invewe any’s siovt chemical reactfens and thet R
S the slow steps in theee processes canbe aesocnated w‘th mass treneport in the eolut{en aqd solid - o |
_ phesee They eons;dered the eerben asa hemegeneeus phase through which the eurec}\eniee_;. R
FR ;"daﬂ‘uses foan mterfece where equihbnum with the aurecyanide in the eoiut:en B assumed to ba | e
o rapid, A linear mudei wes ueed to descrtbe thle equulfnnum L wae supposed that ihe eondmons S ‘ | '
- during the Zadra process remaun constant and thet the procese could therefore ee medek‘ed wltn N -.
e singe, e equmbnum lsetherm The model was kept very simple bY descnbmg mtmpaﬂfcle.g L o
o d‘ﬁusmﬂ with aﬁsmgle mass trinsfer cneff:eient Ali the expenments were peﬁonned m a cs'm

'_A Phenemenelegwel m,ethemetieei medel of the eete, of adserpﬂen hence deeorpnen, of a " |

R 'GﬂmPOUNd Ontoffrﬂm actweted camen must mcerperate or. at Ieast consider the rete ef°

adserptlenfdeserptlen reectiens. end efthe maee transfe. mechememewiﬂ'nn ihe edserbentperﬂcle

- These are then related to the reactor or oontacting mode{ employed Therefore lumplng the me.es‘ _- -

transfer and the rate constant of theé reaction tegether ls errongous and un]usnﬁabie Infactthe’

- model mixes kinetic and equihbnurn parameters together and thie is unrealistic. Further it has been- - -
~ shown that the adsorpﬂonldesorphen equmbnum is nor-finear even at low eelutlon eencenh'aﬁon‘“ B

- Hencetheuse ofalmear medeltodescribe the equilibnum of geld deserptnen Is notcenslstenteeth_: S
. whatis knewn Also the medet has o means of predlctmg chengee In parameters under different_ 3 e
. cend:tlone of cyamde |en, hydroxide fon, temperature et el - o n g e

B | . Ven der Merwe hes shewn mat the eendltiens during elution in the Zedra pmcese de not remam:f . : | B
c""s‘a‘“ he"‘ﬂ the US& ofa Slﬂgte ﬁxed equiizbnum :eotherm can not be eecepted Adems and o




R Niool‘ prowded an extons;on of thelr model to deoonbe eiutron in a column but dnd notprowde any
B expenmental owdenoe foris apphoab:llty theroof and lt s therefore unilkely that ﬂxo model wdl be
) _-ofanyindusmal roiovanoo e S -

= -. -.Adams" in another ;sublloahon attempted to apply the modol developed for an elu'oon oo!umn t ﬁt - - |
o :gxpanmenial dai, In this work he empioyed acolumn with a 5mi carbon bodand thi fiow rate of -
S _-_.tho eluantwas 14 g bed volumes par-hour. Though the fitobiained was good it cou!d bo sa:d ihat_l o e
i suoh a system resemhies a CSTH Afu'ther aﬁemptwas made io descnbe the elohon of ga(d fmm | ._
© a 25mi carbon bed at atiow rate ot 23 hodvolumes per hour. Tho inabsllty of the modelto fitthis - R
e 'Sysiam was gitrbuted to theact that riot enoiyn fime was allowod forthe eluantto difuse intothe - |
. s ca:bol‘l Tho experimental techmque was mefﬂfore changed by hrst eqml[braﬂng (pratreating) the'* o
. ___carbon;g oyamde soluhon before the exoenmont. Thg ﬁ'laorema} cunfes obtaineo after this prooess - -
o were:*;ound to correspond mdre c!osely fo the expenmsntal data ln praoﬂce howovor, hezadm
" process Is not porformed wlth cyanide pretreatment The eﬁeooveness nmg modet is thereforo'- o
,":questioned - T S e

/ So iar only three publlsheo reports lwave beon p;esenteo on the modellmg of the AABL elut!on _' PR

S

:3{.- -y-' L

procedure The mam feasons for this are probably tho follovong

e | Tho ﬁrst publfshed report ofrthe modelhng of the AARI process was presented by Van der Monve"""-:ﬁ__' o
. and Van Deventer’ The model wassuoh that factorsgeuch as potassium concentration cyanfde' W
ooncentration and golol ooncentra:]on at any ume and height in the- oolumn were model{ed';'” .

oo The Iack of tho understanding of the oreu'eatment procesa .
2. The change in ohemueo! oomposiﬁon of the eluate during the alution; and

3 ~The apparent complexlty of e opposmg eﬁeots of hgh |onic strengm and h(gh_' S

cyamdeeonoentrahon R T

. | -soparately

B

| 'The model was oesenﬂaliy ﬂae same as the branohed—pore model usod by \lan Deventor‘“ for the - - h
5 : _simulatcon of the adsorptlon of eurooyanlde onto carbon The authors ehowed thatan mtraparhc!e Cox
o ﬂlrn diffusion modoi wuth a shrﬂmg oqmlubrmm oould be usod to s:mulato the MHL eiuﬂon cuves. -



o "'fundamentelmodei N ST R R

. " -

subetentrate the vahdtty ef themodet |

o : -The equil‘brtum edserptten expressren was feund te ybe & tunctton et mernty ttte pretreatment R
S ‘conditions, concantrationof spectator cations, temperature, pH and the deacvation oftfecatoon -
" sulase caused by the degradation of cyanide. The isotherm is therefore used fo aeeetmt forthe:
S ‘changes. in cehon, cyenrde and hydroxide ion concenirations dur!ng the eluhen preeess An ettempt__ T
. was. made te medet gold etutron frem the Zadra and the AAHL pmcesses usmg the eeme -f:_'

e .ln furrher wurh, \r'an der Metw showed that an equrlibrrum approach te modetllng coufd be used o -' 
L _in the case of "tveak edeerptren" that is where eevere pretreatment eendrtione were ueed He" S ‘
_' - '. h observed that urtder euch eondhrens ktnettc inﬂuences were irrelevant, sa that ttte veloclty of ﬁewfs

" :-threugh the culumn dld Tiok affect the elutren behaviour When the inﬂuence of pratreahnentw%
s . 'lese preteund ise that the equrl'bnum of adeorptron was hrgher, a krnehc epproadtwes reqwredtc

' t

7 The model i of Van dor Menre“’ pfevldEd goee fis to experimental data, But the number cf;-.-. S
o | .’pammeters to.b8 estltnated are 1o meny and the medel is also too compiex mﬂlhﬂma“wﬂy B S
B Further It Is unrealrettc that fim dlﬁusien mechamsm eheuld be applted to 9016 eluion- whlle'j.’"-' -

- ‘Petesstum was net treated uslng the same approach More thrk therefere needs o be dene te‘- j DR

o Stange and Klng’ tn 1990 presented another peper on the medetirng of the AARL proeess The '; S e

o ‘model tsbased onthe feetmatatthe end etthe seakrng peried acertain chern!cei erwtranment has - ) e
- been estehlrshee which facihtetes desorption, Altheugh the ehemicel eneiremttent i8 approprrete for:

o deserptien \tery littie gold on the cerben drffuse rnte the bulk of lhe solution in the column sinee R
© ‘mass transferis hrndered bythe etegnant soltiion eondmen Thre step. called the pretreatment etep,' R

o - regarded as the inittai condition for the model. When the deienrzed watsris passed threugh the
colymn, mass transfer from the celh‘en to the bulk of the setut!on is great!y enhaneed ln ad%ditron' o

o the tenre strength deereases in the eolumn, facrhtetrng desorptron

)

The celumn s modelled asa plug-ﬂow packed—bed reacior dunng the wasning period wlth a'{
o hyperbelic pertratdrtferenﬂa! equatren It was aesumed In the rete expreseron that mass transter rs__'-. BRI
trmtted by fim drffusrert and thet the equrlrbrium isotherm Is }rnear for }tre elutren of Nat and' -



Y K

Sow
T

Z't‘t'

The modet b tound to give gonnt tttto an exaanmantal data generated trum a Iarge :ndustnat plant.' - '_' o o

aurocyamde onmptax An axponenttal relatxonshtp bQ.].WeHﬂ tha sndtum ton and tttaauracyamde ton i R

equut‘brtum was alsnagsg qed RN

But at this stage the model is fuurr& tmadequate becausa of the totluwmg

L 1. .-_ttcannotdescrtbethe pretreatmentstageoteluttan : ST
L2 ~ Theuse ofalinear tsotherm to descrtbe the equtltbnum of gotd and sudlum fon elutlon SRR .
Lk un;usttﬁed bacause the equttbrtum Isothemt has been found to be non hnear SR

o 3 = -'The asSumptton ot exponenttat relattonshtp batttrean gotd amt sodtum ion equ:[nbrium ) o

R was ot proved by any experimental evidence.

o Stanga‘“ tested the predtctwe nature of the model by, assessmg a the- stfect of tncremd lonte_. SR
o strength of e wastt water on etutuon peztormance Thls was done by runntng the sumutator with o

different sodmm itJn ooneentraﬁons in the wash water. The result fhtainad has shown that the-: - i
e mudel is not sensitive to iomc sttangth 'ttttsts conﬁ’adnctory since the. alutlon procass hasbeen . 2
L knownto bssensuuveto the ionic strength ofttte etuant’*" Thts futher strengthtms tha inadequacy_"'_:__; o
| '_nfthe mndeiatthemoment | - - - L

. '\‘5._" oo

e "t‘he above obsewattons amphastze the fact that tha etutton pmcess ean not be modelted wtthnut e
~ " considering ﬁJe effect that the-various fastors have on the-equiliorium and the ktnettc sohem .
._ . parametetd Further the natura ttt the ttesorptnotf reactor and the' mechanism of tntrapgmclg >
: . _transpnrt ustbe carefully takén into oonsaderatmnasdtssussed abave ChaﬁIEFﬂVetﬂscussesmg o o
- way thesd factors were taken into constdaratton n the detwatton of the models e

AT

Sm

25 CONCLUSION

 The factors atfecnng the etutton process have been dlscussad In thts chapter and it has bean F
.. ghown that these factors are tntertwmagt guch that isolation of anvone of them would bea very
| ’dttﬁcult task, Further, prevmus attempts qtodel the etunon process have haen dtscussed and the__ |

Itmttattons ot the 'models menhnned

o

- '-Ttte next Cttapter tmll dtscuss the axpertmantat set up used in this study and the search fot an o
' expertrnentai tacrmqug _‘ o _ _ _ o
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" EXPERIMENTAL SET-UP AND cﬂelee oF exeeeeremr. ?ecﬂmeue 0 A

adsorplron ef gedd cyanide and hydroxide rerr under elutlon condltrens

A Iqt or pubncaeons have emerged en the equrlrbrium adsorphen ef gold cyanide ente actweted R
carbnri" T2 Generally, ﬂrese experirnents were cenducﬁ id at ambrent temperatures Hence ~ ~ 1
gene‘ral 1erms the equilbrium, measuriément in this work could eave been below 80°C as other o
L ererkere have done But thls would have defeated the arm of the pro_rect srnce such a cendmen wdl_ o '. = o
a not be represenlatve of 1he elutron oondtien & practised under rndustnal eitmﬁons ' 3

