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The inffuariCa of'temperature on the equilibrium adsorption of gold and hydroxide ion at elution
conditions was examined. Experiments. wercr"C(mduct~d for .R21!1 siQgle and mUltiple' solute
adsorption of gold and OH' ion at the temperatures between 80 and 120°C. For gold concentration
levels of betv/een 0 and 600ppm were treated while the hydrQxide ion CQi1~~ntr.at1M!a\iel, was

'? .... " .. . . tr . -e-,

betwesn 0 and a.arvl., \\ "0;,

!
o·

Three (nodeIS'We(~ emp\byed tOlmodel the equilibriuty1 ~dsorp~on of each solute at the single ~~Y'i,lJe
level. These consis,t oHhetreundlioh isotherm1fF1)dhe Modifieq Freundlich isotherm (MFI) arltIJhe "
Linearized for~ of the MFr(L.MFI). The Modified Freundlich isotherm allowed 'the asnr.1ation of the

Q change in the fte,at of reaction of adsorptrQn, &H, and for gold L\H of ·42.63kJ/mal was estimafed
while -14.86kJ/mol was.estimated forOH', These figures,'obtained confirmed that the. adsorptionD

process is significantly a physlcal.on~, In the case of the multipt~ solute~adsorptkm, the Freundlich-
type mode! and a General empirical multi-solute model yl{as Used for the modelling. :,

\ \
'l '___- _ ___ I '}~\' _ __ ____ _ _-=

Rigorous statlsticalmethods were employed to discdmiriate betNeen the models. It was foundtnat
forthe single-solute adsorption, thE!"Modified Freundlich isotherm is tha best modelANhile Jorthe
multiple-$~Iute adsorption, the ~enG\fal empirical model was better than the Freundlich-tYpe model.

~ 0

Kinetics of elution data were also generated with models depending upon surface diffusion and film
transfer also developed. A plu~ flow model was also ,developed and shnplifled using the method
of ,characteristics. These models were solved simultaneously coupled?;ao the Modif.~·;d Fr,eundlich
isotherm to simulate the exgerimental data obtained. It was obselVed that the mod!~1was less
sensitive to the diffusion cq"gtficient bence~Gt1t1ace diffusion was eliminated. Thi~ rnodifiootion
Jmplies, that only film. trans~r affects the process:~jThe fiI~'transfer contralled.,n)odel was fOU~ to
represent the expenmental data very ,well., ' "
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CIiAPTER 1
INTRODUC1l10N
1.1 GENERAL ~ACKGROUND QF lHIE C~~~ROCESS

The absence of an efficient elution process (one which does not destrQY thE-) carbon) militated

against the development of large scale use of carbon for the recovery of gold for a long time. The
birl'h oftha Carbon-in-Pulp (CIP) process is the result of the patent due to Zadra1 on elution, This

r.

patent led to tM davelopment of a significant fl~wsheet for CIP which was first implemented on
large scale aU-lorl~e$takeMine, South DaJ{ota,U~ in 197';/-,

Figure 1.1 shows a schematic diagram of the OIP pr,pcess "
\ \ "
\.1

\\

The OJ? process r~overs gold and silver from slurry streams by contacting the pulp with activated

carbon. As can b~ saen frOm the flo\\'Sheet in Figure 1.1, a conventional cyanide leach prscedes
the CIP circuit. The Circuit consists of three unit prooasses namely; adsorption, elution and
regeneration.

The op~ration of tho adsorption pr,pcess consists of a number of weli mixed continuous stirred lahk
1;-,0 . . . ',. . ,.._./J

reactors (CS)"R) in series, Leached pulp gravitates through this series of reactors. Carbon is \1

retain~ in each tank by means ota mec~anical screening davies while the pulp 11)9wsthrough tho
tank. The gold and other species in the solution are adsorbed from the pulp onto the activated

".,' " . .' (Y ,< n

carbon as the pulp passes through the train of contactorsi (? (,~ , "

The flow of carbon in the t)rJsorptionCircuit is periodic and c(lunter'buffenl..J the flo~ onhe pulp.
This \)ntermitt~nt manner jr,( Which the carbon 1$transferred causes the adsorption process to be a

,I

dynamic system, in Which steady-state does not exist.

loaded carbon from the adsorption stage is conveyed to a stripping vessel, where the gold and
silver ara stripped from the carbon into acuncentrated pregnant solution. This stage constitutes the
elution process within the CIP process. Three techniques of stripping have been developed which
are the Zadra, the MRL an~ithe Organic solvent processes. (These processes will be discussoo
In df)~iI in the text)~Ali these methods usa caustic cyanide solution to strip gold and silver ;'1 the

I
l' . '

form of Au(CN)'2 and Ag(CN); respectively from the caroon at high temperatures. Recentiy

"



SUCC~, has been achieved the. MRL ~nd Zadra' elution processes where stripping is done
without cyanide. Goldand sil~:erare recovered from the pregna~tsolution by either electrowin!ling

(),) . .,

or'zlnc precipitation.

The third unit process ig the CIP is the thermal regenerati~n of the carbon. This is necessary in
order to remove the inorganic and organic impurities that are adsorbed during the ad$Orption stage ' ,,?

and are not removed by elution or acid washing. Thi~ process involves,the heating of the carbon

to about S500C for up to 30 minutes.in the absence of air. The reactivated carbcm'is screened at

about o.smm to remov'i} th(;1fines before being re~vcled to the ~dsorption'circuit.
',:-,

o

Zinc prooipi@ti~n pri9t to j'iltration I\as been the main recovery route for gold before the
O ... 'j_

development of CIP and it's rel~ted processes such as Carb,pn-in-Ieach (ell), Resin-in-pulp (RIP)
\I

o
at al, But CIP has now become the most preferred route. This is because the CIP process has

demonstrated qetter efficiency in terms of capital expenditure, operating cost, gold 'recovery,
throughput rate and are constituents as compared tojhe'zinc precipitation processj•10,

1.2 ELUTION: A HiSTORICAL PERSPECTIVE

As far back as 1927, Gross and Scot1 made presentations indicating the use of wide range of

inorganic compounds for eluting gold-cyanide compl~x adsorbed onto carbon. Zadra in 1950 made
() ,;_:, .. 0 . >

a breakthr~pgh by effectively eluting gold from carbon with alkaline sodium sulphide at the

Jsrn~rature\~f~3°C.Irf1952 Homestake Mines operated a modifietl2adi~process which utilised
. . ... /C=""",

caustic cyanide (NaOH\NaCN) solution at atmospheric pressure and temperature of between 90 ,~
and S3°e to elute both gold and silver.

After a series of laboratory investigations, the MRL process was \~Iso developed by the Anglo

American Research Laboratory in 1979. The process makes use of pretreatmentof the loaded

carbon with hot NaCNJNaOH solution .and elution of gold and silver with softened or deionized

water.

It is remarkable to note that the use of ethanol and certain other water mi~ible organic sSlvents"

in elution !las been ac~~~. It has been shown that when a small portion of acetonitrile for
\\ Ii

2



i/

instance is~,added' to aqueous cyanide 0 solu~.on significant •.(ieso(ption ca~ be offected at

temperatures, such as 60~C1,7.The uss of these organic solvents h~. been found to be more

economical than the 2adra and the AARL methods of stripping. But the necessity for recovery of c-
.,0;::)

the solution and its attendant fife hazards have militated agaiijst its large scale usa.
" '

1.3 PROCESS, DESCRIPTIONS
(~

1.3,1AA~l PROCESS
c

(After freeing the carbon from. slime;wood fibre and plastic material, which Will affect the elution

efficiency, the carbon is loaded,into the elution column for acid washing. Acid washing by 3% He!
at the elutlol1 t~n)perature of i10 to ~~O°C (recently 90°C) therefore precsdes the process. In fact,

0' E

currently plants have best) designed to acid wash at ambient temperatllres and this may be done

after'lhe elution' process, Th~~~~)tacidds discharged into the ad§orptfol~ circuit while the acid
o() .. ' .... , . .'- "7>.... ~,.._.\ , _ L;' _ .-•._. _'. _' .. -_ ' _ (/, '. _ _ _ '_, __ .. - _ _ '

washed carbon is preheated with strong C9,usticcyanide solution (2 to 3%NeCN & 2% NaOH) and
';i \ _ (J

the carbon Is allowed to "soak" il) the reagent for abQut 30 minutes. Goldis then stripped from the,
a D

carbon by '(he use of high quality softened or deionized water. having low iqnic, strength k<30OgIt

oiNa) for B hours. Gold in the columnelua.te is recovered by electrowlnning or by zinc precipitation.

Figune 1.2 shows the flow diagram of the p~ocess.
\\

(\

'\
1.3.2 ZAD~ PROCESS
The Zadra pr~ess makes use of continuous circulation of the eluant through the elution colUmn

and an electfQwirming cell in series. The eluant made up of O.~tto0.5% NaCN and 1.0 to 2.0%

NaOH is pumpecl\~ the elution column and this is preheated' by the solution leavingJhe column.

The temperature is}i~nraised to 120°C by the use of steam heat-exchangers1, After stripping the

gold from the carbon,')~ solution is cooled in the incoming heat-exchanger and further cooled =
to. below its ambient bonip9 point in a cooler heat-exchanger. The solution then flows to the

(§, electrowinQjng cells normal'YbY gravity where gold is won from the solution and fiQ,ally ret4rns to

the elution column feed pumpS·..(see Fig 1.3,~

l)

The process exhibits slow kinetics 1 taking up to 50 hours for satisfactory elution. This does not only

necessitate large stripping plants but also result in a significant lock-up of gold values in the plant.
,

3



)\i~o despit(Hts simplicity the Zadra system requires understanding aop clos~CO~jr~DtQ obtain
CO~)istently gon~,result. Other problema areas include: i ', \ i ,~,

. ~
II -,l i.1 .: '

t conta~~inant buildyp inthe eluant whi~11may severely restrict th(1 el~tlQPunl~ssa
high bf~ed off rate is maintained,

2. water ijalanc91 in th~ circuit has oftan been a problem since electrowinning is
~. .. ~:' '~. "0' .i

conduct~\~ near 1OO~C.
,.. I'

\\
'.\

High silverIo gold rati~\On carbon may also cause P60bl~~$ in the Zadra process. Silverj\is more
easily eluted fro'm cartlQ\ than gold and hence it is the first metal to report to the electr'Pwinning

cell. Since the silver is al~,o reduced electrolytically (in cyanide solution) gefore gold, there is the
\. • ' .. "0 .h"

tendeocy in the process t(\I recycle nolutiQn relatively high in gold conoentration. This eventually

reduces the effectiveness e'f th~t>lluantto desorb gold. T() achieve satisraptory result it maY"be

necessary to prijcipi~tethe\ilv~r \~ftha sul~hideteg Na2S) bafore electrowifining.\ \ .
\ "
\\

,1.3.3ORGA~,!C SOLVENT P~~CESS. \,\ . _ (I

ThisJs ac\I!,oJ11.a v.ar"'ti~.n....of the ~dra. and.thaAAR .....L PfPC.esses in which the eluameontalns laf(Js
amount of ol'g!!nic solv~nwlike rr~anol. ethanOl~~ aCl$)nitlile.

'\ .. /) .

A typical '~rganic solvent process C~\~iS~) of }he us~,of a ~ixtur~ of 400/0 v/v acetonitrile-water
containing \~% NaCN and O.Z'A, NGlOH~?'1a flow rate of 0.25 bed volume per hour at 25~70°Cto

i' ". {

elute a column of loaded carbon. The cat:l1qn is normally pre·washed with acetonitrile-water without
I \\

cyanide to ~;aturate the carbon with ~ce\ton!trile prior to elution. The procedure produces greater
_ _ < . .. . . _ . _ _ __ : __ ' 1. _ '\

than 90% desorption of gold in 8~10 h~)ur~)at °rDoC with approximately 85% of the gold recoverable
" ("\ •.• '. ." i \
I"~in the first bad volurne of solvent., i .