Further a chelee of a reproducible end meamegful experirnentai techmque wil eﬁectdre medel g_ '_ -
develaped “Triswill either substantiats the essenceof the medel or net. From d“re aeeve d’ecuseien-:'__, L

c).'.'-

the followmg potentral drfﬁculties emergad

PER

SRR '-fThe needforen experirnentatset-upmateeuldbeesedteperform expenmenﬁsebove' R
SRR 80°C. Thrs demands the, set-up 10 be woll controlied to. curtail ﬂucluailons o 2
JEbS temperature lt must aiso be properly iegged io reduce hee‘t lees )

o Lo
ﬂ )

. B L 2 :ThB abi!rty fbr the expeﬂmenter to separate krnedc and equulrbrlum eﬁects W'the uee :_'

oot such a set-up

s “The need for estebiishing a meanmgful equllrbrrum time for eaeh species at sueh hign

| tempera‘mres This i8 further aggravated as :sotherms have fo be perfermed o both
o slngle and multr-compenent Ievete I

The chapter therefore describes the expenmental set up used and hnw ﬂwe preblems re!ated o

 One of the abjeciives of the project 5 o stiidy the influence of temperature andhydromde lon on
" the equilbiun adsorpton of gokd under typloal eluton concltons, Trls wil facliate the <
deeeloement ef an equrlibdum mode! thet takes )nto eﬁect thuse rnﬂueneee Az the plant le\rel the 3_: .
eluhen process isa multl-seluee system ‘lhus, the 'eprk is extended to examme 1he Srmlﬁteneous L

sumaset-upweresolved ltfurtherdrecuseeshewequrlrbnumﬂmewas esiebiishedand ﬂrechefce '_ o

of experlmentel technlque used to objigthe ¢

B



_-"'_'31EXPEHIMENTALSETUP . e T

- ._.":_,I_:-Tha emar:mental ﬂg conslﬁﬁs ofa resewmr in wh:ch tha experimentat soiuuon i&‘stored apump, = ; _ :
R a heatmg eiement, an eiuﬁon coiuggn‘s_g pre%sure gmgs and regulaﬁngvalve and acooling nml -
o ."_"”_(See F'lgur031) e e L S R

| - The resemir is made up of a stainless steel hnk of 10 I:tres volurne. During all ihe axpenments,
~+7 - thesolution in the tank is wnhnuowsiv Rredbya magnefc atirer o affect shomugh mixing. This

L L;}'___-__;is-. o ensura hemagsneﬂy of tha so‘iuhon that ls been pumpsd through the column during the

DR g e e R T

= exmnmsnts and at tha hme of samplmg The solutlan is circulatad ﬁmsugh ﬁw rig ﬁy & high- :

5 Feﬁ&ure mmp atthe flow rate of Uhr. The vnlume of the mam-cmumn 189.75 '“fﬂ “9“09 tigflow -' : %
o rewisd bed_volumesihour This figure s very mrhf&ﬂ@ tothe ‘MUW 5‘“13“0“ 5‘“"9 awﬁl ERCHES
BREE AARL pracess !sconducteri atme ﬁow rate of g ned voiwnesmpur | B

ﬁ . \,.) N |

L -'_:'I'he solutmn et pumpad fom the resemir s it heam bya heatlng eiamentbefnre golng;__
o through e minl-column. The temperatura of the column s munitmred by a thermocouple; and |

o contmllad usinga PID mh‘OIISr Thaheahng oo!umnlsfully laggedb? ﬁbra-%lasswoolsoﬁsfﬂ.:;
.-'freducalossurheat. B T T L B R e

: _ : Tha min;é'o!umn sa stainlew steel onlurnn wnﬁz an enclosmg ]adtet. Hot ml s c:rcuiated In tha
o jacket to raise th&pmpataﬁare of the co!umn o the dasired one and to maipialn it at mat Iavel _
% throughout the sxpeﬂment. “The carbon Is plaged Ina wira-mesh ba.sketbefara belng plmed o . N,ﬁ
~ thocolunn. i Sesket has boen ddkigned sich that s gfs he mnerdiame:emfme oolend *
o s0 as to rq'luw by-pass gf the soluﬁon and tu enhance plug-ﬂow /,{ S G g o

._ ._"_1119 preasure s 5150 mmmd b! a pressure gaugo ln all agperimenm the pressurg: was @m"
260KPa which is high enough to keep steam In the form of figid et ternperafurec-at and above |
S 100’0“ This situation ensufes that the oxperimemal condition of the solution thatis being Usw a
" elltemperatures i eltivoly the same. Bolorthe soluon flows back o the tank, tiscooledby
- '-_-the use ofa walerheat exchangef Water mereforeﬁ&nsm and outtf'lac;\oling umtsuasto@ffect 7

' \':1(6‘\:‘ Lo

o ) S
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L 33 HYDROXIDEION
* 38,1 EXPERIMENTAL TECHNIQUE 1 -- R |
*In this cage 3 lires of 0.1 hydroxide fon solution was conlacted with 509 of carbcun at mﬂcus_ Lo
) - "-temperatures for § hours. Samples were taken at 80 mmutes :ntervais From thuna 321 was - -
| --'assume:l that - equilibriumhas bean established after § hours. Sampllng in the equ'llbnumjf B
| 'experimentwas then don after avery 3 hours. 50g of carbin was contacted with 0. M OHsclutor .
. for24 hours, After each time of samplmg the sbluﬂon wab aftered Inthe stgp of 0, OSM Flgur93 3 -

AR s el

_-3.2 CHEMIC&LS ADCAREONPREPARTON © © A e
Al ths‘éhemicals ustd, stch 25 NaOH, HC) et al, were of the analyﬂca! gradb aﬂd were pmcured;_; R

from LABCHEN. Analysis for OH' ion was dond by titraing the solution against gtandard HCI whh ~ * o

" phenolphmalem as .an tndicatﬁr Tha gold potasenum cyanida used was obtairtsd fram Johnsonf _

| :_Mattheyandthis hazaagold cnntent of Batua%bymass - R

i &

. _The carhon used fur all the exﬁ nments was Mltsubishi vurgm carbon ubta:mad from Graotviei i | e

B Mines. Before baing used for the expenments the carbon was conditionied by cunhnuously sﬁmng : '_ o " ) o

: in water fur teast tvo hours and latet thoroughy washed with wata Washing wnth water fomoves E
- _'lhe fines from the carbon. Afrer this process the catbon was oven dried and thon sloved to sizes 3:

o between +1 00mm io 2 sem;pﬁ Before any expanmental workwas performed 1]16 slevad tarbon '_ '. « : o
, .r;-was oven dﬁedn?ain at90°C for at ieast mree days to remove any water adsorb»sd On the 0arbom i

_ OH‘ lon alone fias. been consldared in thls sludy bacause of the fncus on cyamds frée elution Tha- : B __
'presenoa of the OH fon Is o datermine its influence on the adsorp’nou of gold 8s would he ussd. N

o 'ln alution but not its abllity to cnmpate wﬂh goid

B -fa,a CHOICE OF EXPEHIMENTAL YECHNQUE

M mtemmaﬂm s gven of equilrium data ¥ the imo o Bilmhl:mum estabhshment hetween’- S
. : the adsnrbent and he adsorbate is known, This demands thahthe kinetlcs of adsorptian of the o
__various species at the temperatios batween 80 and 120°C must be stuiéd. Thts s to hslp :

" establish the time at which equiforiun is estabushed. Sevaral approaches have bean tested ang . L

: _d|scussed below for each solute . 11
. !

' hows t the rosult sbtalned

N
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- The equulibnum tme of 8 hsure oamea rom the frst mg@e wes meinained. But o ght an”

Th9 Fgﬂrﬂ Indlcates that ethbnum adsorphon ot OH onbo camon is notaﬁectsdbytemmm : e
Tnls is doubtl onnsidering the exomermic nah:fe of the adsorphor;, process This Ied m thg o
dsvalopmsntof the SBQ{Ed t%hnique O o : B

. Tsotherm sl porlions ¢ ;_3 lites. ma of c»-r solution wa contacted with sl diﬁerem welghts of
K c&rbon rammg hsiwee. a@and 7&9 Flgure 3;4 shﬁws x?hat was bbmlnei e

| o Tha cuwes shurﬂ an mverse relattonshup betwaen tha equ:iibﬂum !oadlng and me eoneantraﬂan
L Thisreiahonshlpdoas notaonfufm toany knmmadsomnun process"" A thérd teclmlquewasﬂws

M medc % D
x-—--xns%

ﬂ!(mmoles‘*rs of c) -

o,So—é; T TN e

R "-_-0_._31 o o.sﬁ g qm ggq. 0,3_1_! e __--_'0.35'-_- - -_0-3&, = :
g '.J. - PR .? QG/M ;\;3 5@ _'.. SR n S e '

Flgum 3 4; Et]l.lillbflum dhgm/} tD BXpGﬂTHénml mﬂqm 2 . : . _. Jv ’;, -}f\i “ g .- .. B .
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Theequelﬂaﬂumﬁmeismos}m - L e e
Thevolumeofsoluﬁon bamggireulateu tsmlguge, e

- ) " K‘neﬁc runs wera mei'al‘om perrormed agam at dnﬁerent !avals of OH non eoncantraﬁon (baiweenf g }
S [} 1 and 0. 4M) 15 !itres ot each solution was contacted with 15g of carbon at 80°C fot 10 haurs.‘-f o

e Samplas wor taan e mry_a hours. Flgwss 35038 llluslraie th reuls oiained,

 mee 750 . 900

kN 15ma!ﬂaux~a '.: : W

:-Il.'--_ ]



OH' Klﬂ&tlcs in t,m-ms ',a? Loadnns

: -
[53

| nii‘atlon nf the OH’ in the soluﬁon Ths h:ghar the inlﬂal mncentrahon l.ha faster 1he R
0 | Gﬂlulllbnum attsinment, This s ot unexpectad because the more conceirated the soluiofithe .+
 greater the. probabilty of colision between the OH' and the suriace of the acthvated carbon,
R assuming hat the collsion thanms ] used to eprasn tie adsorpton n fast any equilibnum SN
" limted, dfision type system ik be expecéd 1o 'bshave as suh Herce since equel mess of
* o camonis bﬂlﬂg used forthe d}fferentcunoentraﬁﬁ'ﬁstha more coficentrated solutions wilcausete <.