\.
'\

1.4 OBJECTiVES OF THE PROJECT

stange and Kingg indlfatea that as it becomes more exp~nsive,in terms of capital, labour and

energy, to design and bperate .,mineral processing plants\the need for optimugl utilization of

resources becomes more pronounced. The \situation is intensified by the falling ore grades, Plants,
are therefore complex, making it difficult t6 ensure that deSign \~nd/or operation of a plant is

4
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'\ optimum,eSPeci~IIYWhe~lusin~m~uafprQoessa08Jysis~ndd~s~ techn~u~s.Comput~r.~dc
\ techniques called simulati\?n allow mtlny more scenari(}s to be examined and assessed, during plaht
\\: . " ' t" _ .,' d''-. - ,;' _ ' ',' ' --.~.-_-_;-_--_- ,'!-~
\" design or operation, henc~lincreasing'ihe probability of locating the optimum situation Qfllhe p!ant.~\
,,'\ ii\ ' ii' ';

o \' i)

\, \1

Cd~pute;sirnulatlo~S can\\nIY be done~naprR~geScsWhen appropriate m~thematical mode.!s are
availa.lle to describe the pl'p:cess.Modelling is therefore the ~ctivity of_developing amathemati9~1

. process Squationthat ProVid~ an a.deqo~t~quantltati;~de$c",p!i.Oh ~f!hat pr~~. Simulation 1lj
the act of applyingthe model t~predict what happens fa the real Situation when changes are made

\~ " , 'I' 'II, . ,,>-,,

in its design and/or if ChangeS~occur in the operating condition. The purpose of the mgd~;~;'\~U,_
\ therelor~be'!o predict numeri~\values ofd~pen&lmtp1Q"l'SSw:o\lbles on.the bass of Val~,)j';

\\ relevant independent variables 9.:\~\dlJ10del par~meters, -\ '
\ ~,

...\, thEfprooent work is a mopelling1,M1Y lIlat focusW .on'f.e ;anid~-fre~ MR~ .JlIlion proc?$s
\\1 thrgugh fundamental study of the ~fctors affect.ing, the process. Engineers' and scienti.sts hal(e

\~~~\attempted to develop mathematical~ models gescriblng trw ladra3
,4,5<G , ,and;,the AARe;9 :lution

'p~ecesses but because of I.imitedda~~llsedthey hav\~been considered to be inadequate, o
'\\ \' '. ,=

\ :~::~~:;:!,::~::g~:~:;~~~~~tl:;:.::~;::=;~;~;~~:~~~:::;~
"\\ column h~~e ai~\erystrong mfluence on\~oth eqUIlibrium ,Iso!hermand klnetio parame-ters. The

\. ~~lfiC ObjectiVe~~~e study Were: \ .." c • '.

\ 11 To qUantI~'tQe effects of the pr~;senceof hy,drOXid~ ion and tempetatureon theigQI~
-. .' \ I

, ii equilibrium ad~oIPtion isotherm Jt1der typical elution qondltions. ':\'~\':i \. ~, 1\
• '\ '.,;. '\ ~\ i"

\ I ",~ \ 'I \\
:'\:l To develop an equilibrium mvdal)Fpr gold adsorption onto ,carbon ,taking intoi\~

\~ >;., \\

\\, conslderation'these factors. \. \\
\_ - r:>' . (;) \';, ~

~ ~
T~~rl~rate kinetic of elution data by performing experiments, under different

cond1ti~~s so as to get mass transfer parameters unqer the~e conditions.
';(.

~".,'.
'':~,

To use the lab~atory data obtained from the equilibrium and Idnetic,experiments to
-"'\",
'\

'""~" 5
"

~\

'\
\.
\\

o

c



t = ;,'

dew:rop a cbmpr~enslveelution~otlo(the cyauide4re:AAf\~elutionprotef... r:

Attention is focused on cyanide-free t.Jlution because 'of its obvious economic advantages. Ap~t
from the factilhatabout 37% of the total"operation cosi" would 'be sayed as ~)e$ultofelimination

of cyanide from the piOCG$S,' it is expected that safety would also be enhanced if{the absence ot·
,-;::} . <0

cyanide. It is therefore hb~~~.that such a kinetic model could form the basis of a generaldesigl\ 0

-c: and $imulationcprocedurel~; the cyanide-free'AARL elution proc(itss,
,(

Q

l.S ORGANISATION Of THE IM~fIS ",
Chapter one gives. a' broad overview of thee CIP procesS and the hi$toriCaI"d~yelopment.of the

,
elution process. Itfurther di$Cusse~ the various elution processes and tQe objective of the study,.

r)

Chapter tWo discusses the chemistry cnne elutiorcproces$ and the factors affecting the. process.

T~s c~~Pter also re(Yi~W$Jhe P~,~~~W~,\votWd~!1e onQthe modelling of "the elution pr~ssand
analyses the shortcomings and hmi!f~lons5)f the models developed. Chapter three (~scnbes the
experimental equipment used ~d th~$oice Qtexperim~mtal technique fot the equilibrium work.

"Chapter four describes the rrlod~l!r;tg of the. equilibr.juni' data generated at both SIngle and multr·
'. '. . "If ...• '. • • . . . '. '.. '..".'Gcornpon~nt levels -, A 'rigorouGj~tatlsl(car Wethod for ,~iscrirninatfon between the models is also

inbi~Fe~(?ha~t~rfive desprib~show the kinetii~ mod~lwas defivedr:and sensitivity aOF1ySiS o! t~e"
modal wfth respect to some of the parameters. Chapter six presents the modelling o'f the kinetic

'", '," , \; (I. ..' .,,: : . .•... ": . ....,.. .(> ~~,it~~. . .., (I

data. The last .chapter summaris~s the impor;tant findings and conclusions of the. study.

:!.I

6

o

,I,~



~RlESH CA'iSqN ii}.~SOePTl()N
';, 0 ~~ECTION ~-....

r'

LOADED
CARBON'

ORE

!
IWOOOCHIPS
~~EENS CYANIDE

(1(..,

t,A!IR"""""""',.....,· .._'" ~ ....~o ~~~~ __ ~

CARBON

BARREN
SOLUTION

CYANIDE,
ELUTION

BARREN PULP"
TO WASTE

PREGNANT
SOLUTION

7 "

(,

ELECTROc>
WINNING" '.

~ SCREEN~ GOLD & SILVER
.: TO REFINERY
Figure 1.1:Flowsheet of the elP process

CARSON

[ ~~~f6':-



LOA DEfiYCA RBON 1
ACIDWASHTO lr-wlSTE+--- .........-----,.._.,;"""'-',.,.,....~~::::

[3!!> NaCN lcr..3". MaOH ~ .r, ~
c (I

,;"'-

°iELUTION
STORAGE

q;

~

ELUATE TO ~ ; '""""
ELECTROWINNING

()
,0;:

I. .STEAM

Figure t2: Flowsheet 0,1 ttJe' AAR~ elution process
,~) ~, r( "~ . 0

8 (~~

o

I
ELUTED.
CARBON

Q

(1

CS:

D

'!fl



r-;,.

/,
'-<,./

(:;
(,

Q

o

/1.
-'

ELUATE

l~'

ELUTION
COLUMN

STEAM

/-.." -.::._

r"
fl ELETROWINN1NG

GEn

~-=-~,

ELUANT

~h = ,,;,!GOOt..1NG
WATER

Figu're 1.3: FIQw' diagram of ·'the Zadra ..eluticn process
. l)~

t)

FLIlSH
VESSEL 5}

o

c>

CI
'" 0

() (i

t)

~

(I

;)

'"

v !)



( I

CJ

o

o o

C:.'

o

o

c: ·f'

CHAPTER 20
J]TERAitlRE REVIEW

\) o
(J

"6

.'1

1.1

\, (/

,')

c),·

o

()

(),

Q.

c

o

\')

o

(j



o

CHAP1ER2
UTERATUR\E REVIEW
2.1 AC'W/A1!ED eAR~ON Q PHVSICAL ,STffUJCTURE & MfCHAN~SM Of

" 0

AOSORPTION/EUJTION

Figure 2.1 s~ows ~physical pictureof the carbon structure uoo~r ~d~orption.Phys!cally, the carbon
particle contains a cOhlplex netw"rk of pores which may btrciassified in terms of nominal diameter
as macropores} mesopores and. micropores:

Macropores

Mesoporss
Micropores

[.:'-'.-.

50·2000nm
5 ..50nm

0.8 - Snm.

This classifl6atioo is however arbitrary and usually depends upon the in$trument or mSlthod used.

Since the surface bounding cylindrical or irregular shaped pores increases considerably .with
decreasing diameter, i~is the.walls of the .misropores which contribute the major part of the internal

q

surface area of the carbon. The macropOres essentially seNa as liquid 1IIIed ducts within whiC~;
adsorbate molecules are transported by diffusion to the mesopores and~rriicropores where most ojl
the adsO~tion occurs. Th.s micro"structure of the activated ca~oh cantherefora be seen as a'arg~i
numbel' of micreJ"?rystaliitas interlinked by \n1,ipropcr~$,mesoporas and macropores. II

if )}.j; .'. " r: If

From modelling point of view, many Inve$ll~atorS'have used a single rate exp~ession to descri~1
the ad~iOrption of gold onto activated caroon.1. Van Deventer11lhas also proposed a branched por~~

model in' which the msc'ianism of adsorption is assumed to be multi-step with different diffuSiol~

A9chanisms for the macropores and the micropores respectively. This approa.ch'was used byv~~
"W .~~a19in his worl( on elution. I} 11

"l!
II
iI

From I:igure 2.1 four transport proc9ssas that take place In' the system are distinguished. Theslf}
are film diffUSion, pore diffusion, surface diffusion and adsorption. Since elutlon'dasorptio~ Is merely

":/

the reverse at adsorption; jhe trarllspOi1 mechanism would be as follows.: desorpHon. surface
diffusil)n, pore diffuS!'.iI11lr1d film diffusion. These Mechanisms are defined as followss,:

FUm dlffu~!on is the di~lsion from the bulk liquid phase through a hypothetical

10
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hydrodynamic bouhdary layer or ·film surrounding the particle.

Pore diffu~lonis the transfer tMt involves diffusion of solute throu~h the pore liquid of the

particle.

Surmoo diffuslo.njs the migration qf the adsorbed moleculel$ along the internal. pore waiL

Ads@rpti@b1 onto the-'jntern~1 carbon surface. Desorption tlherefore is stripping from the
internal carbon~urfac~.

(0_/

As shown in figure 2.1 the pore and surface diffusion ;wech~njsms act in parallel. Levenspiel34 has
shown thatJNhen mass transfer tal<es place through a number of steps in parallel or in series, the-. ,

rate of the parallel steps are additive. He stated turther that the overall reaction rate is determinf3d
by the slowest or rate determining step in a series of mass transfEll' and reaction steps. From this

the effects of pore and surface diffusion on mass transfer are thefl~fore additive.

From the Figure, film. mass transfer mechanism aets'in series \J\,ith the intraparlicle (pore and
"

surface) diffusion mechanisms and the adsorption reaction.There~rore ilia slowest of these three
'.

mechanisms ~puld constitute t~i$ rate-cootrolling mechanism. In faality, the rata controlling
l/ ... ~> ,I . CJ

mechanism changes with· time. For adsorption i(is §uggested i. that the overall rate is often
. II II 0

deterMined at the initial stages b.y film mass transfer mechanism ~lndthen by internal diffusl6h35•

The reverse will be true' for elution.

It is a well founded assumption that surface diffusion controls intr~~cle diffusion and that pore
diffusi()t1,can often be neglected under th~followingconditiops: ":'

- II"

a. when the ad:sorbent has a h,lgh affiniW for the e,dSo~~te,
b. when the adsorbat~ is reversibly adsowoo, and

when the ad~rbate has a favourable isotherm31•:C.

Youn,,42 has defined that the adsorbate will have a favourable iSf)'lherm jf n, the er.ponent in the

Freundlich isotherm is less than 1. For ~ a91rvat~ carOOn~aurOOY~lnidesyst!;)m all three conditions
abcw are true. It is stated that pore diffusion will only be dominal1t under conditions of high ppre

fluid <1Qncentration. Van Deventer18 an~,Van deriMerwe19 in th'ir modelling work eliminatEJdpore
! I

diffusion based upon these assumpti~.,ls.

'12
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2.2 THE CHEMiSTRY OF ELUTION
The best understanding of the ~dsorplion/elution mecharlism is summarised in Equation z.tfrom

,,',- . .,_, \\

?'\
M7:q) + nAu\~\cN)(aq) ql> M(n .•) [Au (CN) 2] n(ads)

()

2.1

{wpere M~~ could be iops like K+, Na', Ca2+ at al}. Adams has shown that this adsorption equation

is tht:lrmodynamical!y reversible. Thus chemical and physical effects which enhance elution will
therefore inhibit adsorption and vice versa, These factors therafore forra the basis of the $Iution

c. ..... , , . . .::,' " 0 "-~~t).-, ,,-:";Jl

process and they are as follows: C) /i<:,. t ~~!iLc"
/ 'i ,~

.' i ..
'\ ;,-y"1. temperature7

2..ionic strength,

3. cyanide and!;hydroxide concentr~ti?n$ and
u

4. organic solvent.
,. ./" ..... _ ,ii, .! ( .•,

The effect of these factors on ejution will be discussed later in th~ chapto(.IJ' ... . . ..,... .. ~"
\i

As saenfrom the chemical equation"'abqvs, gold adsorbs as an Au(CN); ion pair. For elution to

be favoured it demands that the solution·must have low concentration of $!JI~h}Pectator ions like ,.

Ca2+. Na+ et ai, henceJow ionic strength. By so doing thE!~quillbrium reaorlort above will tend to

shift to ,the left favourif elution. Under low pH conditions the Au(CN)i complex tends to form

AuCN which is dIfficult ~~"f)Me.There is therefore th~,need for the solution ill'volved in the elution

Dprocess to have a high pH which connotes a basic ~nvironment. Tills will mean that the Ionic

strength of the solution will invariably be high. Further the presence of CN· Sind OH· ions have G

modifying effect on the surface of the carbon structure. This results in enhancement of elution.

However, high c~·and OH" ion concentration results in high ionic .strengtf, which will in turn favour

ad$orption. Elution is therefore an attempt at arranging these faGtors so that gold is successfully

desorbed.

Ii
2.3 FACTORS AFFECTING T'HE ELUTI(.\N PROCE;SS .,

Davidson 11 S!!_9J!ested that the AARL procedure i~,essentially a chromatographiC;: mechanism

whereby metal cyanocomplexes are sequentially dssoibed from the preheated carbon using an
i'
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ionlc~trength gradient as a means 6f effecting elution. Because of this mechanism, t'Oth tho.plug

flow M eluate through thl~ system arId the geometry of the column play an imporlCl~trole. But from

Van Itler Me~e's19W9fK the above !assertion has been put in doubt. The above oonc'~Jsion might
II ' . ..•. \' G

hav~. been drawn as resl!lt of by-pt;lssing of son~tion through the column. While temperature plays

perhiaps the most significant role in gold elution (Zadra & MRL processes), the parameters
;\ ',.. .' u

affecting. elution are interrelated 'to some extent thus making their eyaluation and definifion
ii ',. ,. -_ -. ..J} - :;1;

som1~what Campls)" ,l \~li
I (f I
l Ii)) I,

(, ThiS::jS probably the mcst Important variable. An increase in temperature results in a significant
11 -'. .' (~

dec~~ase il)!J'~~~6orptive power otcarbon, The exothermic nature of the loading of gold is typical
Ii ~" •. ". •. .• ~f ., 'C • .. • ..

of m:~srheterogeneous j~d~orptive proce~e$;/Jhus all operating elution procedures are carried out
'~~

at ell~vated temperatures. Both the Zadra and the MRL proc~es operate above 90°,0 and 83%

of ~~ MRL ~Iution systems in South Africa, for instance, 'operate at 11ooe or atxwe. Because of

the' I~ightemperatures under Which the MRL eiutioh process has to operate it thus bas to'tle a
II 'prespure process, "

2.3.l! IONiC STRENGTH
As i6dic uted by the chemical equation abow~, gold is normally adsorbed onto carbon as an ion pair

)! .

of ~Ietype Mn+[Au(CN)iln' The presence of! ionic species liI<e Ca~+, Na+ Elt al in the adsorption
, [ ,-

meQiiUlI/generally results In an increase in the loading capacity of carbon and this effeG¢ is found
l'

to dl~pendon the type of cation and,it's concentrations.

Hence, desorption is favoured by conditioQs of low Ionic strength and the absence of Ions Ii~e Ca2+
andiMg2+ ,which enhance gold adsorption. Low ionic strengths tend to shift the equilibrium reaction

11 . (I

to tl~e left favouring desorption1. This forms tl1e bssls of the MRL elution process in which the
I';

pre'reatment with hot caustic cyanide converts the calcium ion pair into the less ~trongly adsorbed
Na~tAU{CN)2]' which is then eluted under the conditions of low ionic strength produced by the use

': . ,L -', . .

of d:eionized water. An ,increase in ionic $1r~ngth therefore results in a decrease iri elution rate',

2,3.3 CYANIDE AND IiYDROXIDECONCENTRATION

The (:~,pacity of carbon for gold adsorption decreases with increasing cyanide, and to a lesser
Ii
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exterlf,'hydraxide concentration. Adams3 has postulated that tile presence of these ions has surfacet
charge effect on the carbon. This results in the reduction of the adsorptive capacity of the carbOn.

This effect forms the basis 0,1 the zadra process in which caustic cyanide at high pH is used to shift

the adsorption equilibrium to favour elution.

The eluant composition hassn effect on the rate .of elution; with the/opposing influences of cyanide

and hydro)cide concentration on one hand and ionic~trength on the other hand. Adams3has shown

that as the ionic strenQII; jfltreases, the rate of elution decreases and that it is possible. to psrform

elution by using only hydroxide or cyanide solution alone. Also the rate of eluDon increases with

increasIng concentration of either cyanide or hydroxide ~t constant ionic strength.
Q)

2.3.4 ORGANIC SOLVENl;i
(,..'

Attempts have Men made in which various organic solvents were added to aqueous solution to

promote more efficient desorption of gJld. The studies proved that even at low temperatures, gold

can be' eluted in the presence of high concentration of certain solventS. Ada.ms3 suggested that the
action of organic solvents in elution is due to preferential adsorption of the organics on the surface

of carbon, displacing the adsorbed Mn~TAu(CN)2]nsp~~Cies.
'..',

<, <,;~

2.3.5 WATER QUALITY AND ACID TREJ~TMENT

It is shown that to maintain overall efficiency, hot acid washing of the carbon with dilute HCI prior

to gold elution is essential for the AARL elution procedure 11. Investigations haVe shown ~'ilt cold
I /.

dilute acid will effectively remove calcium and zinc from carbon. Hot acid, at about 91 fe, will

remove calcium, zinc and nickel together 1Nitha large proportion of iron and silica. Gold, silver and
copper are not eluted from carbon using II~oldor hot acid.

\\
\\

It Is reported6 tl1at cold acid washing results in the limited formation of an AuCN type species, the

reaction being considerably more marked when hot washing is employed. From a gold elution point

of view, the AuCN formed is very difficult to elute. Adams3 has shown that after the acid washing

step only 50% of the loaded gold on the carbon can be desClrbed by regional water. To convert the

AuCN formed into a state that is amenable to elution, preso81king is employed. Presoaking converts
the AuCN to Au(CN); whiGh is easily eluted with good regional water.

15



Apart from the removal of calcium, zinc, nickel at sl whicll influenc9 goldi elution kinetics, acid

washing has an effect on the .adsorption process. Without acid washing ~;or adsorption may be
encountered in the· adsorption circuit.lhis is due to the passivation of th'~carbon surface with
calcium carbonate. Acid washing destroys the calcium carbonate hence liberating the carbon for

adsOrption. Because of the difficulties of eluting!AuCN formed after the aeJeIwashing stage, some

newly built plants employ acid washing after elution.

2.41MODEl.lING OF THE ELUTION.PROCESS

Adams and Nicol4 made the first attempt at the modelling of the elution process and this was basad
"

o on the Zadra process. The authors assumed, that the adsorption and desorption of gold from

activated carbon in the presence of cyanide does not involve any slow chemical reactions. and that

the slow steps in these processes can be associated with mass transport in the solution a~p solid
c-,

pht=!ses. They considered the carbon as a homogeneous phase through whIch the auroo)\mide
diffuses to an interface where equilibrium with the aurocyanide in the solution· is assumed to be

rapid, A linear model was used to describe this equilibriLim. It was supposed that the conditions

during the Zadra process remain constant and that the process could therefore be mOdell~ with
". ... . . \'

a single, fixed ~quilibrium i$~therm. The-model was kept very simple by describing intraparticle

diffusion with ~single mass tr!lnsfer coefficient. All the experiments were performed in a CSTR.

A phenomenological m,athematica! model of the ,tate, of adsorption, hence desorption, of a

compound onto/from activated carbon must incorporate or at least consider the rate of"
c

adsorption/desorption reactions, and oHhe mass transfer mechanisms within the adsomentparticle.

These are then related to the reactor or contacting model employed ..Therefore lumping the mass

transfer and the rate constant of the reaction together is erroneous and unjustifiable. In fact the

model mixes kinetic and equilibrium parameters together and this is unrealistic. Further it has been

shown that the adsorption/desorption ~quilibrrum is non-linear even at low solution concentrationHl•

Hence the use of a linear model to describe the equilibrium of gold desorption is not consistent with
v

what is known. Also the model has no means of predicting changes in parameters under different
conditions of cyanide ion, hydroxide ion, tempsrature et al.

Van der Merwe 19 has shown that the condItions during elution in the Zadra process do not remain'

constant hence the use of a single, fixed equilibrium isotherm'can not be accepted. Adams and
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Nicol'" provided an extensil:m of their model to describe elution in a column but did not prl)\(jde any
experimental evidence for it's applicability thereof and it is therefore unlikely that the model will be
of any industrial··relevance.

Adams6 in another publication attempted to apply the model developsd for an elution column to fit

experimental data. In this worl{ he employed a column with a 5011carbon bed and the,flow rate of

the eluant was 14.9 bed volumes per hour. Though the fit obtained was good it could be said that

such a system resembles a CSTR. A further attemptwas made to describe tha'eluTIon of gold from

a 25011carbon bed a~ a flow rate of2.3 bed volumes per hour. The inability of the model to fit this

system was attributed to theJact that not enouyh time was allowed for the eluant to diffuse into the
Ii .. .,

1\

carbon. The experimental technique was therefore changed by first equilibrating (pretreating) the

carbon [r,I cyanide solution before the experiment. The theoretical curves obtained after this process
" )}.t:-"

wer&~fPund to correspond mOre closely to the experimental data. In practice, however, the ladrs

process is not performed with cyanide pretreatment. the effectiveness ot the mod,~1is therefore =
i'

questioned.

\\

So far only three published reports have been prese!Jted on the moqelling of the MRL elution
procedure. The main reasons for t~js are probably tM following:

o

I. The lack of the understMding of the pretreatment process,

2. The change in chemiqal composition of the eluate during the elution. and

3. The apparent complexity of the opposing effects of high iqnic strength and high
cyanide concentration.

The first published report on the modelling of the AARlro process was presenteDd by Van der Marwa

and Van Deventer. The model was such that factors!,such as potassium concentration, gyanide

concentration and gold concentration .at any time and height in the column were modelled
separately. {

The modei was essentially the same as the branched-pore model used by Van Deventer18 for the

simulation of the adsorption of aurO(iyanide onto carbon. The authors showed that an intraparticle-

fUm diffusion model with a shifting eiquilibrium could be used to simulate the MRL elution curves.

17



(t_ 0

The equilibrium adsorption expression was found to be a function of mainly the pretreatment

conditions, cOncentration,of spectator cations, temperature, pH and the deactivation of th'e carbon

surf~e cau$E!d by the degradation of cyanide. The isotherm is therefore used to account for the
" \\

changes in cation, cyanide and hydroxide ion concentrations during the elution proceSS. An attempt
,~ _~ _ --_ 0

was made to model gold elution from the Zadra and the MRL processes using the same

fundamental model.

In further work, Van derMerwe19 showed that an equilibrium approach to modelling could be used

in the case of 'weak adsorption", that is where'~~lVerepretreatment conditions were U$oo. He

observed that under.such cond~tion$ kinetic influences were· irrelevant; so that bie velocity of flow(~\
through the column did. not affect the elution behaviour. When the influence of pretraatrnentwas

less. prtlfound, so that the equilibrium of adsorption was higher, a kinetic approachwas required to
model elution data.