B S TR m-—mc m namm S S
S R S ca ®p2o0Mf f T
S ««-—-—»c, " n.msn 5 R

-+, adsorpbon shes on the cabn paricles 1o get fled up quicky esiiting n fester equiborum :

| -3--_; o follog:ing equllubnum tmes ware used foraar.h inita& OH concantrahon e

.__u

e
P

v ’ : [ ) ' ’ C B S U

oy atalnmey ‘Therefomwmn the eqiilibrium mﬂmmebs?ﬂgpeﬂO&nadat 100am115‘cﬁ1a}_-_'_',"_



- mmqum m[sﬁechmquewakmerefore usedforfunherwarkand the result obtdnad will bar
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R I : T:me/Ho(ur's R
T Flgureaa Aukmaﬁcdiag!am duetoexpeﬂmentai tech ue___l1. ‘

._l_ :

‘ '-"An equilibnum time of 4 hours was aasmned ln the equiﬁbrium expeﬂment diﬁarant wa!ghts of

o p.v_a L use zas Cmon 375 aSe 8@ ),

o -carbonworaequﬂlbfatedwmSOppmofawocyanrﬂesoluhonfnfmeaqumbﬁumﬂme Thispmduced e

..: D, .

o Flgurgas | |

\ ”‘Ths\sg{ves nbtatned have shown the axcthermic natuxe of the adébrption pmcess lnurease in s

__ temperatire results In reduction n the amaunt of gold adsorbed, The curves also show a ﬁnaar )

| '_'dependanoa of ﬂm squiliotidn- loading on the cancentration. Howevsr it is known that the

 adsorption process (and therafore the elution process) Is norinear even af low equilibdum

| comentratmns“’ An aﬂpmpt to fit the data with @ linear model Q,= Ac producad mlsercepts for -

~ each ternperature. This lnteicepts were dificult o account for resulting I the need for a more
o 'meanirufultemnlque LT TR LI
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| Figufe 3.9 N equulihrium dlagram dus to expenmsntal technlque 1

e~ 3

Kineﬁc TN} s similer to ihe anss performed in. Secﬁon 3 3.1 3 wers done at so"c 1 s mres of i

aumcyanidesoluﬁnnmngmbemﬂnm.andsaowwascmmcted mﬂﬁSgofcmboneaehfor

10 huurs sampies were takomat regu!ar nntewals of ‘2 hours Figuras 3 mand 3 11 show ths
resuIL I
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. o Figure 3 11 Au kmegcs m terms of Ioading

o Unllke tha OH expenmentin Sechon 3.1 a the rate of adsorption, hence the tuma for eduifib\rlum, - .
- ‘wasnot sensiﬁvs {0 the initial concentrataon of the ‘solution. Virtually all the curves seem to have o S
o jtapered off after 5 huurs. Thsre Is therefore very Iittle adsorption aftar 5 hours Hence i the
" equillorum experient, 5 hours was used as the coniact time. Tne -esult from the equ!iibrium \wrk
e --ﬁnﬂbad‘scussed mlhanextchapter L e e

':__.:J“. A e Ty ° .:__-."'5

CTRal

u oo

) in ihe case af mulh-soiute adsorp'uon of OH“ and Aus hours was'taken as the equlllbrium time. F&?f
: -each experimental Han speciﬁc concentratlon levels of OH' and Au ion in- 1ha same soluhon was V
used tccontact 15g of carbon Tha result as d:scussed m chapter 4 B .

A

'3 _'The cho:ce of equlllbnum ﬂme has boen : a “bone of contentlon" since o consensus has been
- reached by previous workers on it Crihcal analysss of the tlma of equ:libmxn used by previous -

~ workers revealed that the equihbnum time depends Iargely on the experimental set-up and the g
'-'expenmental condntlons prevaliing,mthe system, Forinstance Choetal"” have assumed equihbnurn |
s establishment to be aftar 3 hours when wor!dng at temperatures between 25 and 70°C ing CSTR |

. [?xpanmental sat-up Nlcol ot al‘z have shown that equ'hbriurn ns not estabhshed hetwean gold an '3 '




- o 'camnn and thatln sulubon after sevefal weale of r;onmct hme when they fsnlated tﬁ@ carbon in a
. . ;_-Qbaskat on a plant. Van Beventa worlﬂng on aynthepg soluhon in a CSTH hes shown that a kind
- ofpsaudo-equiibrium is established after 3 weeks. He futher showsd thet the adsarpdon Boﬁerms

" oblaned for equlirium time of & weeks and tha of 5 waefis ward the same. Thése experirients

. .' . were dbne at normal temperatures Henee Van dsr Merwa‘” ,mf,his work on a!uhowuséd waeks
o ag His equiibrium timie working ina betch STR at tesnperaﬁ«,res‘bmeen 25 and 70“(: Fuststanal

L etaP“ assumedmat fora Iow gotd ccncentrauon :n snlunon and mgh caman dosage Zhourscou!d
L -'Be taken as aquillhrium ﬁme -

AR 2 coucmsron
- __'Asaarchforan'

D o "From the ahova dlswssion it could b&saanthat theequlhbrsum ﬂ?nes selected for«the expariments
e inthis work ate justrﬁed This lsbacausa the expenments wereperformed at ’:émpe*aﬁxresbe{ween
s BO and 120“0 as comparad *o the works done prevmus!y and lt has baed known ﬂ'fattemperaww
o f’..greaﬂy lnhlbltsadsnrpmn, (whlch nnplaes mattemperature tands tnaccelerate ethbrium) ln aﬂ'ect
e ':keepmg the axparmmt mnning for tumes longar than the ona selacted would _nt_have yﬁiﬂﬂﬂ any
Lt o _. _-5;".better resuit than what was ubwmed s DR A TR

equulbﬂum attainment ut OH“ depends en the Inlt:a! ooncenh'aﬁnn of the solutlon. L o
ths hlgher the cuncentraﬁon the faster the asmbhshment of equi!ibrium vice versa, o |

L | 2 mltial cnncentration doas not affgs:t the equuilnrium attamnfent of gnld Q}h that thsra |

s Is an apprec:ahla equiilbnum attainment after 5 hours

T Based on thase facts eqwi:br:um axpenments were perrormed for the smg!s and mz’l‘h soiuie
T adsorpnonuf OH“and Au. The outcorne afthaseaxpenments will be d;scussad in the’nextfhapter

W
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;.=___'cﬂmm o L R R
- HODELLWNG oF snrim,s AND n.su::ra-smme Enuuuaﬁm mm ST ff'? s
© . This chéptardea}swiﬁmodeﬂm ot theﬁ(ngleandthe muitt-solute @%’uﬂ‘bﬂumz? c 'rphonﬁataaf
_ oH andﬁuraSpestwe!y l SR N T

_— eroretbalmoﬂelsaregeﬂeragﬁgﬁwh hen:
- _-f_--__thatit‘:spouihletowrﬂeitdown ina plausﬁefu'ﬁ _gnai fom,;J%e requlred physmnawsaraoﬁen

- -4 1 Eoumanlw us@mmms~ mmmm OF THE mm

. merearemma!n mwe'smatean musaumescﬂbeanmﬂmmmmese aw

'r‘:'

5 ) Theoraucal concepmm or Mechamsﬁs Mcdei and
2, Empmcal Model ) '

s:.ﬂ.(} . .CF_ . -

o ' anomenoayndar study iswell understood such S

o .__axprassed by dlfferanhat equations and the pal?metersfare non-lingar. Wher the mecfﬂﬂism o Lo
7 underlying & process Is ot understood sufﬂcienﬂywey oritis oo compllcated m aﬂow an %‘t - ) .
o modal“tebeposmlatedffom the theory. empurisal modelsare useiul R o 3 [

B

- _Thaorqtit}al modeis are more fawured in ihslr app!mbillty than empincal modeis as thay are
o supported bybasw principles, They can: mareforebe used to predictaresponse aver awider region
o _than is possble with purely empirical functions, Empirical odels are therefore inieg n the
' __‘Jmmedlata region of study, hence- thsy prov'.do shaky bas;s of exirapolation. Despite. this
- disadvantage, empirical models can provide bass for understanding the basic factors affecﬂngtha
o system. Henee they eould be usad asa sprlngboard to me davelopment o aslgnlfnant theerelucal
-.«.-‘f.model e T . R € -

=R

“An equiiorium isotherm is mathematical expression relating the conusntratmn of the adsorbate

i the liuid praso Wit t conoentation of he ot on the adsorhent at constant
"'-b--temperamm o L S

L _Care must be taken regamllng the snterpretaﬁun g‘imn te ma abﬂlty for a pamcular ismnerm to ﬁt
e experimental dala.Thevariouslsoihsnns have been developadbasedonﬁmdamenml assurnpﬁons
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o nagardmg ih&nama of the adsorphon system sc as 0 gwe the equahon a memehca! basls But - o \\
e thase assumptmns may nat hold for a complex, heterogeneous system Ilke the achvated cam - N '. d
R | _auracyanlda sysiem. Hence, the eqﬁaﬁons Ilsted below must bs lreateq as ampiricat or "ﬂtﬁng N o

. models with the various paran‘wtars doterriined fmm regmsslon on data sets rather than by e

B N 4 'ﬂ.‘i swmm p_":i',l r-,
| .'me most commnnly ussd isumenns for slngle oomponent soiutes are*ﬂs foliows

| -.1 Linearlsothenn,
- *';_.if*’Qa ~ AG,

) Langmuir lsoihsrm, |
3Freundlmh!soﬁ1&rm, TR

| QH ' '.C,-a*_aég . e :
| the:a=(.'}§“\)m aad.“ l'i=1IN §

Q= Equioram Loading {9/ 10t C)

indepandant measuremems of fundamental parametars. Thferefora |f a parﬁcular equaﬂon fits a st .
of daté well, it should nat be concluded that the theoreﬁcal basis on i the model ha'bgen.

. dovelopag apphas o the system n queshan bue rather iha equaﬂm s ag 4 empirmi model fnr-".' - o
_”thatdataset S

o auitvimbotems | . 0

Q = MC }!{B+G] L

S o=AGY

i

c;,-;:._Equﬂibrium. cmmen:raﬁon' (ppm)_

The Iinear ;sothurm hasbean ussd by Nlcoi,etal“ta descnba lhe a&omtion ofgold oﬂto acﬂvated

L carbon and ves based un 116 assumption that the Isothemn can be used atlow conceniatons. RS
. Butas lndlcﬁod earligr; experimantal mAasuremers have shown thatgold adso(pﬂon !s nordinear “j
"'atlnwconc&mraﬁons“ . -
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o m Langm&ir mﬁgrm is ba;,ad"an the assumpt:on af monu—fayer ads@rpﬂon tna ﬁxed numbsr"}'_:. - o
'ofequwaxentsnesandnomtrmﬁm betwaen adsorbed molecuies Atlowconcentratonstherefore,
St I,?ngmuir isolferm recioes fo°4 ineat form. & few workers have hnwever used ﬁ m desorbe: -

o B _. .;_f;the o dsomm ofgold an d sslue ¢ 0 ntn at:ﬁvated camnzsaz o L . :_ v E e

: ‘rhe Freundlich isotherm % based on the assumpﬂo-i that the adsorpzwn energy ohaysﬁ e
. . ewponenial dstibuton. Thbugh the Freundich isotfian ofien represents experimental date natte‘f_._. SN
“ . hanthe Langmuir isothernt it does not tedice to Henrysmatouncentranonsappraachmg @
'-i"’!': o Bespite thls dnsadvantaqa soveral warke:s hava [wwer usad ihe isotherm to descrlﬁev S

Lo ;'._:_experlmanta!datafnradsorptmn’”m’" S

ST Thepopular qundllch :sotherm, a- Ac* haabeen applledtaexpﬂrlmental dats obtannedforme o
t e sing Comgonent adsorption of both gold and bydroxide. But, as-will be discussed: later, the .
L ;;'_-j_ -{gappllcatmn of the Freund!ich |soﬁ19m fesilts nthe estimatiun of a8 much a8 g dlfferemj:__f
R : E pazametersforthemfaammperawressmdiqd ToreﬁucethenumbemfpargmatersmF?aundllch_'-__.f-;. S

IR ;:-Z__'_Isumerm was modifled 10 Inciude the temperature dependancy of the pre-gxponent pafameter A~ - v