The model of Van dar MeIWe19 provided good fits to experimental data. But the number of
G 0 ~

parameters. to. be estimated are too many and the model is also too complex mathematically.

Furth~r it is unrealistic that film diffusiOn mechanism should be applied to gold elution While
potassium was not treated using the same approach. More work therefore needs to be dons to

substantiate the validity of th~ model.

Stange and King2 ·in 1990 presented another paper on the modelling of the MRL process. The

model is based on the fact thatatthe end of the soaking period a certain chemical environment has

been established which facilitates desorption. AlthOugh the chemical environment is appropriate for

desorption very little gold on the carbon diffuse into the bulk of the solution in the column since

mass transfer is hindered by the stagnant solUtion condition; This step, called the pretreatment step,
,I . .. _. .. . _ ,; _ /1

is regarded as the initial condition for the model. When the deionized water is passed through the

column, mass transfer from the carton to the bulk of the solution is grEiatly enhanced. In addition
the ionic strength decreases in the column, facilitating desorption.

The column is modelled as a plug-flow packed-bed reacto~ during the washing period with a

hyperbolic partia~differential equation. It was assumed in the rate expression that mass transfer is
limited by film diffusion and that the equilibrium isotherm is linear for )~eelution of Na+ and

18



aurocyanide complex. An exponential relationship b~~eE\n the sodium ion.and th~aurO¢yanide ion
D 0::' :1

equilibrium was also a~.\1ed.
\-. :~/,--'

The model is found to give good fit to an experimental data generated from a large industrial plant.

But at this stage the model is found tQ.:b1adequate because of the following:

1. It can not describe the pretreatment stage of elution.
2. The use of a linear isotli'erm to de§cribe the equilibrium of gold and sodium ion elution

~
is unjustified because the equilibrium isotherm has been found to be non linear
always16".

3. The assumption of exponential relationship bet\.'lleen gold and sodium ion equil,ibrium

was notprQved by any experimental evidence.

Stange13 tested the predictive nature of the model by assessing the" effect of ir1C.reasOOionic
-) ,

'l)

strength,\of the wash water on elution performance. This was done by running th~simulator with
different sodium ion concentrations in the wash water. The result obtained has shown that the

II
model is not sensitive to ionic strength. This is confradictq/y since the elution' process haS baen

!f known to os sensitive to the ionic strength of the eluanr,19. This further strengthens the inadequacy

of the model at the moment.

r;

The above observations emphasize the fact that the elution process can not be modelled without

considering tbs effect that the various factors ,have on the equilibrium and the kinetic isotherm

parametersl. Further the nature of the desorptiQfr reactor and the mechanism of intraparticle

t;ansport rl{ust be carefully taken into consideration as discussed above. Cha,terfive discusses the

way thesJ factors were taken into consideration in. the d,erivation of the models.

2.5 CONCLUSION.
o

Ii
The factors affecting the elution· process have been discussed in this Chapter and it has been

shown that these factors are lntertwine~ ~uch that isolation of anyone of them would be a very
\\

difficult task. Further, previous attempts to\~odel the elution process have been discusseq,artd the

limitations of the 'models mentioned.

The next Chapter will discuss the exparlrnental set-up used in this study and the search for an·
experimental tc~crnique.

'\
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CHAPTERS )

/_; EXPERIMENTAl SE1..UP AND CHOICE OF !2XPEr1IMENTAl TECHNigUE

One of the objectives of t~eproject i~)to stLldy the influence of temperature and hydroxide ion on

the: equilibrium adsorptldn of gold under typical elution, conditions, Tn!S will facilitate the

development of.an equilibrium model that tru~es into effect these i,nfluences. At the plant level the

elution process is a multl·solute system. Thus, the wQrk is extended to exami'ne the simuitaneous
adsorptloriof gold cyanide and hydroxide ion,under elution conditions.

r:

A lot of publications have emerged' on the equilibrium adsorption ,of gold cya.nide. onto activated
carbon1)),11.18.19,2o. Generally, these experiments were conduct~)d atambient temperatures. Hence

\j - _.' - - ,\

in gane'tal terms the aquilibriummeasur\1ment in this work coutd have been below 8000 as other

workers have done, But this would. have defeated the aim of the project since such a condition will

not be representative of tI-Jeelution condition as practised under industrial situations.
6 ' ~

Further a choice of a reproduciblcf'snd meaningful experimental technique will affect the mooel

develOped. This will either substantiate the essence of the model arnot. From the above discu~ion
the following potential difficulties emerged:

1. The need for an experimental $et~up that could be used to perform experiments above
c) 0

80°0. This demands the $et~up to be well controlled to curtail fluctqations in

temperatt.lre. It must also be properly Jagged to reduce he?t loss,
1'''

o

o 2. The ability for the experimenter to separate kinetic and equilibrium effects by. the use
of such a set~up.

3. The need for establishing a meaningful equilibrium time for each species at ~uchhigh

temperatures. This is further aggravated as isotherms have to be pellormed at both
single and multi~component levels.

I_/

The Chapter therefore describes the,.experimental set~up used and how the problems related to
such a set-cp ~ere solved. It further discusses how equilibrium time was established and the choice
of experimental technique used to obr"ioJne data.

. " (,.J ",''::
'--':" -.-
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3.1 EXPERI~ilcNTAl SET·UP
The experimental rig.com;i~ts of a reservoir inwhich tho experimental solution i~\stored, a pump,

a heating,elament, an elution COlu~"~~ pressure gauge and regulating valve and a cooling coil.

(See Fi"ure 3.1).

The reservoir is 'made up of a stainless steel tank of 10 litres vo{ume,'Duriog all the e)(perimen~,
the seMion in the tMl( is continuously~i~rred by tal magneti~ stirrer to e'ffectfttoreugh .mixing. This
ls to ensure homogeneity of the solution, that is been, pumpsd through the column. during the

-..,-,~-

e}{p~fimenm and at the time of sampling. The solution is circulated through the rig by a. high~
prsssure pump attha ~o\\f.r!te of 3!1hr.The VOIU~tlOf the minl~?IU~n is,p.75 litre hence this flow
rate is 4 boo-volumeslfiour. This figure is very co'rliparablQ to tha induStrial situation since aiY,pical
MRL process is conducted at the flow rate of fOOd volumesm9ur.

\."

o

The splutior, that is pumped from the reservoir is first heated by a heating element; !:>aforegoing
'2,

through ,the mini-column. The, tempemture of the column is rnonitclroo bi'a thermocouple, aoo
controll~ usit1g a PID ®[~~Oner.The heating .rolumn is fully lagged by fibrs-Q,!ass wool SOas to
reduce loss of heat.

.; (\ ,,;,

The mini~lumn is a s~nless; steel column with an,enclosing, jacket. Hot oil is circulated in the
}) ,,',,' '''', " ' .' :.' "" " "_,' ,-" -, " " , , -_{)

jacket to raise tha, t~mperature of the column to the desired one ~lnd,to mai\~tain it at that level,
". ,(. " 1.1

throughout the eX~'iirnent. The carbon is plac~ In a wire-mesh basket befOre bein.g placed into "
:.' , ._:::.-..>,~;',\,> r., "'" " "'0,'",' C_.' , " .'_ , •• ~ .. -);), ,'. " __ ,'_ ','" ;" /{/ ii.

the column. 1:'19nasket has been de$igned su~h that it fits tigKI.lYthe Inner diam"ter of the column
\)

so as to r~yce by-pass l)f the solution andJo enhanc,9 plug.,flow. ;!'

, , ' /'i;,;F ''''~ j)
'The pressure is also monitored by a pressure gauge. In all experiments the pressur~ was ~ve' ~ ~.

( " (I

260kPa which is high enough to keep ~team in the form of liquid 'at, temperat!.lret ..~ and above

100°C 14. This situation ensurt:)s that the eXperimental condition Of th~ solution thaHs being used at
\\ "

',,"

all temperatures is relatively th® ~me. ,Before the solution flows ~lck into the tank, it is cooled by

the USe of a water heat-exci1anger. Water therefore fl~WS in and out the c~oling unit so as to;.,effsGt
(,'

the cooling"