_:_-.-Tms moa"nficaﬁon themfore radueed ﬂwe mumber of parameters fo be estimated for the thraa 5 o
L -temperamﬁ to only three: Beluw !s théodiscussion of the ﬂ\enrelical basls upon Whld\ 4he-' T
' :_madiﬁcatanhasbeendme : : s

- . -» ’

o The retaﬁonship between the change irx the frea energy cf a reactwn, AG and the equilubnum
- cons!aﬁt K is gwenas SRR :

. e o :: E N : -AG | :. o ) . :_.c.. n | .. u |
\ -~ Hence the variation of In K with temperatwre Tisy (0 - . - 0,
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S 442 Mum-enmpunantlsoiharms R

_ ‘Fhen it could ba wntlen that

Q Equi{‘brium lo&ding uf the snlute on the adsorbant, SR
L Equt!ibrlum cnncentraton of the solute in solution and- L
e Pafameierfé beesﬁmatedhynon lmear regression

. ,, . .___-_ ' m(_ﬁ + ﬂ)

" | "fhe above equatlon i thafetﬂre the Mndlﬂed Fraundlich Isotl'uenn (ca!led HFI n this work) Wlth_ S
o this modnﬁcahon the pa:ameters AH; A, and nean be determined by nan-llnear regression vsing -
B faxpar!manwl da!e generated for ol the three iempemmres cuns»dered The estimation- of the U e

~ enthelpy change of the reacﬁon gives an idea of whether the adsorption reaction is physisorption
Coor c'vem!sorpﬂon smcs tha enthaipy change is a measure of the bond stsngﬂa esiablished during —

- the reactaun : )

@ o (-‘.\u

et model used is me ilneanzed form of the modiﬂed Freurdiich is,omerm (LMFI} whlch ss“j 7
» gvenbelow: - - : S ; .ot

T InQ. s By 4wt +BInCc o 4.6 _

. Single solute lsotharm pajameters are oﬂon used in muiﬁ-sozuta isotheims 'Ihe general |daa lsto . N

first measuro and model singlo solute lsotharms The paramstefsobtamed ara then usad to moda: -

the muitl-soluis nase




T 'Shamdorf ot aF“ have modﬁieﬂ the Fraundlich Isotherm % descnbsamuiﬁ-cumpongntsystem sucH-' |
o _that for an Nsmmpnnent systam L I

U ""_fj:nornpatiﬁnn cnefﬂcfsnt of cnmponent k in the mulﬂﬁmmpﬂﬂﬁnt 33‘5*9'" -

Sy laa
R Q; Equillhrium lnadingufcmnponanti
Lok G Equlﬂbﬁumofuﬁun concentration of compor.ent b

e o ——— .I S
S "r Slngle solite axponenicpa;amehef ofmmpﬂnént!

-

. G w Equilblum concentraion of cormponent k, and S

- : Qi - Aici{ci"‘ g‘ a‘t kck) .I b .a g‘? IH o

ER &, = An Intersclive parameter of companent k on con“fponent: adsorpﬂon or a

The above equation has heen usad by Van Deventer“ to rnodei the simultanenus aﬂsorptlcn of o

go!d and silver cyanide (mplexas

\a

- - e Applying tha modiﬁeatmn made ﬁo accbunt for the temperamre dopendency oﬂhs prg"expanent' BN

* parameter of the Freuncich Isdtherm in the prvious Sigtion
systenvfor gold and hydmxlde mwe have the fullowmg \ aquatlons.

kS AR -
= e s = -

T

7 B T B ’.‘P['m&g‘g]c“"(-%f?“ﬁ?%)-" -

e T Z

S,
. i X S ;»— s :
w00

§



- _fFruiz et al” alsm deve&oped a geneml srﬂpln‘cal _mutﬁ-eomponant ssoﬂ;erm such that for gn Na
- f. camponentsystam, S .. e :

i % c;i, A e r have ma same maaning asdaﬂned abava 1n quaﬂan u.

. Dya, s by are premelorsto b detsrmined ing norinear fogression.

fﬁ

G }13,, -

- T

g Fram tﬁmm equaﬁous it Impl[es thatan!y the mu!ﬂ-cmnpunent systam campetitian dcafﬁcients- T
- :-a,w, and aw,, resmctvaly needto be eﬂhmated using-_ on

near regression muln-aumtg dwa . .

_'Savaral modlﬁcaﬂuns of tha model oouid be- derived by wpropﬂate ad]usﬁnent of ﬂm ma#all--
paramaters. For %mtance. Ir an,:DA. t&e relaﬂansh:p above in Equat?.)h 41& bammes {F’m

Langmur aquarﬂon

. which hag beanusadbr manyworkers o ou® and Yourg o; aP‘ hsod amm&modiﬁed fom
.ot the above equation to fit data obtained for me simultansous adsorption of uocyanide and

", xanthate onlo carbon; Whle Glover*® and Yaunn ot 8 in ancther publication used another ¢
. modlﬁed varsion fo fit déta obtained: for tﬁa simuitaneous adsarpﬂon of aurccyanide and zing N |
o oyanlde oomploxes onmtrongba.se anion exchangmsln Foratmmmponent system Iikd ms X
o one bemg ouns!dered wahavatha follnwing two aquaﬂnnsté baﬁtlad. . _; -_ B

P . B o e P
T T ﬂm: * a&u Aucﬁ.n _ "' aaumﬂcﬂ R .e-

TR



"_-j'hefoliwlngparametarsaremambedammfwmmea-rdamapacwy am.am,
“bm.hnm D Dot Bty B D 818 by e modieation mas nthb secon dbove -

!or ﬁe mramater A ms thsn subshtutéd inta tha equaﬂnn 1;: mum 5qr\tha temperam eﬁect.

o mnformed tu me axathsrm:c natura of the adsarption procass As temperamre lncreasea ’tiw;i:" -
- amo(ln! of salme“adsorbad decreases as seen in Flguras'# ' am “Tadials presented In o
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anci ‘the Lheanzea form of the MFI uslng the SAS Non—Linsar Hegresétbn's;lbrouﬁne“ The
Freumdlich Isomenn ylelds the follmng parameters as shovm !n Tabia 2 S _' e _G.;','_ji' .

Tl
. \-‘.:--.- ’

Tahl@ 4 ‘i Paramaters ubialnsd using ﬁlw medllch lsntherm ﬂnﬂ ﬂlﬁlr cgmlatian

LR

e

Tablas 4 2 and 43 give the parameters abtamad mr 1he MFI and LMFI reapecnualy :

: Tahle 4.2 Pamnatsu's obtalned fm‘ lhs ﬁF!aﬂd thalr t:umlaﬂon coeiﬂelams (H)._--!_; | S

Pmmersas

From Tahlas4 1 and42|twnbeseenmatme parametarnﬁomboﬂ:lsothems (isFl and MF])
ls less than one for each sn!ule lt oould merefore be uone!uded !haf tha equllibriurn isaﬂwrm for
each soluta ls favourahls ' -
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- _adsorpﬂon reachon s exothemic.

B 'Tlre gold- Merms show a wrder deviaﬁon wrrh respect to temperamra as cnmpared to !hs_:" |
 hydroxide lon Isotherms. ‘Ihls is dus to regctions belwaen rha OH fon and some ofthe phenolie - ST

_groupsonthemﬁaeaofﬂmcarbmsﬂuﬁure‘

o ff

. Adams’ has shown that the resuitant effoctis an increase in the effectve uralactric constantwimm o
e pores of the carbon as waltas formatéon of hydrophiﬂrc negaﬁvely charged surface, Thare ls L
‘.tharaforeadecreaae Intheafﬂnuy for neutral speelesaswellasanions such as A(CN);. cauplmg R
this eﬁactto thatemparatura offacts ssa result of the exmhermie nature of iha adsorpﬂon reaction, S -
It s not surprising that such a wide deviation has been axpaﬂenead Apart from this fastor both o

components have clearly shown an inverse adeorption dependence on }mnparamre slnce the -

companson heiman rha mulﬂ-componént adsorpﬂorr and the single componant adsorpﬁon

~ isoiherms haa been made and this has been presented n Appancnxsrsmpres areshownbelow
- in Flgurss 411 and 432). The general trend is that the mul!i-eomponant isotherms for each R
- componenrand temperature have basn found o fie below therﬂngle cor"npomnt ones. This could L |

gy



be pmbably be uue to ﬁ“reducﬁon !n the mlsorpﬂon emclty for lhe earbun fer eaeh nompanant
mthe preaemeofﬁla othar s
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o f'rhe o modals dascrm abova were applied to the mulu-componsnt expequntal clata b} B
PR . * esﬁmaﬂon of iha urimown parameters usmg ﬁlﬁ‘ﬁﬂs N°“'U"°a" l=‘°9’9"5“’“ 5““"'3}’”9 S

‘? s

[ - R

1 423;10* xp{i_akﬁ’.gﬂf)cm .

- '9’.‘"“ [CM-&-G 22x10°C, ]m

T Iﬂ‘mz 90x10-3c 1”" e
o /;\ L o : A T

Qm"'

1, 42::10*31:9(4 25"10‘.

-2 34c;,‘: "’+o osc;‘ ‘-'*1

and T

s 53x10~2sxp{}_i,”f_£‘ﬁ)cﬂ - orf/ R
[ 4.93+5. aocg,“’w s'rc" “] .

| These equaﬂuns were used to ﬁt i .ﬁxpmmemal date The results obtalned fnr each cnmpbnent
-' :-areshown balow P SRS ER -

_ .el 2 lsthe applicaﬁon of the Fritz ot al” oquahnn i;om Equatmns 4 11 and 4, 12%«1!1 lhe Blﬁﬂlg : AR
LT Gomponant parametors subsﬁwted from {able 3 bsfore lhe detennlnation of oiher unkmw;f .
. ‘-'-3"Pﬂtamatam m yield (ia after parametar eah\*.aﬁon) e ) ,

e | Model 1 Is the applicatmn of Equahons 48 and 8, 9 wlth ths eshmaﬂon of only a,,‘. The values nfﬂ - o
» A,, m-l, and m vgguas obtatnod fram smgla oomponant data (T able 3) were subsﬁmted o tha'-_-_ . _'_
B equailorls baforet the parametarasﬂmaﬂun Aftar palameiar eshma&on the fol!owmgeqmﬁom wefe ;f o
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. Aglancastthe plotsfor the single sdute adsmpﬁon set ofexperlmsnts revaaled that u§la Freundhch j; T
S "-'-.Memmredicﬂurgseamstohe be rﬂianﬁ)atnfMFlandLMFl (smg!ecomponentmodais) Thlhi.:- _: o
' seemsio beconﬁnned by the sums ofsquares ofmemtdua!s nbtainedforﬂm :sotherms asssen_ PR
" from Table44.0ne ﬁfth&intaresting pointsisthe way LMF does ot fitthe data especialyathigh

- loadings {see Figurer4.3). Ths Isa result of ogartynic ﬁ'ansformahnn and this shgws that tis us’ RPN
- +notageod appfoach gven though it makes flthng itich, easler. a W
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h!ote 5= Sumo Squargs of the resiuas.”

m Number of pazameters esﬂmaiad

Coe ln tha cass of the mulﬂpfe-sdute at;isorpban good fﬂs havebaen obiained and It seems that Mcdel ) . 6

: 28 b?tter than Model 1 as shovm by ngres 4,17 and 4 18 N o " \

f_.'.'_g:-a,mnm. L S T
'_.-___'-_-__.Moysanaxing“m\museuasrmpwstaﬁsmmysmforcompaﬂngmodalsanmsmemnas LT L
_ __;_,_._I-,baandiscussedandemployedmmlsmrh RS SR S .

'where, o

. 8y =Sum ofsquaresofﬂi%resadua!sduemmodam T '. - - |

.'f.'N_auor/orrformesingiesoiutedata)«‘ = ":.;---f

an -

smmmnv. tﬁis Is nctanmpmble waynfwmpam@ mﬂdelsfms EW@W mmd" I
", have the same numibar of parameters and hence do ot pissess the same degrae of fleedom,
"\ Compatingthem ontho basis ofthe sum squares of the residualsa!nnemaybﬂmiﬂﬂﬂd'“g o

o s{aﬁsml meihode nava marefam baen amp!oyed o perlurm tis compar!son lﬂ & faore rimus s

SRR Assumetetwo havs ol A and B sch tatA hasm“ numberofparamebar&whlieBhasma
o --.'j---"i_'parameierstobeesﬁmawd lfmafslessﬂman m,‘ thenmralt.te?t.,m courdbodetenmnedas L
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__j the models in this parucu!ar workalso The teﬁmstharsfore narried eut betwasn ths Fl and MF!

s . ang betwegn Fl and LMFI MFI and LMFI’ have the same nurﬁhamf parammers ﬂ)erafofe they

S -?uouuha cnmmd on tl'mbasssanhe sum ufaquares of the rasaiuals Belowahowsme values
'_'-obtatnsd andﬁe~§-‘-values sbtalnsdfrem tahles ' -

T hem tge Table i can besconalded s tha MEL I abstr modal siaﬁsﬁcaliy fen Fi aﬁbnth %
A :' and 99% cnnﬁdanue !evels for the adsorphon of OH whlle MFI msheﬁaar then Fl for ma adsorptmn

L slmslamaiculanomwereparfwmed ioﬂha modais usedforthe mulhple soluisa d&1aand Table46
| shmﬂaavaﬂahlesusedandxz, valuo calwlated o - -
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= whileit is 4,TThor the 99% conﬁdenoe ‘Ievel Hence tha Ay Va’“"s mm"ated e s|gn|ﬁcantly larger

"_-_For any experlmamal daiaset,ﬂwdwrauonsofmepred‘ncted va!ues usmgamodel couldhe

Tab!e 4.6 Valuaa ai lne vm'lab!as used ior ihe Muitlple-sohte daia and ihs ?t,, waluas
B | deiermm for each mmnant e

_' At the 95% eonﬁdenoa savel tha F value from the Tables for 4 and 16 degrees ot freedom is a o

o .'_".sthan the Fyan values ohtamed from the Tables. Ther i xs, it can be conciuded thatiha General
L empmcai modal s a batter model in teuns of this test man the Freundlich typa model

-remesen:odby | _
A .-'.377 - '91' - %’* {yi - P;?-

: - e L . : ’ % . Sy 4 N
-,.-.where. e ()”’ _'
4 mcpeﬂmenmldaiai o AR RS

= mean of the expenmemal data and
: 3?[ =the predlcted ’value of y; usung the mudal
3 'The equation above could therefore b witen &
. 'DATA- = MODEL FIT + RESIDUAL. :

_' Variahan wnwn lhe dala set is quantlﬁed by squarlng and summlng the deviahons to yleld



- whareti’levamesaredeﬁnedas;_” : '_ '-
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sir)’ SSM+SSE T R S

SST=}y-R

E (.Y_f‘"'f)z 2 (’?‘_‘ﬂz + 2 (Yi‘?.:) : S

- SR

SSE=‘HV. W

o Assuming at th model has parameterstoba estrated anc N rumber o expeﬂmantal polnts_;_ G

R (a{l massvalues ha\ga bean given in tha section abnve),m nun'sber of dagreesmreadﬁm of 88T

o s (N-1) thatoiSSE is (N m) wm{ematofssm;s(m 1% @ ls defined as; L

8- SSM/ (m1y
T ERE] ‘N"?‘_s..
= If e ls greater than the F{,,,,m,.,shtshc at say 95% cnnﬁdenoe level then the modals ﬁt s .

“‘

isvary st then o e modl s s,

‘Since it has baen comiuded from ths previous sscnon that Fl and MFI are tha "bost" models for

theslnglesoluteadsomtmndatameabwetestswerewrnadoutonmem Thesamatestwasalso BRI
| conuuc:edonmamodalsfmhemum-compmentm:pﬁonmodelsmmTab!esbasware R

:ndmaﬁve of the ﬁgures ubtained l\i o

2 . - .
,—-Er’? . :



| u can be soon that me caleulated values of  shown I Table 47‘mmparad 10 the E Tahl O

" roadings in Table 49 revaal thet for the wo models considered the fits obiained are stabsi!cally

" soiind since the © valles.are Higher than the appropriate F valuss. Furher, the ' values -
- calculated for the twp models as shuwn in Tahia 4.8 ara vary ciose in unlly svbstanﬂaﬂng the

R ! goodnass ofﬂt obteinad from the'two imodels. < -

L F

Tab!a&?.wculamﬂﬁmmsformamismlmmm& ek
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NOTE : UND meansinfiite, .

Tah!e 4.10; Tab%e showlng SST ssm SSE, H'and 9 values ealeulated ior me mu]'mla sn&ui@ daﬁa -




,nmmofmumplemlmeadsomtm. itcanbgseenfrmnthehm’rables W@MMMGW -
“"_ﬁ___ﬂtsmadatabattefﬂw“m"de” slmoﬁeﬂ*va!ues*caicuiated aramanthatoimndel 1and very

o - '.clnse to 1. Secondly the & velues determined for medel 2 have bean much highar%an tha table
- -_.readlngs obiamed or each component Hence the ooncluslons drmm sarlraf ﬁha: moda! 2 ls a
o '-heﬁermndellsstrengﬂ!eneﬁ B e LA

_-"6.4. DIS@USSEQM OF 'ms al-! V&LUE& @BTMD Fﬁ@l& aﬁﬁ
Balaw shuws the AH values fnr Au and Ol-r adsotphon raspachvely using MF!

Tahie uhuvamesmmmrmmmmmmmm

o : | -The above values cum;:are very wall Wliﬁ aH vafuaa for physlsorpﬂon nf nthar spacias as sasn
o om meraw:e” (See Table 4.13 below) Thereforeina adswp%g}q of Au and OH could be saldto -

** ba physical. Furher the ngative netare of tris values wngdmnfumtothsiactﬂ'fatthe a o

o

- adsqyption reaction Is exothermic. The highef negative value abwned for gqld could be probabiy R
o "attlihuted % 1he highar aﬂlnity that carbon has for gofd. L SRS

o McDougaI et al"" womng beiman the temperamres of 20 and eo*'c hwa esﬂmated e laoster!e
S heatnfreacﬂonfarhuadsarpﬂnnbbammglanr‘ﬁﬂsiseonﬂrmedbythe resultobtainedin mss

k= L
DR

o



“lovel the modified Froundich isotherm is botiar than the Freundich isotherm, taking into
_ 'comnderahm the three temBsramres, a both 95% and 99% conﬁdenca Iwels wh1s for the B |
3 -adsurphon ofgold cyanide the modified Freundiich Isotherm is only better at 9% confidence fovel. . __
L n the muiﬁ-component system, the Garloral ampirical mulﬁ-component |soﬂ19rm has been -

Taba@ éi 13 Typ!ae.l obsswad enméss of Physlsarpﬂm, mmumar‘ marl@d sn

. q'sﬁml_usm ' f I, T T 'é ’ J. o
- Several mddelshavabaan dlswssed in thischaptof The-mod:ﬁcahon ofthe Freundl‘mh motharm R
- has besn very efféctive end has heiped In datermining the heat of the adsbrpiion of both. go!d\
- tyaride and hydmxide ion 1o be' 42lemuI and: 141aﬂimol respecﬁvely From these ﬂguras ks
O "cnncluded that the adsorpﬂon rection Is a physlcal onie and this furthar corruborates tha
o conclusmns drawnbyoﬂzers s : o

'-.u:'

o 'A satisica comperison fas bsen mat between bolh anglo and mulﬂrcomponent isthorms. As’f’ S

a rssult ofthis it has been deduced that for the adsorption ofhydroxldo ion atthe single compnnent ; o fi

determmed io ) bsﬂer than iha Freundlich-type isomgun for the slmultanaous adsarpﬂon of gold:' : RS

N cyanide and hydroxtde son

" “This work has developed a fim besis on a which fo tisscﬂba the eqwlbﬂum bahuvlour dgodad
- hydroride under typical elution condtions. To gst & complate model for the- eluion mocaas? B
- mathematmal models need to be formulated and iﬂmtxc data n@ﬁ& to be genarated The next B

. S
o8 S
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A mmzmmcm. manse.. m me ELUHON aF Gﬁlﬂ‘.‘u

| This cfhapter discusse‘s the derivaﬂun of tha maﬁ’smahcal maﬁal for ihe ch}{, pf 9055’ It ﬂfao
' * describes hiow the feaotor mass balarice Was slmpniﬁe-d uslhg the method of mharaeterishes as N
numancal procedure forme soluﬂ'on ofihe model ;SaJso msented w:th sensﬂlvi{yanalysls of me?t:.“-. S \’

madat to some loe param:etem_. - '“‘-'fi R R ‘ 1 o
One of !he oﬂecﬁves of the pmjec’t ls ﬁﬁ develop a uomprehanswa madel*io descuba ihe e!uﬁon S
pmsss Therefora the mass balanua for the reactor rouist be caretully derived, AWAARL altion .

pmcesses are dnr.e in cnlumns. Hamq the mass baiance of tmareactor reduces i'o a plug-ilow;_' o e
pagked bed reactor pruhlgm As menhoned in the Lﬂeramre Hevlew (chaptar 2), there are nnly_"_ - __
ihrea published reports anihe mo&e‘lling of the. AAﬂLaluﬁonw“ wo of stioh: rapurts did not adnpt. L

a"fu!l“plug—ﬂnwﬁl( Intl'loserdpoﬂsﬂmeactor com?mnw divlded!ntma num

) Boi uf CSTR
= ingdres. Thisappros doa@notgweagooﬁrapreaentaﬁon offe reaclor. masabal

_s-; it Is nnly_.