21
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II

3.2 CHEMICALS A~lD CARBON PREPARb~TiON
~~~~}. . .... . ... . ... . .. (,

All the chemicals used, such as NaOH, HOI et ai, ,were of the analytical grade procured
from. U\f3CHEM. Analysis for OH' ion was done by titrating the solution against ~itandard HOI with
phenolphthalein as an indicator. The gold potassium cyanide used was obtained from JohnsQn

-.'

Matthey and this hal) a gold content of 68.00% by mass.
\\
~ J
j'

The carbon used for all the ex~\~riments. was Mitsubishi virgin carbon obta.inlKi from GrooMei

Mines. Before being used for the experiments the carbon was conditioned by can~nuouslystirring
in water fot ~tleast tAla hours and later thoroughly washed withwatGi. Washin!~with water removes
the fines trdm the carbon. After this process the carbon was oven dried and thon sieved to sizes

~ '. .

bel\'\Ieen+1.00mm to a2.36mm" Before any experimental work was performed the sieved carbon,.

, was oven dried a!gain at 90°C for at least three days to remove any water adsorb~d on the carbon.
:\
I

,,II

Ii
OH" iori' alone has been conslderec in this study because of the focus on cyanidl9~frGa elution. The

presence of the OHl- ion is to determine its influence on the adsorption of gold as would be used

in elution but not its ability to compete with gold.

3.3 CHOICE Of reXF'ERiMENTAl TECHNIQUE
\\

A better interpretation is given of equilibrium data if.the time of eqUilibrium establishm\~n~,betweeri
the adsorbent and the adsorbate is known. This demands thaUhe kinetics of ad.sorption of the
various species at the temperatures between 80 and 120°0 must be studied. This'ls to help

establish the time at which ~quil.ibriUQ1;}$estabIJ~hedjSeveral approaches have been tested ar)fi
discussed below for each solute.

3.3.1 HVDRo}C!DE ION

3.3. i.1 EXPERIMENTALTECHNIQUlU

In this ca§e 3 litres of 0.1 M hydroxide ion solution was contacted with 50g of carbQin at v81rious

temperatures for 5 hours. Samples were taken at 30 minutes intervals. From Figur,a 3.2 it was

assumed. that equilibrium has been established after 3 hours. SamJIing in the\ ..aquilibriUm
'.~ : .

experiment was then done after every 3 hours. 50g of cerbenwas contacted with 0.1 M OH- s61utior, II

for 24 hours. After each time of sampling the solution WafJ altered in the st~p of 0.05M. figure $.3
('\..;

shows the result obtained.
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The Figure indicates that equilibrium adsorption of OH· onto carbOn is not affected by temperature.

This is doubtful considering the exothermic nature of the adsorptioyt process. This led to. the

development of the se\t'lO~ technique.
"-..._,_)

o <13.1.2 EXPERIMENTALJEf;BNiQUE 2 "
The equilibrium time of 3 hO~1'$obminsdfrom the flrs$ tEtChpr4us ~as.maintained.' But to gat an D

isotlieml sii( portions Jef3l1ttes a.2M ,of OH· solution WaJ$contacted with six different weights of
~rbon ranging baiWJ®~~25 and 70g. Figure 3.4 shows ~,hatwas 'obtained,

, .., . .,: ;
!

;i

The c~rves show an inverse relationship bei\voon the Gq:uilibrium loading and ,the concentration.
This relationship does not conform to any known adsorpti:on process15• A third tecHnique was thus c.

eo ::

developed: h •

,..,.
,,<.J

«.0-e
m

1,1",ItI)
t)

'0
E
E-"a

\.:;/;

0.31 CU2 "~~3 0.34 C.:U
\] q cC/M <Y'J

Figure 3.4: Etluilibrium d!,agram~dfi))10ex~rifTIentaltoohr.iQUe 2.
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3.3.1.3 EXPERIMENTAL TECHNIQUE 3

From the results of th~first two techniques 1I1afollov~ng were identified as possible $holtcomings:
Q' .' .. . . D

t The equilibrium time is too short. C:'

2. Thevolume of solurlonbaing9irculatect is to~,I~rge.
'<. ."J

'Kinetic runs were therefore ~rformed again ~fdifferel'ltlevels of Otr ion C9rtcantration (between
0•.1 and GAM). 1.5 Iitres of each solution was contacted with 15g of carbon at 80°C for fo hours.
Samples were taken after av'ary 2 hours. Figur®s 3.5 and 3.6 iIIustrafo the results obtained.

Q

v-
OH" Kin$lie Diagram

D A--~ o - •
m---D Co ::; 0.31931"1
*--kCQ = O.2010M
If N Co ::; 0.11051'1

0.9111

(,)0 ,.....
<.:I

,.Figure 3.5~OH· kinetic diagram due to axperirilanml technique 3.
\;\;! c __- (,0- ')

1\
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Thi~resultas·shown indicates that tile rate of equilibrium establlsbment is depenGant on the initial'
\ '.,<~) .,,:,.1 '.

);b~!ltSl'itrationof tfte OH' in" the solution. The high~r the initial ooncentratio~, the faster the,. /' . . ..' . .... . ..' .' . . '

. (~uUibrium attainment. This Is not unexpectaa be'cause the more concentrated the solutiort the
, , .. Co

greater the. probability of' collision ootw'een the (i)H' and the surface of the activated carboni
"assuming \hat the collision theory"js to be used tq: explain ttle adsorption. In fa~t any eqijilibrium

ii, ')f!

limited, diffUsion type system will be expected to ,',pehaveas such. Hence sines eq~atmaSs' of
), .' . I'" " .•... .

carbon is being used foOne different concentrattoll~\;the more concentrated solutions will cause the

adsorption ~tes on the carffn particles to get fiilad up quickly'; resulting in faster equilibrium
attainme2t. Therefore ~6n the equilibrium expel'im~\nt't'as bsing perf()~redat 100 a.nd115"C the
fol101jilin{fequilibrium times were used for each Initial"OH'ooncentration.
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A typical isotherm obtained using this toohnique is shown In Figure 3.7. It shows the non linear
nature of the;~9sorptiori system and the result is more satisfactorylhant~e results from the first
two techniques, this technique~astherefore used for further work and the result obtained will be

()

discussed in Chapter 4.

.....
a 0.10

o

!i

)1,
u

C / M x ta' "
Figure 3.7: A typical OH" ion isotherm due to experimental technique 3.
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3.3.2 GOLD \~

3.3.2.1 EXPERIMENi\~LTECHNIQUE 1
\

This is similar to the t{~hniquo. described for OH" ion in SectiQn 3.3.1.1. Three litres of 50ppm
"\

" '\

aurocyanide solution wa's contacted with 50g of carbon for five hOUfS at the temperatures of 80,1 00
\\

an~,~11SOC. Sampll~s~!ere taken in the interval of. 30 minuten' Figure 3.8 shows the results
obtained. 1/ J,V_', ,

Au Kiri e t.ic Dia9r~~m

1.00

-I

1.50 2.:.1:5" 3.00 ~.n. 4-.IUll
Turie/Ho,uI"Sl

\.1
Figure 3.8: Au kin~tic diagram due to experimental te<:hrill!que 1.

\\,

o •
An equilibrium time of 4 hours was assumed. In the equilibrium experiment different weights of

carbon were ~ui1ibrated with 50ppm of aurocyanide solution for the equilibrium time. This produced

Figure 3.9.
)-,\

!I
Th~t!~rves obtained have shown the e){o~ermic natuf:e of the adsOrption process, Increase In

temperature results in reduction in the arrtount of 991dadsorbed. The curves also show a linear
dependence of the equilibrium, load~n1l on file 't::>ncentration. However it is known that the

,~!.>

adsorption process (and therefore' the 'elUnon process) is nDn-linear even at low equilibrium

concentratibns11l• An'att~mptto fit the data with a linear model: Co = AC,Qproduced intercepts for
each temperature. This intercepts were difficult to account for resulting in the need for a more
meaningful technique.
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Figure 3.9:iAu equilibrium diagram due to experimental technique 1.

3.3.2.2 EX~~ERIMENTAlTECHNIQUE 2

"Kinetic runl~similar to the ones performed in Section 3.3.1.3 were dona at 80°C. 1.5 litres of
, aurocyanide soluU;p. ranging between 20 and 600ppm was contacted with 15g of c.:~rbolleach for
10 hours. $amples ware takenJat regular intervals or2 hours. Figures 3.1,p and 3.11 show the

n
result.

"
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Figure 3.10: Au kineticfdiagram due to experimental technique 2.
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AO Ktrie t.rc s interms of Loading

I) = •., ppm
eo = 32.63ppm

~~eo :: 27.otppM
Co = !94.17ppm o

Co = 4U9.25ppm
""'-.----""-,. Co = 49.33PIlIll o

7.504.50 S.OC)

C/ppm
MiO 3.00 e.ee

Fig~re 3.11.: Au kine!!cs in terms of loading.

Unlike the OH" experiment in Section 3,3.1.3, the rate of adsorption, hence the time for equili~Hum I

was not sensitive to the initial concentration of the solution. Virtually all the curves seem to have

tapered off aftero5 hours. there is therefore very little adsorption after 5 hours. Hence in the

equilibrium 9xperiment, 5 hours was used as the.contact time. The result trolT! the equiii9rium wofk

will be J;liscussed in the next thapter.

10.5

In the case of multi-sQlute adsorption of OH' and Au 5 hours wa.s;taken as the equilibrium time. F~~ ;'

each experimental run specific concennaton levels of OH' and Au ion in the same solution was
,)

used to contact 15g of carbon. The resulUs discussed in chapter 4.

The' choice of eqllilibrium time has been a "bone of contention" since n6 consensus has been,

reached by previous workers on it.. Critical analysis of the tima of equilibrium used by previous

workers revealed that the equilibrium time depends larg$ly on the experimental set~up and the

experimenta! conditions·prevailin.gin the system, For instance tho at al17 have assumed equilibrium

establishment to be after 3 hours when working at temperatures between 25 and 700e in a CSTR
~xperimental set..up. Nlcol at al12 have shown that equilibrium is not established between gold on
if
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"~\,

''"' -_ - - - - - - (,> " - ,',- ',' . -' - , -. - - - -,','- , - "- -,' -.,' -', - \~carbon and tMt in solution after several weeks of contact time when they isolated ti1~.camon in a
\\

c' .000!,et off a plant. Van Deventer16 working on synthet~9solution in a CSTR has shown that ~ kind
of pseudo~equilibrium is established after(~ weeks. He further showed thetthe ,ads,orption isotnermso
obtained for equilibrium time of a.weeks and that of 5 weelts were th~same. "he~s.xperiments
were dbne at normal temperatures. Hence Van der MelWs1&Jr}ihis,iworkon e'utio~/u$oo ,tw8eks". . " r , '.. , . ". ~,
as.his equilIbrium time working in a batch STR. at. tempera~;;eSbeiween 2p ~nd 7rf9. Fuerstenau
at al20 assum.ed that for a low gold .concentration in solution and high ~rbon dosage 2 hours could

be taken as equilibrium time.

D ~

From the above discussion it could be seen that the equilibrium {!fues selected for ,!he experiments

in this work are justified. This is becsuse the experime~ts wer~ performe~ I~f!iem~iaturesbetween
"80 and .120~Cas compared to the works done oreviously and it has baM known that temperature

" l, \

greatly inhibits adsorption, (whjch,implie~ thaUamperatbre tendsto accelerate eq~ilibrium). ~neffect

k,eeping Ihee!cp,eriment1V,~~lnglQltinfesI9119Ilr1han tile Oflll selGC!9dWOUldl.~,OOtt,.~aveYf~lded any
better result than what ~I3,S obtained. ~f~

::,

3.4 CONCLUSION
. .

A search for an appropri~te ~xperimentaltechnique'has been made and th!~)y;e!ded the tact that:
U '

o

1. the equilibrium attainment. of OWdepends on the initial concentration of the solution,
the higher the concentration the faster the establishment of equilibrium, vice versa, .,

2. initial concentration does not affect the equilibrium attainment of gold i®h that there
('.js an appreciable equilibrium attainment after 5 hours.

Based on these facts, equilibrium experiments were performed for the single and QW!ii solute
~;:/:- .,' '}, .':'

adsorption of OH"and Au. The outcome of these experiments will be discussed in thffhe>.'tphapter,
" \\

Ih \\~~" J"',,"""!~,~~:,,~ i