'_ ; smbg anam@ wha used 3 Rl plug-fiow pécked-bed reaciot model In theie Wﬂfk{ Fro this >~ .
L '_discussian it cauld be seen ﬂmt ﬂxe nalure nf ﬁ-le reactor mass balance is very lmporiant fhr ihe

"-"3As shown n CMPter 2. under lhe foucswng condiﬂqns’ T B A ARt ST

whenﬁleadaommmsahfshamyfmtﬁea@omaw. R A

. b hen the adsorbate s reversibly adsorbad, and

o *" " when the adsﬂibatehasafavoutah!&,isoﬂterm o

I e
D I

) surface duffuslon Is assumad o comrol intrapam(:le diffusion such that pore dlﬁusion can ba '*’g

hegiected“ For the awocyanide-carbon system in ihis wnrk. these argumenhs have baen shm
o ba true in chapter 4 hance pora diffusion is ehrmnated Itis therafore consldered that only

- 'surfaceu?ffusfonoontrolstheimmcladnﬂusion Adam!hddisnusslonnn lhed@alapmentofthe
;-mndelsisglvenbelow T T %

D




w:__ I

Ca

A OSchema*hc Dlagram cf a Piug—figw
_tor secﬁon dh packet:l with carban

1[ L ,}

 sambowsuesofleo . L

S

. F= Flow rate of the eluam thraugh the eo%ilmn (m’ls). and

_ c Concentraﬂon of go!d in ﬁie se!uﬁen (glm")

| Thu_s_ N SRS

| Inpuc—Output - -Faa .

o Bacause F la consﬂnt throughout the coiumn |

. | m reactmn fate over'tha umt voluma (nav) cansists uf only dasorpﬂon of the gufd fram tha
B ca.rbon a

S _:...: .
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_ The accumulahon tenn {wiﬂﬂn the soluﬁon phaso} oan ba s:milarly wﬂtten as.

=

o

N

B, Bt

amount of g de&o bing

time volume of carbon parta.cles _per tm.f.E mass _

amount of ‘”mrbing- .;_' o
T Eme T

Valume of carbon part:iclampar mit: maag L.._(i"ﬂff

dv Sectlonal Volume of ah = a ah (a is the s&honal area of the nalumn).
&= Carbon bsd mtdage,

M= Massnfcarbon inthe ébluinn (kg}, aud | ..3._:' |
H Lenglh ofthacolumn (m) e

- N

_gE_‘E_.aa

where o

e = Mass of soluﬂon In the column (kg)

o a can then ba eliminated from the desofpﬁon and ﬁw aommulatitm terms. Tne mass balance ovar
- tha elemerrlal sectxon dhi ;s ﬂxen ghmn as:

’ i R .




S T

- Hearrang}ngﬁﬁs Bquailon g:vas tha rnass Balance mfer the pl“ﬂ, ﬂow systgm to be Q;

1 \;» .
*

. .: v

_ '"Mass balame mr ihe Carbﬂn Parllcla Phasa o f B

transferasweli

a--‘J.

8, ,i._'There s aecpfnmat;gn afthe soluteon%he perticle: surface T T Dt
s The dasorptlon raachun ls mstanﬁnews and equng!bnum exlsts belween the soluto ln the R o
w 'hquid phase and In the adsorqu phiasa throughout te parncla Tt

Tha carbon partmles are smerimi (See Fbur‘e?ﬂ

Let Q - the Ioading on the carbon parﬂcle at pos!ﬂon r f ; BRI B " R T
Tne mass bala{m wer the SPﬁeﬂcal shell of radius rta r+drls qlven as """ el =

Az ﬂuxf; ai FIW:F: - m e 2

Ai Innemreadm’

Assuming Fick's Iaw of dlﬁusion smoa etuﬁon is belng consldsrw

_37_

A . . L .»' _f L :._. uAg
L e R

HT H'a"' o Cano e

COEY ; oL ot e - B

| | . ”Tha fol(wﬁng asshmptlons Ware made to dew.lop ﬂ':e surface diﬁusion model which fncludes ﬁlm

CU



--_'.-3-...[-._-_._FluxF° ) {aCMJr),, e

= deﬁon oftlus equatmnlsﬂlscussed t_iei_ow'..j_ |

- Pl Py —Dpraaar)w FRRR

-'=Vob.|mem4scr’draad

Fl, Aecmnulaﬂan per unit vulume on mé parﬂcla surface»— ao:at

smsh“mt@g all ihese factors mto equation 5 1 gluas

f*n - »mr.?n

ol

3:.‘- ,,.

':.!

Mm balame overthe extemal particle sm'laea SR
The masshalanoeomovenhaoxtemalpamde phmisgw*m

D, = Syfage diffusion ccefﬁclent - S

-




e ‘;?‘r“

E Equa‘hon 56 acts ai?oundary concﬁt&bn for e suiuuori of equaﬁom 55

R s mnsiormaiwn oﬁi‘le Roactor Mase Balurioo uslng the iaaum& of cnargmerisﬁcs
R Thie roastor mass belanoe-witie for e column s a hypetolic pamapdlffsrentlai squaj 'ﬂé_;ThIS
= f‘can be soave@,mm the ma’thod o charactadstlcs s desurbed by prewous mesﬂg '9: B

57_..._ :

: mboundary eondmons fo:tl:ds equahon are __ e
'."_-"'_c(oﬂ c andc(hﬂ}u o R

k_\ . . ..Q_ N ‘]..._ .

3'.Let the @mnraton of geld n me soiuﬁon he expmssw asa funchon of ﬁmo‘ t and helght h R
SR onaduve parameieﬂsed as h=h(3) wﬂoH(s) with s bamg the pﬂmmeterabng the cuwe ltcan
. 'therafare be déﬁned tﬁ'ab e __ T

r ‘5’ “C(h(slt(s})



S Alr%o from equaﬁouss

WhBFB ﬁadh{g},ﬂsam M{S}/ds.
me equation 5 7

e e
ws



Ny

am:l 2h&diﬁerantia!ofﬂhec£[v;es _' e

coup!ed to the dlffuslon equahnn and%e
ff .

;o

-8

A ) . [. ; (‘-j-_

'-'{”Wherel enotes the' ch st:ci‘asgweninequaunn;;.11 IQUI'G .25_1ews ahaun ry

Wher | m}@s he{, st Figure 52 shows the bounder L

1 'e m ol w&h represantahvo characteristics @ha (i) plana ﬂr;. Forgan prng:am to o
equﬂibrium equahon. e

il

RS Aﬁxp{-AH/R#T) ,

o appaarsl Appendi;: 4 Dﬂiﬂll of th Numermj prncedure are gwen belnw Ths mode isa smgia o

i

- 'sglute mi{&el despiia the fact that a mu%ti-solute equilibrl mel wasdevoloped in Chapter 4, A |
,«aff scope R

: -_multi-so!rétee%uhon mcdelwau!dtakethewkomofﬂw

o

’ r
e s T

L Y 205 S

e o

. W -



sz aoumav cmmmbws As A aasurr OF‘THE mmsmmmm

' Figure 5.2 shows as schemanc diagram of me transformaﬁon Sigmﬁcantiy me main vaﬁab[e affected

e by 1:he transformatlon is the hme varimle.

ke bgp
B AL N

. Figwo 52 Transiomed b&undery c'oridiﬁdns‘ -
o e "» SR T B
: fseen in the diagram Esobta!ned frorrf~quahan51e and nlsdaﬁnedas )

PE MLs
.. FeH

_] ‘5.:'. 'HUF#JEH!GAL PWCEDUHE FOR THE SOLUTION ﬁF THE MODEL
* The surface of the elution column is divided into  fine grid of Ah The auﬁaoe d;ffusmn model In

' | equatiﬁn 55is then salved at h=0 €=C) at the various grid imes for @, This is donerusing tha_ S
~ NAG fortran software fbrary routine DOSPGF. The routine’ integrates @ system of nonfinear

parabollc partial diffarential equahons inone spane variable, using the method of Iinas and Gear's

‘method., The ruut!nn provides the facility for the ‘integration to ba done within ﬁma and over space )
" Interval, The caordinate system in space. couid either be Cartesian courdlrlates cylindrical polafs

: or spherical polars. The routlne approxnmates patabo!:c fequatioﬂs by a system of ordlnarm

¥
i
i

L B




numarous assumpﬂuns lnvulved Ji

‘. .... . u o

differentfal equahons in the time vanab\e The equahqns ani “htalned by appmx; maﬂ ng 1he | A
tlerivatwes by ﬁnite diffarences and the tesiltis Y set ofouu;ﬂed a;.’lfreremdal equations atthe meah : LR ;
" points, The interval In the tlme d!|echon s chosen by the routin& fo ma!ntain lom! accuracy R

speclﬁad The pnnclpal disadvar
ﬁniha-dsfference approxlmatlnn Ins }ace

|l .

tade of. the rouime is that it does riot check the aocuracyof the. :
This may be oia cnnsuderabla impon:ancwmen a high”. TR

'_ accuracy s damanded The. quadﬂaﬁc approximaﬂon mal’md’”’ is nut app!rad because of the - __

'. -: Aﬁer this- procsss G ts deter‘mned }using tl'-e Modsﬁﬁ Freundhch Isa!herm mauﬂed above Tha_ : L . f 3
ﬁon 5.11)ls then solved from h=C.4o h=Ah using €, toobta{n‘ SRR

transformsd plug- Alow rnodel {eg ;

G for the i ives (sse Figura 5.2), This is done assuing tht C, ls constant over the ntegral .~ -

* sto, i s good assurpion | e stp gt 5 omal. This pfdeédure ie repaated unt &hj Ll

parametarlaed variab!e, s, ls aqual 1P1 that ls when h=L

|l A (i_

SA SENSN‘MTY ANALYSIS 0? 1'HE MODEL Sl

o Flgure 53 shows a sensmvnty analtrsm produoed asa resuit of vary!ng the difﬁ:sion coefﬂcfent. = . o

:Dg' S ensutivlt’:i gnalgsus

e ‘-'-..‘G—-——erannn,
. ” ﬂ102mm--“
o T
| 3'"';..0,.,
O a.znns.?am” B A

o § ,_ °

' Canc.enti_‘gi'tion' / ppm L
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Tnma / 'Sacs e _
Flgure 53. Drﬁusion paramater eﬁeet R R
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L __From the dlagram it can be oonc!uded tﬁat model ls ne,sensiﬂve o tha dlﬁuslon cnefﬂctant n Tof__' R
- . '-tast the adequacy afﬂ)@abnva uonolusfon 1he sensmvlty of the modal was testad agaln wlm'j : o
v respactto D, with Iargervaiussnﬂs; Flgures 54and55 showlhereslﬂtﬁnbtainea memem - L
figurps it can be concluded that the easler conciusion detwn s sustained. The bséhvation thatmae__f__ o

B - " model s ot sensitve to D, suggested that surface difusion could be playmga falry emalt rolein B
e \f‘the rate of*dssorptlon making filntransfer the maln rate determi@g factor.Ytempt was madelo S
= _elimlnata surface dtffusmn £ a Taig determlniﬁg facior. This was dons by sstimg D, as hlgh as

s '_'Sensmvim o k, tu e ﬁlm transfeﬂ caniroiled mo&aijé. siigan t-am _.,flaureii 6 i@@ﬁ’uﬁ sean‘f 8
oy that the modal ié vary uensmva taaimthlm transfor omfﬁt.iem. Tha eﬂsot i dominm at the lnlﬁal - L
E _f_stagss a expected As the }m transfer aoefﬂcient incmses 1;19 rawf dest:vpﬁon increasa-s Bt

‘ __ : ng:e 5.7shuws sensiﬂwtyufﬂ:eﬁlm ﬁ"ansferconuuued modalmtampe;am&um be seen hare )
s thatthe mode! s vary ssmm\tatotsmperature and the effeetis domi’naycatmg il stogos.
- This obserseton hes ubsiandeted he slgnificant change that can ocour es & result of increase of