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M(JDEtU~!G Of SltiGLE ANl}Mt!LTa..~ClUTE EQlm..IBRIUM DATA ;)
" . -. ". . ,. -" . . ",' '. .. . . . .:.~ "

This c~ier deals with modelling of the~(~gle and the multi"solute equilibrium r'~sorPtiol'l data of
;,';1 ". ' Jt. ,:/ <" I '. (

OH" and Au resps¢tively. t ,,"
;:.

There are two main models that can bs J~adto dS$CribS an experimental clatal, these are:

1. Theoretical, Conceptual or Mechanistic Mode.1and

2. 'Empirical Model. o
t) ';7

Tifeoretical models are gener~yus~~wheD,the-pj'lenomenon ~nder study is wall under~toOdsuch
that iris possible to write itdo~n in a plauSible ~"cti~ralf~~;h,e required physicallsw$ are o~en 0
exprassed by differential equations and the parprneiElr$':1re non"linear. When the mechanism

1 \ . i

underlying a process is n~ltunderstood sUfficientiyl well or it is too complicated to allow an exact
// "

model to be postulated from the theory, empirical mooelsare useful.

Theor~tical models are more favoured in fheir applicability than empirical models as they are

supported by basic principles. They can therefore be used to predict a respQnse over a wider region
than is possibla with purely ampJrlcal functions, Empirical rnodels are therefore Iilhitoo in tha

~, '. ," "', ~)

immediate region of study. hence they· provkle shaky basis of extrapolation. Oespite this

disadvantage, empirical models can provide basis for understanding the basic factors affecting the
"

system. Hence they could be used as a springboard to the development of a significant thecretical

model.

\,

4.1 EQUILIBRIU~' ~SOTHEAMS" EXb\Mit~AnON Of THE rAODElS
An equilibrium isotherm is a mathematical expression relating the coooantration of the 6rtsomate,.1

in the liquid phase with the concentration of the adsoruate on the adsorbent at constant

tem~rature.

Care must be taken regarding the interpretation 91\\'60 tQ th,$ ability for a particular isotherm to fit
\." 'I

experimental data, The various isotherms have been developed based. on fundamental assumptions
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regarding lhs"nature of the adsorption system sa as to give the equation a theoretical basis. But
OJ

these assumptions may not hold for a complex, heterogeneous system like the activated carbon ..
\;0

aurooyanlde system. Hence, the eq'uations listed below must bs treateq as empirical or "fitting"
models with the various parameters deterrninsd from regression on data sets rather than by

I,ll

irldepandantmeasurements of fundamental parameters. Therefore if a particular equation fits a set c

of data well, it should not be concluded that the.l:heoretical baSis af1l#rt!~:l the model haUooen
" ..... .iI, [.' "",::: . .,_", :;l

develops~ applies to th.s system in question, but rati,aril1e equatIon is ag. },jempirical model for
that data set.

1. Linear Isotherm,
00 ::: ACo

2. Langmuir Isotherm,

00 = {A Co II {B f Co }

3. FraundUQh Isotherm,

Oa '" AO~

00 :: Equilibrium loading (g I t of C)

Co == Equilibrium Concentration (ppm)

The linear isotherm has basn used by Nicotetal12 to describe the adSorption of gold tlnt'Oactivated
i _- \' J

carOOn and it was based on the assumption that the isotherm can be used at low cpncentrations.
~, (I

But as Indlca1ecl earlis,r,,'sxparimamal mA9suremerds have shown that gold adsQ(ptlon Is non-linear
'-, \\

at low conc~ntrations10.
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(l 0 The l ..angm&lr isotherm Is baF,ed on the assumption of mono-layer adsOrption' on' a fixoo number
o .. ~.:J

of equiValent sites a~d no int/Jraction between adsorbed mol&'Dules. At loll'l!concentratim1s tMrefore,
,~

tHe ~?ngmuir isotherm reduces to a line~tform_ A few.work(ars havo however used it to describe.,

the. adsorption of gold. and silver onto activated carbon21.2a ••

J

c

The Freundlich isotherm I~ based on the assumption that the adsorption energy ..ob.~YS'lan
. ;-, - _- - .. ,) >:...

exponential distribution. Though the Freundlich isotl1e.rmoften represents e)(parimen~1 data ()stter

than the Langmuir isothernl' it does. notreduce to Henry's iaw at concentrations approaching zero.
v ..

Despitei:lthis disadvantage several worl<ers have however used the isotherm to describa
experimental data for adsorption18;19,23,24,

o
c. ,'<)'

" The popular rreundlioh isotherm, Q:: Ad; hfJ.~been applied to expe;imental data. obtained fOrthe\(
o

() single com~onent adsorption of both gold Md hydroxide" But, as' will be discussed" later, the
.. /;

'.~pplication of the Freundlich isotherm re'sl~lts In thE:! estimation of as much as six different
(j -.'. ', 1,\ (_). _ _ _ _ _ __ ',_ ,', :,: ", ''''' _ • ,' C:-' _ n_ ,,' __ "

parameters f~r the three ,temperaturesstudi~d. To r~duce the numper .ofpar~?let~rs the Freundlich
isoiherlll was modified' to include the ternp~;rature dependency of the pre"exponent parameter A.

(! - - - 0 - " - i'

This m~dification tberefore reduced the ~Iumber of, parameters to be estimated .for the three
temperatur'is to only three. Below Is; th~lodiscussjon .01the theoretical basis upon which :th~
modification"has been done. " u

The relations pip "be~~en the change in'the free energy. of a reaction, aG, and the equilibrium
constant K is given as: : "

in K ttl ....AG
R*T

Ii 4.1

\, \} Co

Hence the variation of In K wIth temperature Tis:

()(IJ.G)
aln K -1 '.. T"_
~ ..... ~ ."* . Ii

aT' "'1f " dT
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Assuming that .6.H is the ehang~ in'the enthalpy of the reaction, therrth$ relationship between .e.G
and aH is ';, <i

dIn K.." a,T

,.,

The abO\I~ equation implies that
\;\

\\",
dirt K ...

Therefore Integrating equa,ijon '4.4 yields:
II \i

"ln K 1m,
\\

, where JJ is a JeOnstant oY Integration.
,~ '\

-AH
R*T

\"

". "

Assuming furthar that the l')q!Jmhtium constant K is given as

K ...

(J

o

4.3

4.4

C',

o



where,
Q :::Equilibrium loading of the solute on the adsorbent,

C "" Equilibrium concentration of the solute in solution and
»

n ;:.Parameter f6 lis estimated by non line~r regression.

Then it could bs written that

Such that

Q ...A EKE -Men
o RliI,T

~ '4,.5

r;'

Tho above equation is therefore ,the Modified Freundlich isotherm (called MFI in this, work). With
!

. this modiflcati0rJ" the parameters aH, Ao and n can be determined by non-linear regression using
experimental data ganGrated for all the three temperatures considered. The estimation of the

e,

ef]th~lpy change of the reaction gives an idea of whether the adsorption reaction is physisorption

or chemisorption since the enthalpy change is a measure of the bond strength establi~hoo during
'.'. . ,.~;

the reactil'n.

The third model used is the linearized form of the modified Freundlioh i~therm (LMFI) which is
given below:

4.1.2 MulU-OOMp@oont isottberm2
Single solute isotherm parameters are often used in multi-soluto isotherms. The genera.l idea. is to

first l'l'leasur9 and modal single solute isotherms. The parameters obtained are then used to model

the mliitiasolute case.
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Ii. Frelmdllch·typglsotherm.. .. ...iC, c

() .: ~J";:'~. " -:.- . 0

Sheindorf at afll have modified the· Freundlich isotherm to describeaplulti~ompon~ntsystem·sucHI
. 0 '-.. '.- . -"

that for an N'.component system,
Q

'0 ~ nrl.
Q1 ... A,t.c.i(C1+ E a,t,kC,Ic)

kml¢l

where,

~.7

Or ;::;Equilibrium loading of component il
Of ;::;Equilibrium ,solution concentration of component i,

At ·~···Single"solutopre-e){ponent parameter of component i,
",::; Single solute exponant,parameter of component i,o

, Ok ::;·Equilibrium concentration of component. k, ana "
~,k ::; ~n interactive parameter of compt)nef1t ~'(on codlponent I adsorption or a

i.1

competition coefficient of component k in the' multi-component system.

The above equation has been used by Van Deventer1fJ to model the simultaneous, adsorption of
gold and silver cyarlide complexes.

~ :
\~ \\

~,

<:'

n Applying th~ modification made to acCOunt for the temperature dependency of 'he .pre-expOnent
parameter of the .rreundlich '.$. atherm in the previw-s sbction and considering"tl'lWO component

" ~
$ystemr/for gold and hydf'Oxlde ion we have the following two equations:

and

4.8

4.9

c



o\)

From thess.,two Gquations it Implies that only the multi-componanf system competition cooffioients
II " '. ;"~;';:;"'';c;,;

aAu,CHand '.~,Au respactively need. to be estimateduSl,on.l~near regr@$sion multi-solu~data.
c!--,Y'

b. Gen,~r8Iemplrl(;al mum~solute Isoti!emn.
Fritz at al:!9 also,.developed a geiletal'l3r~plrlcal multi-component isoijlerm such that for fm N~

",' . .. ',_-' ;.. ..., . " . ("

component system,
o

4.10

where. Q

q, Oil ~'and nl'have tva same meaning as defined above in Eq~atlop 4.7, 'and
Dllc~l and btl are, parameters to be determined using non-linear tegre~ion.

,,:. . ," - . . ':' . ',:'\<

Sever~1modifica~on(Of the model COUld~bedar,hted ~Y appropriate ad~u~tfn.entof the ~~;?I
parameters. For Instance, If or=bll=D1=1, tlie relationshIp above In Equatibh 4.10 betQn:~s tfie

C) D '\.\

langmuir equation ;
()

o

o '\

(J ~ ':i

, , ' " , ,'~~~

which has bearfused by many workers. ($ ROu~ ~nd Young at al31 used anoth~rmOtiifled form
of thG above equation to fit data obtained for the simultaneou.s adsorption of aurooyanide and
xanthate onto carbon';, Wl1l1e Glove~ and Yoci~} et alas'in another pubUeation used ~1nother~ ~
modified version to fit data obtained Tor th~ simultaneoU$ adsorption ~~faurocyanfde and zinc

l (I

cyanide complexes onto streng ba§le,anioKl 'exchanglrresin. For a two~mponGnt system like the
pne being considered we have th'e following two equations t6 be fitted:

o

o

4.11
oo \,

o o



and
c
I)

/'i
'\_\.

4.12

The following parameters ar.ethan to 00 determined lor Auand orr data r~~ctilj~ly: a~! ~.O}l,
, ~ )~

bAu,Au,' boH.O!i' DAUI'D~,· ~I ai\!l,Qi' bAlJ,OHI and ~.AlJ~ The modification mJI.~;~.~nthe section aoov®
,for the parameter A W~ then substitutoo, into the equation to aCCQumfQJ ihe temperature effect.

~, \ '
, J, J

4.2 APPLic~110N ()F,L!\liE MODELS"
4.2.1. SlnGl.S compo.®nt systero. ,
"The experimental data obtained for ih~single solute adso~tionof Au a~ Off respectively have

". . . . ~;>~-_' - - - ()

conformed to th$ (jxl)thermic nature of the adsorption process. As telT,lp9rature .increasea. thG
amoont of solutttadoofbed decreases as seen in Figures 4.1 a~cl·4,'" ,".....'a data is presented In

() \ "

Appefldbt2. " ' , ,"j

c

o

')

40



f
Ii
}I

AU SINGLE SOLUTE ADSORPTION CURVESo
*......*TEMP: 800e
+-".-+'I'£MPs tooOc
~l£Mil'g lIS@C

.....
It,)

15.0
"'m
.......
en
E...,
E:)
Cl7

:,;

$.00

()

Figura 4.1: E,xp9rimentaldata obtained for Au adS()rption-at the three t$mper~tures consigerad.

o

o

,

OH SINGLE SOLUTE ADSORPJJ;iJN CURVES.
.... *T(HP: IOOe
. +TEMP: 1CoOe
. 'l'EHf':. uS"e,...

u
IS)

'" 3.00

OJ
t)

es
E

;[1

Ci
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TM ~~xpsrimental.data was fitted to the Fra~ndlich Isotherm, the ModifiSd FreUd~IiCh Isotherm MFI
i.. r; . . \;\

and 'the Linearized form of the MFI .using tile SAS Non-Unsar Regression S,obroutine34• n,e.' . . . . . -. .

\)

Freulhdlich Isotherm yields the following parameters as sryown in Table 2. G

r-v j'.'''', C

T~bl® 4.1: parameters @btslMd lBsirgg~h®Freundlich IOOthe'rrn ~ndfth9~rCOfreiatl@n
c

C@efficients (fI).

A/[(m;{g
C}/ppm]1Irl

AI(rn~/g C}I

M)lItI
rre

6.2363 0.8114' 0.9712
"

',:'ao 0.3675 0.9959

0.71.45 0.9934

0.5604 0.9897
t

100 : 1.7363 0.3108 q:~51 4.3319
0

u t'l~

115 1.2520 0.2920 0.9929 3.1267
, 0

Tables 4.2 and 4.3 ~ive the parameters obtained for the MFI and LMFI rl9spectively.