Cowel

3%(1 omis, Thls ﬁgmebsing 10°tmes surfaoa diffusion coafficients raported inthe iitaraﬁ.ure‘“ The -
" fim fransfer coefficlert was then estimated by minimizing the sur? of squaras omreslduads nan- ko
SN lineariy using Ihe Nag Forlran Huuﬁns E04FCF The raedei as resujt or%izm it

pradominanﬂy ﬂlm lransfer oontrolfed

N K

R

- deprsese n tempe re. The effékt has demonstratadt that Increase in temparam of Oﬂllf 10’0" ST

'can causea treman&‘ﬁﬁncrm inthe kinehcs ub}!uﬁon
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S This O w d;scussgd the darivahon ofthe eiutlon n}}del lt has besn shown that thé method of

- '_'chamctensﬂcs isa powerful numeﬂcat provedure g transform the hyperbolic plug flow rodel,
“ Simulation of the model has reveeled that the muéﬁal s less sgnsiive 1o thé’suriace dlffus!an

parameter suggesﬁng the surfaee dlffusmn is not rats datennl”mng factnr The mnde! was then

AR __-_--:md.ﬁeda:o be film transfor controlied: The film n‘anstar controlled odel was found fo ba Wf?

sensmve to tha film lransfer parameter and iamp%ramra 1 . R

'I

o App!icahﬂﬂ nf the ﬁ;m transfer cﬂntrolled mode! o expsrﬁneml dala is presemed in the next

e
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v cH&pTEHE g

. MODELLNG oF Kmsncs GF ELUTIQN

o o :;'Tl;ns chapter presanls the gsneraﬁon and modelllng of the klne'hc data. As menhaned in Ohap‘far RRERRES
o 2 ncrease in temperamre resulfs in dssreaae i the adsm'ptvs power of sarbon thus favouring : L e
s elutlon Desorpﬁon i alsu fsvoured by low lonic streng'm whila insrease in cyamds and hydroxide: s

o on cuncantraﬂons snhance desnrptmn Al thesa faciors wers therefore iaksn mtouoonsideratiod _' R I

'-_-sfcanson PREPARATION AND EXPERINENTAL DESCRETION L el
L " _--Thesarbonobtainediromihep!antsontamedwoodsh:psandwasmeraforewsshedmmtapwatsf’

T

D

7 forthe Kinetic deta gensratlon T rsduse oost industﬂally lo‘aded carbon from anghts Resquroes v

i Cemionwasisat

- . 'The Ghapter descnbas how tha carbon was prewed iur ﬂ19 experimsntai wurk. It alsa dismssas .. o
e the approam adopﬁad o gensrate & good expsﬂmental data uslng the experimental equlpment. - . ;;
e dsscribed in’ Chapter 3, Mndellmg oﬁhe kinehc exparﬁnenta! dala is also ciuscussed Gorf@iﬂtlﬂﬂsf i
- _"-.nb!a?hed biepwesn the fim transfer cueﬁ‘ments and the condmons of eiutmn are alsa prsssntsd e

until the bulk of the wood chip was removed After this, the carbon was acid washed with 3% HOl - L

o R _soluﬂun attl‘iejﬁemperature of 90°C for 30 mmutes The ac:d washmg step is neoessary o rsmove' S

| elements;uaha;s N; Ou,Ca,etalwhmh are adsorbed atmsadsorpﬂnnstage g{ﬂ]emp T

@

| - sinca’ the:r pressnos may interfere wath the kmet:cs of gold elution. From & gold alutiun point of'_‘ s o '
o ;'V'g"ﬂ the eﬂ&c’t of acid washing Is the partal modification of the AU(CN); jon palr to AUCN Whiuh e
| ..’5 V9’Y 51"0"9'1' ﬂdmfbed nnts 1he carbun and hence very dnﬁisultto elule R R

- ?Tha acid washed carbon was washed wih dlsﬂiled water o apH of7 befure being dred at 7o°c: R

for 72 huurs. The dried ¢arbon was then sized Into sevsral slzo ranges as wul be discussed later, B

- 'Before every experiment a- specﬁlc welght of the dried and sized tarbon was prssoaked in cold 2% s -
S 'NaCN and 2% NaOH [is 20911 NaCN and 20gll NaDH) solution for a Speclﬁs permd of time. N
o Presoa!dng ofthe ca?oon ln causﬁc cyamde converts the Auc formed i the acid washlng step TN
1o the Au(CN)z complex which s amanable to-elution under
- ‘otherwise sﬂateﬂ ailter presoaklng Ihe carbon vq*as washed wit
-:the elution | f o T AT TR

‘Sﬂ“edwaber toapi-l of 7before C



o ,’a‘z HESULTS'AND DIchsSloN )
. 621 Eftect of Presoaking Perrodo AT el ewns
o THis expariment was designed to exartine the eﬁect of varymg presoakmg penod on elutron F’us'- .
- porhons of abuui 209 of Iuaded ,parbon m the size range +1 70 to -2 36mm were presoaked m---' -

o e The alution mtparlments ware conducted wrth the exparlmental equrpment descrlbed in Chapter 3
L (see Figure 3 11) Sincathe mvestrgatron fncuseﬂ on e cyanide-frae AARL elution, theeluantwas - |

-~ not recrrculaied Fiow rate of the eluant was kept atd hed-volumesihollf inallthe experimsnts as o

- inthe case of the eiquilloriom expefiment. Samples were taken at speciﬂc time Intérvals for 5 or ¢

_ - hours dunng the aluhon as mdrcated by the expenmentafdata in Appendb: 3. Analysrs for goidwas -
I r:lona; by the AAS Whera requlredosamples ware taken immediataly after the main samp!e for S
- cygfide tiration. Te cyanide tiratior was performed iith 0.1M silvernirate soluton. lodide lon o

' '_ : rn‘{he form of Ki solution was used as the ingicator and agueous ammoma was used to solubrlrze- o __
- E,ihe siiver cyamde forriied. The end point of tie reaction was indicated by a goiden-yeilow turbid‘ ty
r To enstire sharpness uf the end point, the solution was contrnuousiy stired wlth a magneﬂcsﬂr o
g - _durmg the tltratron Because the worius facusad on cyanlde-free elution the carbon was wash .- i
L o : foapH of Tl;efore each test. This iherefore ellmlnated any inﬂuenoe of oatlons such ﬁé Na c ‘\ -
| __;'_et a Bacause ofthe washmg ne hydroxrde test was parfurmed R

200 o the presoakin soluion for difront perods o ime ai-20°C. Atter the presoaking period *

B ~ the carbon was waﬁhed to neutrahty before being subjectad o eiuhon atthe temperature oH25C o
i for 6 hours, Flgurqr 6.1 shows ’the Tesult- obtamed The graph has Iﬁd:catad effectively the'

o reproducrbrhty of thle elutrcn proﬁie a: constant temperature using the expenrnenta! equrpment A

_'_' _descnbed earher

* coufficients ‘as a-u
o reiatlonshrp betwee
" straight line parallel

_-fha.-aams ﬁt_te'd' thflm transfor conirolled model and Figure 6.2 hows the it fim tanfer
i tlon of the presoakmg trme It could be seen that there Is a very litte- -
he film transfer caemment and the presoakmg ﬁme The plot is ohriors!ya o
_ the presoakmg penad axis A constant k, can therafore be assumed for al |
o 1he presoakmg periogs. Consequen’rly mcould be cuncluded that the presuaklng time has no effect.‘_ _ N
Coon the film fransfer § )

e

.;1, o -

osticient as long as the teimperalurs of eluion-remains constant, Graphe
\ 'companng the predr{;uons from tha modei and the expenmental daia afe’ presented wlth the' -
| axperlmental dﬁtam "ﬂppendix 8 . e
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- 5.2.2 Eﬁas.e ui Tempemiure

- tha _elution procsss. !t IS therafore expeéted that hlgh temperamms shauld enhanos the rate nfi

. the mess of carbon ek was sujected iyeluton, I the fst sst sbout 20 of catbon was used
o _whzle 5ﬁgnf earbon was usadfur ﬁw othersat (slze rangs of oarbun uaed was +1 70 to -2.35)
e 'Howam in hoﬂwases the caxbonms presoaked In 100mlof 1he prasaalung solution for4 hour& :
C _Eachs“etof presoalmﬂcamnnwaswashsdto neutrauhrheﬁore eluhenatﬁsvaﬁau&‘temperamres :

: s -Ths data was sub]ectad 1 tha ﬁlm transfer conﬁ‘olied mcdel and ihe result from the two
S experlmemsissmnmarlsad in Flgurassa. - o

- s Indioaed i the ot roiew tomperaturs seers s 1o be e most lmiaortant et aﬁenﬁng L

) '_ Twn sets of expenments were parformed Ths diﬁersncs halwaen the lwoset of expanmems was -

IJ

o as a Func;tmn oF Tempeﬂature
e tw - l,uzmm & D :Mn 4 2!: 3
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e From thure . 3 t ca(ir kz;a seen that mara xs&wtua!‘v no correiatmn ﬁetween the ﬁ!qx' trarrsfer;"
S coefﬁclant andtemperatu;e for each sot of data. Wth:n limits of the. sxperlmental errors assoc:ated-

with the dala thg ﬂm :ransfsr cnefﬁ?:lents obtained at tha variobs témperatures can E:a sald iﬂ ba .

: . This experiment was performed i examlne the effect of Pﬂﬂicie size on the rate of elutiﬂﬂ Abﬂ“t" | .:'

T 209=0f catbon from three drffarent parﬂc!& size ranges ?ﬂspﬂcmly was Pmsmked in 100mi oithe

v Wesoaking aniuﬁon at 20"8 fnr 4 haurs After presnakmg “19 cafbnn was washad oa pH °f 7-" ;i

o _’__._befere eluton; "

o Tha data was sw]ected to the ﬂm transfer comrolled moder Tha affect of pamcla size @n Jg i

RO shown in Fgure B4

- ﬁ g

ks as a Function oF aPartcha S'Ze

Elu&lun Temperature = guﬁc, Ma{,, nl‘ Gnrbon - zu 0‘19 "Ds = 3xiﬂ 4 zis :
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N ceutdbe seen from the Fxgure Ihat there is e.s!ight eend befmeen the ﬂlm transfer eeeff’c:ent and

pamcle srze F“lm h'ansfer co%fﬁclent is seen 10 mcrease with increase in parﬂcle SI,ZG. Simllar

| - _-obeervatensheveheen made b::A»‘@Wlf’aMYeung‘" !nssuggeewdihatﬁlm transfer depends
e -_'_._-en the surface roughneee of the parﬁcle a;nd the ; ertlcle shape Thereiere, ﬁlm transjer

;.6.2.4 Effeet nf Changmg Chem:ca! eyironment. ” o

- enhencemept by surfeea roughness will be greater for the ielger part;clas than for the emeiler

e _'parﬂc!es becameef their Ierger surface area. In factcerrelaﬁons such esshemoed and Reyneids
- '_-numbere for packed eelumns pfedldEhlgher fim transfer cneﬁ'zcients for lerger pe.mcles than fer P

 smaller particles. 1 Though thereeult obtalried in this work seems to have conﬂrmed e works done _' . _

o 8 earher the fim fransfer ceefﬁciems ebtemed canbe sard to berelaﬁve!y canstant within the errers
o '.assuctated with 1heéﬂata. e g we

SRR e

.

o An expenmentwas cenduc:ed to examme ihe eifact of the presence ofsume "measurab!e cyamde“
. ondhe kinetics of elution. In this case the cgtbon sample was presoaked eold &t 20°C for 4 hours.
- Aherpresoating he carbon was ot washed beore lufon at83°C. Figure 6.5 glvesecomparaﬁ’ve
- | illush'atmn between es‘e‘*en uf weshed and unwashed earbon atthe sarne tegtpereture, o 5 o

Elutiorf of’ Unwashed Versug Washed Car*boh

lutlon Tamperahure -

-l——-""-i- Unwaahad quben

< L
: I=‘,:..:\

e

Y woshud bar‘l:nn J

=g

o Frgure 6. 5* Effect of the presence ef cyamde on eluhon at 83“0
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- froould bs seen th.sq the Hinatios of e unwshed carbon was mghnr thn i washed caon,

. | "idams‘!‘ suggested t
o Lecarbon surface.

ot not good: This

___...

that u! %8 washeﬂ bemuse of the presenca of nyanide o

RS AT ST

| F'gure 66: Model T for the unwashed carbon
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. tihe presence of o in the alutlon enwmnmanthas a modnfymg aifeut on o
i is dupto reactions batwaan the phenohcgmups on the tarbon surfacdand L )
. Ihe cyanide mn ThﬂE reacuon results in makmg 1he carbon less. recepﬂv& to adsorpﬁan lhus - E
- ja\rounng elution. Fer this, Itis expected that the carbon that was fot washad must have fastar' -
o ")nneimthanmeonﬁp -
?t couid afso be saJ A that the elution pmﬂte of the catbun that was not ‘washed confcrms tn the e : |
o [typical plaht data ﬂb tamed by Sianga and Kiﬁg2 The peak of the go!d elution only occurs aﬂar ali S

. ) The film transfer cof trolledmodel was ﬂtted to the exparlmumal data generated wnmnutme urbnn_ o

| being washed. The :sulrobtainsd 15 shown below In Figure 6.6, It oan be seenthat the fitobizined -
liye to the niaturs of the equilxbnum 1sotherm used which does rmt account for R
sfgmﬁcant changesl__ln lonic strength. o -_ S -_ e : o




R

" 63 coNCLUSION . \ S
1t has been shown in thls Ohapter that the ﬁlm transfar contrnlled mndel cuu!d be used ) t

h _'experimental dat,. The pariod of presoakfng has been found 0. hava o mﬂuence on'the ﬂlmf;' o
e | transfar ooefrc}‘ant a long as the tamperature af eluﬂun remaing éonstant. ‘Thera is wrtually no. e A
L __re!ahanship hetween the filmotransfer coefﬁcient and temparature k was:.am found that [
trahster inomx.;as with Increase !n carbon. pamcla slze very snghtly 80 mat tha. fim transferf._._:-
o cuefﬁclents ub*:ained can be sa|d to be mnstant wlthin the enors asﬁucie:ted wnth the data

0.
“

- Q‘kﬁ |

. ..}"!...'\..

| '_ '_ The Smgla solute ﬁlm transfer cuntrotled model d;d not represent gold elutibn wlth changmg“i_'_-
chemica! @nmmnmentweil R N R :

\}

‘.:.);\ Ce . L BT .

oA

e From Flgure 5 8 and ‘_rhe fgures shcm!n in Appandnx 31t canbe seen that there is a musmatch.__' -

R betwaan the experlmantai data and the model pred:ctmn at the mrtEaI stages This can be exptamad
o o be due to the tl,rf‘xa lag In taking the inital sample in the kmatlc expatiment bacause ofthe tme

" takento fil the slution column Thlereffect was not taken Into cunsidarat:un dunng modelimg But"
B _'apartfmm s can ba seen that the f:t produced by the model isvery good. o

o0

- SInce the carbnn was not washed aﬂer presoaklng bgfare eluﬁon, the chsmacal envlronment was_'
; contmuousl}fmanging. The c-hange in factﬁrs such as lnmc strength, cyanlde and hydromda lons =
. o .concentraﬂnns mereforﬂ has an, mﬂuence on gold aqﬁﬁbnum The equil'bnum :sotherm used-'{'"-"'

S huwmr was a smgia solute modei Though the mlluenee of OH ion on gold equi!.lbrium was’
I studlied in th:s mmrk. the inﬁuence of e other factors were not. Thus, the‘singla solute madel couﬁd i
ot afﬂciantiy simulate gold elutlon 1n fhe. presenca of all thesa factorsji i _ﬁ-}i i '






._ _'_cﬂmﬁn zl
o comcwsagms
o '71 cﬂmluiions R o
L The fallowan; ccnclusmns cancﬁ\aé drawn from the work feported abnva

.|‘

: solutnpn such that the h;ghar the inifial concenlra'ﬂan the fastet tha es!abhshment of . o
B equilwum and vice varsa. The equillriun attalnment nf gold adsorpuon onto cammi:i]; o
:'_.indenendentafthe Ini%i concentranon T U
Lo _The équlllbrium adsorphon behav;our ofgold and hydroxids ion nntocarbon hasbsen fourd |

5 G N Thei" _resence uf OH on has s:gmﬁcantiy suppressed the adsorption of go!d on io mrbpn o

- ¢ the l‘activatad carbnn
- f-itwas shownthatstahsucalanalyskscanbausedtemakeachnicefor mebestmodetwmch._-' DR

e

T!ziJ ﬁquilibnum attmmnent of OH is a»functloh of the miﬁal concentration df the Ol-r in ;  N o |

bﬁi physlml in namre and exothermic y;eldmg a AH nf -42 Bsk.llmul and ..14 Qﬁhﬂmo] S

L -'_,:-hanJ? produﬁlng aw:da devianon with respecttotemperature on the gold adsnrpton n;'ihles : -
L This e;gfecthas been suggested to badueto!he mudafying effect OH”iog has on the surfamaa' " R

Y has)f tad experimamal darta’*aspectaily when the data has been subjected to several models A '_ -
~ wiith different number of paramaérs 1o be eshmated From suclran aﬁalysis twasshown

‘that the Modiﬁed Freundlich isotherm |s tha best madei for the sungle solute equilibnum

o 'adsorphun of goid and OH; fon respechvely For i snlute equllibrlum adsorphon, lt was B

. found that the' General empincal mode| is bel.ter than tha Freundlich type mu!ﬁ«:omponent .

'model TR IR o TR

| A elutian madal dﬁpﬂﬂdiﬂg Uﬁ 5“”““9 diﬁusian ant ﬂlm transfer’mbs bean davelopéd Tha

B reactor mass bafance which jsf rg‘rﬁll" plﬁg ﬂow hyperbolic dlffsrenlral equqtion waéw g? -.

‘tran*‘fonned and soived us:ng the li'lod of characteristics

Ty '_The model {whlc’: 1s surlace difiusion and flm transfer controlled) was fnund"not tn be

o u ol oo T

W



- o sensiﬂve o the eurraee diffuemn ceetﬁcient. ‘Th's sug ested thet eurface dltfusren wae
o playing a fa(rly sme{I role asa rate deterrnming faeter durtng the elutren premes The mede!
FET “’_was then mudlﬁedto be fim trenster contfetled B B

£y .

e The ﬁlm transfer contrelted model wes feund o be rrery sensiive o the film transfer
R perameter arrd temperature In both eeeee the effeet wae;ﬂund to be demrnent at the Initial
o o stages of the precees The effect of temperetr.rre espectally etrengthene the eonetueien that

B ) temperature ls the meet !mportent factor irr the etutren precess A g

i 3 Data for the kinetics of elution trras generated and sub]ected o the film transfer cgmmﬂgd
R model It wae found thatthe hlmtrensfercuntrolled modal fitted the expenmental data very -
o well Predictrensofthe rnedel ha‘feshown that thrr dependence attha ﬂ|m1;ansf%|' ceefﬂcient R
e orr temperature rs vrrtually non exrstentwithtn the limits of experimental e genereted lt
- was also foung ﬂtatrhereiseshght dependenceef ﬁlm transferceeiﬂcrenten partrcle size. S
~+ This"dependence was found fo be linear with increass in partcle sizal resulting in a o
G cnrreependrng increase in the ﬁ[m transfer coefﬂcieﬂt No reletrensn.p was fOUnd bew“ e
R e periedofpresoaking and e fm e cofont.

)
ad . . S B

R --"“‘1The irlm transter eontrolled medel was feund rret to fit gold elutron data wrthra changtng

o phemieal environment, Thrs was the rewh of the equrlibrium model used whrch did not
| account ter the eﬂ@ct of Ionle strength and cyamde concentratten en the equtribrrum

- 72Hecommendatiene L eh L o L

: lt can be seen that fits obteined with the f’lm fransfer eontroi!ed medel were very good The modal t, o
. hevgever can not be used for industrial simutation purpeees yeL This is because'by waehrng the o
earben bafore rerren an artrﬁcral srtuatren ie creéted This ertuatron therefere etrmmated the |
': -rnﬂuence the‘t the presenee of cattens such ee Na', K', Gaz* et al weuld have on gold elution. .
: Obrvrously tn cyanrde tree elutton inﬂuence by these ienle specree weu]d be mrrttmel but werth

'_f’/':".
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_O..v.

. .J{ -

R . . : . R . .

- _measurlng? An mdusﬁalur useﬁxj moclel should be able to predtct the mﬂuencés _ _-tempe:awre e
L '-_f-’hYdroxnde lon. congentration and the conoentraﬁon of any of the cations nentioned ebove
_' simufténeously durlng thie elution precass This is because these factors wou1d have eﬁect on me R - o
P _equilibnum behaviuur of gold and merefo[e could aﬁect 1he Idneﬂcs of gotd aluﬁnn o

L itis therefora, recommended that tha inﬂuence of the aioove rnentmned caﬁons on the equﬂlbrlum SRR
- -behavlour of gutd shoulsi also ba axammed and quanhfied iogethem% thoss studiad m th:s work, o
By 5o doing a compgte model can be davelopad to simulate cyanide-free AARL elutxgn Aturher - B
- extension can be made to study the snmultaneous desorpﬁon of gnld and sihrer This wﬂl strengihen-__ ol
o 'the usefufnsss of tha model industrially since tne alutian pmcass lsa multn-campmnt prouess e o

e '-_.::A!so slnce cqu@gree AAHL e!uﬁan prace&e s very s:mﬂarta Zadra efution pracess thesmﬂy can'_ RS
b hurther exterded 19 ake carg of the Zadra process. Modﬁmhnns can be meds n themass -
balanoe Presented In thxs work sa as to inciuds the mcirculat}on of the eluant & pf'acﬂsed In the L

- _Berfeﬁts ofsuchan Industnaliy useful madei imlpdes easy p!atnopllmlzaﬁon aﬁdcost anaiysls Thls'__ __ ?_7_ S
is [EGaus& t‘:amputer basad techmqﬁgs ganybe used. and this wull aid the xxéminaﬂon of many -
o 'sce{nanae during plant design and operaﬁori By the | usa of computer based technlquas }d;tead cf'.' - - o
- manualﬁ)mcessanalys;s and demgntechmques, uptlmum ut:ﬁzation of resources carrba achiaved : -

U _' Fmaily tne elutmn mudel developed is st;li ataprelimmary slage and wull have to be funhsr wurkad--: .}f:f ; L
- _nn tu be of valueio industry
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