;i

'AJ[(rnglg c)/(mgJ1)]11n," [mole/Joules]

d;" Au Off
;(

1.4239E-6 3.5305E ..2
::.~j

4.2627E4 1.4$5E4 0

0.3770 0.6984

0.9888 0.9833 '.'

from TSbles 4.i and 4.2 it can be seen that the parameter n from bottJ isotherms (is FI arid MFI)
ItIless than ,one for eaCh solute. It could ti1erafQrG 00. concluded that the equilibrium fsothenn for

()
.()
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Tabi~ 4.3: parameters obtained for the lMFI arnUhelr Correlation CoeffiCients (al.
" ow

':

0.3749

R 0.9664 0.9708
,

"Below are th~ figures obtained.

',\

AU SaNGlE SOLuTE: - eooc.

o

t)

II
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+ EXPTAl •. o~rn
- - FREY!)mIlISIITHERH
-tin
·......·LMfI

t20
C"e (ppm)

Figure 4.4: B~perimental data of thA adsorption of Au at 100?C \'lillth th~model lines.

AU SINOI..E," SOLUTE - HSP~.
\'

t:l EXPTAL. DATil
- - fREUDUtH ISOiKERH
--Mfl 0

'1~"'''lHFi
120
Ce 1.:ppm)

Figure 4.5: Experimental data of the adsorption of Au at 11SOCwith the model lineS.
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r-*-'~E~X~PT~~~D~AT~A------------------------~U~------~
.- - mEIJOUeH iSflTl£ftH
-Nfl ()
....... LMff.....

u
m
....... :11.00

ene
o
IEe,_,

2.40 4.@0

Ce (Moh.r) ~ 10'

Figure 4:6: EXperimental data of the adsorption of Oli' at 80°0 'With the mooellines.

+ [XPTAL DATA
- ... fllEIIOUtH IsqTHERt\
-Hfl "
....... U1ff1'"\

(..)

€n

..... 2.20

f'I)
lb

10
IE
it-Il~"
ea 0.70

o

ce (MQlar) X 101
(i

Figure 4.1: Experimental data of the adsorption of OH' at i00°0 with the hmdellines.
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Figure 4.8: Experimental data of-th-e-a-ds-o-rpb6n0lt,~H' at 11~~?~th 11th'&' model lines.

(/

"
4,2.2 MuftloComponent 8ystem modelling, . 1,;:-,) '. i /1, \;.c
The result obtained is shOWnbelow in Figures 4.9 and 4.10 ~~~t1t~d&ta appe~Js ihA~pengi)( 2. c

-AU AND OH SIM~EOd~\:AU ~'URVE'S]
;, --' ,-' "',,-

it--->t eoOc EXPT DATA
+- + !Oooe EXPT DATA
e ·!ZI I1soe E:XPT DATA

220.

Ce (ppm)
\ II

Figuro 4.9: Experimen~1 data obtained for Au at the te i~;oeraturesccnsldered,
\;, .'.;\\'=~

! .. 1/
1,1',
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AU AND OH SIMULTANEOUS (OH CURVES)

*",..* II$@C E)wT ~T~
+- -+1(.mQC [XPT MiA
~Q(l°e [)(Pi MiA

ll.:20 3,10

Ca (MOl.!),..) lit 101

Figure 4.10: Experimental data obtained for OH" at the temp@ratures considered.

Ii
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The gold isotherms show a Wider deviatiOn with respect to temperature as compared to the

hydroxide ion isotherms. 1111~is due to reactions between the OHo ion and some of the phenolic
groups on the surface of the carbon structure6•

Adams3 has shown that the resultant effect is an increase in the effectiv& dielectric constant within

the pores of the carbon as wall as form~tion of hydrophillic negatively charged surface. ThGr~,is'
~ . . .~

therefore a decrease in the affinity for neutral species as well as anions such as Au(CN);. ,Ooupling~",
this affect to the temperatura effects as a result of the exothermic nature of the adsorption reaction,
it is not surprising that such a wide deviation has been experienced. Apart from this fa/}tOt both

I

components have clearly shown an ihverse adsorption dependence on Jem~rature sinos the
adsorption reaction is exothermic. II

1\

It
Comparison. bei\veen fthe multi-component adsorption and the single component adsorption

isotherms he.V8beenm;~daand this has been presented in Appendix 5 (samples are shown below
in Figures 4.11 and 4.12). The general trend is that ttle multi-component isothel1'l'ls for aac~
component and tempern~ture have been found to lie below the single oompopent ones. This could



'~ .- '> t

be probably 00 due to th~"raduction.inthe adsorption capacity for the carbon for each component

in tha presertc~ of the. othar.

Sih9~e and M"ulliple Solute Au Adsorption
BOOC

~ 0
<.:II
<\0. 'l<].S'"
C
m

'" (e
Ol
'I:.....

~~ ~t.e lids.
~.~~~ S.W Ads.

"Figure 4.11: Comparison bet1%eensingle and mUlti-solute isotherms at aCfC for Au.
f.1

Single and Mult.iple Solute OH Adsorpt.ion
80°C

....
U

110.. :1.00o

~en
IE....

~~ SQlule Ark.
+- -+tW~ S't!tle Mt.'_==~~m--, __~~~=-~ __~,,~ ~ __~~

4.00 !t.tIO

FJgure.4.12: Comparipon ootw,een single and multi-soluta isothanns at sec for .OH· ion.
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The two models described above were applied to the multi-componant 9xperims,nta! d~ta by
estimation of the unknown parametero USing,;tha'$AS Non-Unear Regression sub-RocitineM•

, . . 0

Model 1 is the application of Equations 4.8 and 4.9 with the estimation of only 8;J,' The values of

c AI'·&II and nlY~lues obtained from single component data (Table 3) were substitUted into the
- ';--0· . " ',' /,

equationsbafore the parameter estimation. After parameter estimation the following squations'Wsre
t:J

obtained:

and
II, ()

==:O~~<

t ~e12 is the appliCation of ~e Frill: ehll~ equationJwm Equatiol1$ 4.11 and 4~1i~ithth9Si~le
"-.,.::-;::::;:/ "'. ,.' _. : _, " ' " _.:',' " _ " rl), '",' ',' , ' , '

comp!lnent parameters subStituted from (fable 3 before the determination of other unknOVt{fi
parameters to yield (i0 after parameter W$ti~lation): \1··

o

Cr

and

These equations were used to fit U'~ld:~x~rimantaldata. The results obtajn~ for each oomponent
are shown below. r)

u
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OH SIMULTANEOUS (AU Gd/RVES)
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Figure 4.13: Au data with the modei lines.
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Figura 4.14: OH' data with the mooelli118s.
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AU STATIStiCAL DISCRIMI~ATlON BETWEEN tHE MODELS 0
" . ' \\.' . :c. ;,:,

'~Manyworkers IJse ihe plot of the predicted value against the oooerva(fvalue as the mea$ur~! to
t' ,>: .. ' c-' :. . .. "_ _.'. 02.1 ."_."_ '. . _":. . . _:. ~J'=i _ : _"__ : -: :" _.. __ . : .. _ -_ . _ .' ' i.'

-dfscriminat® between models. In this work the above plots hav~'been:made'as shown below.

a 'I?""'''''';''*~f~:'::!~II:!i!::'''':.:~
o WI
~lW!

;_".~- 450 L~
•.,..;.• m. 45('1 t*

")U5~1..

1\
I.'

II

o

VI iii 7 iii •
10t

Ob$arvetd loading
o

Figura 4.15: Plot of observed againstprsdictad loading of Au
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TEST SOLUTEo
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Figure 4.17: Plot of observed .against predi1~ l\'U!dirtg of Au.
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c U

il

Ii

MULTIPLE sotvrs
,I

1:
Ii

figure 4.18: Plot 01n~lVed aga1r$l prediClSd laading"Ot OH' 16n. ~

I) \\\1

A glance at the plots for the s[ngle sJ~uteadsorption set of 9)(perim~nts revealed that ~a Freundlich
\~'. ",',' ", - ,_, - .: ' " -, ' ,,-9

)sothermpredictio" seems/to be better than that of MFI and lMFI (single component mot1els). Thi6'
d - ~,

seems to oo'conflrmed by fh~sums of squares of the residuals obtained for the isotherms as seen
from Table 4.4. One {)f the intereSting pointS is the way LMFI does not fit the data. sspacialiyat high

loadings (sea Fi9ur~r4.3). THis is a n~sult of logari1t!mic transformation and this $h~ws that this is
, ').'"..

not a good approach sVIEm though it make~ fitting rtitlCh easier.
Tabll9 4.4: Table s!1owlng the models ind their respemive ~ariables [singr.solme].

II
(,

\::' \
I'
'M
IS~'"~

10°1/ if.!,b VI
Ill» Q
'~ 'lI1t; ,
iEi e
I"'cC tl
'IIi

\i

4..

\1

0 :8

J
li
\,
Ik,,>;..r_'-
1,

c

TEST OF FIT
"'"'"+1~

.e. f'~ 2. ()
-- ~!il}l.n'b
........ H\'I~ 45@lm"
" ....... ~I& 451) I.m

(I-

a _-_' 'j

OH'

m S m.,

\!IIl'l;o.,~

6 0.2883 6
, I····

3 0.3447 :3
" II .-.,

3
II

0.6023 3

Au

FI 3.5930

MFI i{,. 6.4478

= .:~~=t_1!!!!!i9,=-.,40~6El:a~mIllDIiI~I'ZIi:IIIII~IumI!!!lIilllliC!!;~m:=:::~~:HI:il!&_!!B!iI
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Note: .s == Sunt of Sql.!Elr~sof the residuals.
m = Number of parameters estimated.

In the case of the multiple-solute adsorption good fits have baen obtained and it seems that Model

2 is better than Model 1 as shown b}f Figures 4.17 and 4.18.
:1
,'"/

Smtit.itieally, U1isis net an acceptable way of comparing mod~ls",-This is because the models do not
have the same nurnb9fof parameters ·Md hence do Mt ~~estl ij1eme degree of freooom.
Comparing th~m 0(1tho basis otti)S sum !)rSquares of the res.iduals ~ionemay be misleading. Two
statistical malhooo have tn(!)rsfore oaen employed to perform this comparison in a more rigorous

marmer,

a.Method 1.
Mays and King 11 halve used a simple statiSf.icaTanalySis for oomparing models and'tltis method has

been discussed and employ'ed in this work.

Assume that we have ·lTlooe!s A and B soch that A has mA number of parameters while .~ has rna
par~matersto be .~stimated.lfmEl is less than mA then avalue J...Aq could 00 dstermined as

D o

""JIB - ';-1

n

(SB -" ,SA) I (rnA - rnB)
s~7(N - mA)

wl)ere,

SA =- Sum of squ~\fesot tho rasiduals due to mooel A
()

'7Sa = Sum of sqUall'as of tn~residuals due to model B
and N = Number ofexp9rimental points involved in the modelling (For. Au N=21 while'

1\1=24forcOH' forth~l single solute datak

Supposing that AAB is less than F(mA • mB,N ..mN at say 95% confidence leval, than the fit of medal
B is more significant than tha\t of modal A.

'-.:

The above tS$t is stricUy exact for linear mooels but it gives a very,good basis for compatis()n of

54



the models in this particular work also. Th~ test was therefore carried ol,t betws0n the. Fl,and MFI
aM' betwe~n FI and LMfl. MFI and LMfl have the Sfime J'1urri~r,;Qf parameters t!)erefore they,
"'Could.be oomparedon' the basis of the sum ofnsquares of the r~S~ual$.Below shows the values ','

(' . "

','" _' .;'> -" ,'.... ..\ '. .... -'. .' " ,'... j

From tbe Table it can be concluded that the MFI i$ a better mOCl,~1$tatisb'-Cally than FI 'atb9th 95
o ", ': '.. -",e ,', ,-.".,---

and 99% ®nfidsncs levels for tile adsorp,tion of OH"vmile MFI is'oottar theJn Fi for the ad$orptiQn
':~ - . .' "',,. .. " c '. .'

" I)

it '" ' .. ,' .... . : - .,", 0 _ '. D. ',. .. __ .... . .. '-. .',. . . • ". :~:

Table 4.S: Tab!9 showing tho calCulated A, yalu~s and the F table readings at 95 aM 9~k

.~nfidence levels.

FTABlEVALUE "

\:'
~.

3.8(;' 1.18

,6:54
,.

6.81
t,

(sAu I OK'.0

3.29 3.16

5.42 5.09

'c

COMPARISON A.lto
!

Similar calculations were performed for the models used fQr the multipl~ solute dSl~ and Tabl&.4.6
(:

shows the variables used and ~, vah.lG calculated.

o
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1'ai)!® 4.6: Values @f the variables used for the Muhlpl&>sclute dati sn{j ~nn®Aa1 values
d®termined fOr each wmpo~ent.

\)

'IoUl!ABlES AIJJ 0"
,- . ,

':'.

81 45.9827 u 0.2972

82 12.0426 O.d875 .>

\

m1 1 1

mll 5 5

N 21 21
,

A '11.2733 9.5863 ~...:

At the. 95% confidence level the F value from the Tables for 4 and 16 degrees of freedom is 3,01
while it is 4,77 fOi the 99% confi~ence level. Hence the ~1 values calculated are significantiy larger

than the F(~;16'values obtained from the Tables. Ther.'.:tlre, it can be concluded that.tha General
(,

empirical model is a bettermodei, in terms of this test, ttJan the Freundlich-type mooel.

b. MethfJd 2.

For any experimental data set, the deviations of the predicted values using a model could be
t~~~.~';

represented by

where;
YI :: experimental data i,

; :: mean of the experimental data aod

11 = the predicted 'Value of Yi using the mooel.
The equation ,above could therefore be written as

DATA ~ MODEL FIT + RESIDUAL.

Variation within the data set is quantified by squaring and summing the deviations to yield
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This is equivalent to

SST Jr SSM -} SSE,

.7"··~· ,,<
r:....,;.';~. .... . 1;'-'

where the'varri!ililes are defined as,

SST = !'(YI - -,l.
SSM=~YI-i
SSE == r(YI - yl

0'

c

,~,Assuming thattha mode! has iii parameters to 00 estimated and N number of experimental points
(all these values ha~~ been given in the section above), the !lumber of degrees of freedOm of SST
is (N-1), that of SSE is (Nvm) while that of SSM is (m-Ws, 8 is defined as;

e.. SSM/ (m-l)
S,'jEI (N-m)

If e is greater than the F{m.l,N-m)Siatistic at say 95% confidence level then the model's fifis
Significant. 'I'

Secondly if

SSM
SsT

is vary close to 1 then the fit of the model' is adequat$.

\~\

Since it has been concluded from the previous section that FI and MFI are the "bssf models for
the single solute adsorption data the above tests were carried out on them. The same test was also

conducted on the models for the multi-componsnt adsorption mooels anc the Tables balow are
indicative of the figures obtained.

57



,J
o

": _ '. . ... '.' .. _.'.:.'. :" .. '. .-'. :c"" '.. '.' .. __'. ".;'

It can be seen that the calculated values of 8 shown in Table 4.7'bompared to the F Table,,1i
readings in table 4.9 reveal that for the tHO models considered the'fiiS obtained are statistically.,
soGnd since the €) valu~_.oare higher than the appropriate F valu~s, Further, the Ril values
calculated for the tI.~9mooels 'as shown in Table 4.8 are very plose to. unity Sl:lbstantiming th®l
goooness of fit obtained from tilEr two models.

Tabi~ 4.7: Caleulatsd e ~;Iu~s for till:) $!~fe ~llmemode!s,

I

MODEL ()

.'

F! 478.60 56.09 '

MFI ,j 928.78
J_.~

71.31

/1



Table 4.8: Table showing SST, SS~ti'i SSE and ff walU0$ ~'1culatedfor the slngi9 solute niWtlJ®!$.

fMOOIMODEC!~~~'~~T 0;
"

5jV6.7935

SSM SSE R2 ---:';(7

()!f~<; Au

20.6044
f etl" Au orr tlill

O.Sd33

fB 576.7935f. . '. . .573.2005 (' J__:O.3~~1.13.5930 i.. 0.2883 ~ ••O.993efl~~~tt9s60 ~r I i 20.6044 I. 570.3457 i,-, '~O:~597
....... ,~ .'

~Jlfl 6.4478 0.3447 cssss

Table 4.9: F..Tabla readings at 95 and 99% confidence k;ysls ami v$Aous d~gi~$@f ke~om ~$ Indicated i@r ~tJJ m©l OK $Iuigie $@i!JItedatt!
respectively.

~

\,)

Q

CONFIDENCE
1~~~;'IT

Au our
FI~!1:8 MFIf'Q.!:J fliif,lIl ~!Jr~~

r esc,; 2.90 3.55- en 3.4'7

99% 4.56 6.01
:'-,r

4.25 c' 5.78
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Table 4.10: Tabie showIng SST, SSM, SSE, R2·Md S values cal(:ulmed .fOIl'th® mviitip~~s@iu~®@lata.

tl..O'DEl SST
~

~M SSE ~ 18
'C, :; ,

-;:.'

Au OM Au OM Au OK Au IOrB ~!ll OWl
'C

• 1 716.57 4.419 670.59 4.122- 45.983 0.297 0:936 0.933 UND UNO
-

~'"
716.57 4.419 704.53 4.332 12.043 0.087 0.983 0.980 '"' 234.0 19S,S

I" <?

c

,~

Table 4.11: f;Tlble readings at 95 and 99% oonflde~ levels fqr the multlpie$«lllu~emoo®~~.,
; ;

t'[.
~

CONFIDENCE liMIT

95%

MODEtt F(1I;al)

UNO 3.01
.:.-7::.

99% UNO

MODEL 2Li4.1~
\.

4.77
,-

NOlE : UND means infinite.
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In the, case of multiPle sol~~e adsorption, •it can ,txt ssen from the two Tables, aoovG that model 2
fits the data bStter than model 1 since the Ff values"calculated are than that of. model 1 and very

c

clo~ to .1. SecOndly the 8 velues determined for model 2 have been much hlgher"than. the tabte
readi~gsobtained <:Or each component. J=fe~pe the conclusions drallvtt earlier that model2.is,a. <1.. i)

bstter model is strengthened.
',\

~.~. D!S©1lJSSiOflll Qf nnE AM VMUES 'OfSTIMN~D f~OMM~~.
Below shows the ~HvaluG$ for Au and OH- adsorption respectively using tJ,IFi.

','
Au '

J~~Jmor1
\\

42.63

SOLUTE

OH"
,','

14.86
_'L

, The above values comPare vary well with AH values for physisorption of other sp~cie$ as ~,en
, (:;)

from Iitsrature25 (See Table 4. i3 below). Therefore the adsorptl~rlof Au and OH- could be said to
, , ,;;/'2,~,'1

09 physical. Furthsr the naQative nature of tHa values 6btsiri~ conform to' tM fact that the" o
• ". .. . .1!

adsqiPtion reaction is exothermic. TIle higher negative value 'Obtained for gold co41d be probably i!
',;; '.,'.., :_,J

attributed to the higher affinity that carbon'has for gold.

McDougal at al2S working between the temperatures of 20 and 80°0 have estimated the isosteric .
-" (:

heat of reactio'n for Au adsorption to be 42kJ,'ml)l anr) this is confirmed by the result obtained in this '
work.

//
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r$llb~@~.13: T1fp!~1ob$®N@denth~';~ of Phys,lscl'ptlon, ~AHIkJmort report®d lru
lit~ratun).

, ..~u'C,SOLUTE ..AM SOLUTE

H2 84 CO2 '25
I?'

CH4 21 N2 21

H2O 57 C~H2 38

O2 21 " C2H4 (', ,~l) /;

CI2 36, CO 25
(;>

4.5. CONCLUSION
Several mddels have been disr..l1SSOOin 'this chapter. The modification of the Freundli~h isotherm

,- - - - -- ,-' '.

has been very effective and has helped in determining the heat of the adsorption of both",gold\
cyanide and hydroxide ion to be·'42kJtmol and 14kJlimo! respectively. From the~ figures{it is
concluded that tile adsorption reaction is a physical one and this further corroborates the
conclusions drawn by others.

,;--

A statistiral comparison has been made between boij1 single and multi"COmponent isotherms. As
"a result of this it has been deduced ti1at for the adsorption of hydroxide ion at the singlEtComponent

level the modified Freundlich isotherm is b9tier than the Freundlich isotherm, taking into

consideration the three ten1pgratures, at both 95% and 99% confidence levels while for the

adsorption of gold cyanide the modified Freundiich isotherm is only better at 99% confidence level.

In the multi-component system, the General ~mpirical multi-compol1ent isotherm has been
\,

determined to be baiter than the Freundlich-type isotherm for the simultaneous adsarption of gold
cyanide and hydroxide iQn.

This work has develgped a firm basis on which to dsscribe the equilibrium behaviour of gold and

hydrmdde under typical elUtion conditions. To g~t a compl~temooel for tho elution prooG$

mathematical models need to b® formulated aM Idnatio data needs to be generated. ~e next
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cpapter d~ri~ ho\~th$ model wf:!$ fotmulatedusing ideal$fromthe litaJature review. 'Chapter
(0six d~\Cribes"h9Wkinetics~~!meaSUtedand'thew~y the ~af WSS,apPliedto the data.
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~ ii'

A MATHEMATICAL MODe!. ~ORTHE tELUTiON OF GOC~. I,
\\ . .. . ... ,. . ... . . ii" \ ••... . ',

This chapter discu~~~esth~ derivation of the, math"~ma~cal mQdel for the eJutldll19f goJ9. It··al~o "
!!. _'. - .'_ - --._ - - - !!.~'~: - - - - ._- - - _.'< '._ - " - - - - - _.'. - - 1\ _. _ : _. __ '\ ._ ___ _ _ \'_

descrioos how the reactor mass balance was simpiifirad usiflg'the method of ~)hatacteristics. I~
"

numerical procedure rorJhe sOlutlon of the model is also pressnt~\d with sensitivity.analysiS of
model to some of ·the pararneter.s, ~,:;

"() (\._ '.' '

One of the objectives of the project. is to develop a comprehsnsive mooel to. desci;iba the elution
o --·-0

process, Tharefore the mass balance for the reactor must b~ carefully derived, All: MRL elution
processes are dor.s in·columns, Henc~; the mass balSlnCElof th~Heactor reduces fo So plug~flow

,~ . ... i' D
o p8.gked-bOO reactor prob~: As rnentioQoo in the Literature Review" (Chapter 2); there are only

thr~"ePUbli$h6d"r~~~~n ~,e modelling of theAA~L elution~·19:~w~,~fsuobreports ~'\idnot ad0p,;
" !) 7 a ~ful!Hplug-flowm~, J.ln those reports thsJsactor- caldmn was dividedInto'"a num~~,er:,ofaSTR

in SGri9S. This approact1does'not give a good representation oUhe reaotor,ma&.'t,balan~\e.lt is only
-. Ii ',1

':;;', . .', " .. .." . . -. ..... .. ,' ,'.". ." ..' ..: ','. ,,' , .... , ."

S!ang~ Shd Kinif who used ~ "full" plug-flow packed-bed reaotor model in their WOrk~iiFrom· this Q\O
,-,_ (\ '_ _-. .;

discussion It could be seen that the nature of the reactor mass lfalance is vsry im'port~'nt for the
'~;', ", :;', "':-

success of the work.

As shown in Chapter .?, under the follawing conditiQns:

b. when the adsorbate is reversibl~'adsor~l and
il c. when the adsorbate has a mvourablQAsotherm.

surface diffusion is assumed to cof'lti'ol intraparticla diffusion such that fX)re diffusion can be G

negiacted31, For the aurocyanide-carbon system in this work, these arguments have bean shown

to ba true in Chapter <4 hence pore diffusion is elifTlin~ted. It is therefore considered that only
surface diffusion controls the intraparticle diffusion. A detailed discussion on the deyaloprnent ,ofthe
models 1$given balow.
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Re~et@r

Fi~lur&5.1

I,
I',

a schematic diagram d,~a: plug flow,reactor. ,',
: ,I " \, IJ' ,'dV'
\\'.} \ /~t\ "\ //
\\
~ (

II

,;Iii S(:hematic Diagram of a Plug-flow
re~,tot s~ction d~ p~pke~with carbon,

Th® mass balance O~~)\theelement.'-li section dh i1> givena~:' (/
. I",'

"Input'\j~?utput; Gal Reactjoll rate + ~~aar.znlulati.on
~~ "\\" ..

p',\'\:.'
,\,~
u \\\

By defil1itiol')34

~(h$re,

F :: Flow rate of the elUant througH'ilia CQ,lumn (m3/s), and

= Concentration of gold in the solution (glm3).

Thus

Input-Output III -PaC

Becaus~ F 1$constant ,~roughout the column.

c,

The reaction rate over the unit volume (Rd\,) consists clf only desorption at the gold from·' the

carbon.



This desorption term is given as:
0.,

d' . amount of Q des,orb:ing_ *dV
time. volume of carbon Pdrtiqles per UPJ.t mass

where, "

amount 0;[ b desorbit1.g ao
time ""- at

dV ::::Sectional Volume of·ah:::: a.a~(a is the sectional area of the column);;
E = Carbon bed voidage,
Me == Mass of carbon in the column (kg), alld
(~ = Length of the column (m).

\
\.

The desorptiOn16j therefore becomes,

~I laM
" RdV &II ~_ Q c. aah

"" ,r-iEa(i-efH-C"'-

The accumulation term (within the solution phase) can be similarly written as:

where I.!

Ms = Mass of solution in the column (k~).
a can then be eliminat~ from the desorption and the accumulation terms. The mass balance over
the elemental section dh is then given as:
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,~ Ms ae ~ 'Me: dQ. ~h··.
-Foe "" eHM .Q/:1 - (I-e) H'7fE 0 'J(~t

..I)

RearrangingJ~j~ equation gives the mass tillarlce over the plug flow system to be.~ ~

5.1

»
Mass balance'over the caroon Particle Phmse.
The following asSumptions,were made to develop the surface diffusion model which includes film
transfer as well:

n
0;:1

-';3

'.1

.Mass tra~sfer withil(the carbon. particle is via surface diffusion,
~:\~,. _" ..

Mass transfer between the bulk soll.!tion and the particles occur via film diffusion through th.e ).)
stagnant liquid fUm .,~urroundin9 the particles.
Th~re is acctJt~GI~ti9nof the solute on the particle surface.

.1 - - - ,

1.
"

3.
The desorption r~actian is instantaheous aOO;;8quiljbrium axists,.batween the sol~te in the

,-_I

liquid phase and in the adsorb~d phase throughout the particle.
5; "The Qarbonparticlesare spherical JSee Ffgurtf'-2: 1}.

As ~ been stated in the fifth assumption the carbon particle is being considered as spherical.
:;

Let Q == the IQading on the catoon particle at position r.
The mass balance over the spHerical shell of radius fto rfdr is given as

A2·Flux Fk - ~.Flux Fl .... V.Re
"

Al == Inner aroo. :l::. 41& r
~ = Outer area = 4 1(; (r f dr!

Assuming Ficl('s law of diffusion since elution is being considarEId!
'II.,
)/
II 67
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FlUx r; ::oDs @(J/dr)fl

Flux F2;' ~DG((JQldt),... 4:l"
06 == Sl,lrf~pe diffusion coefficient,

v= VO~Jme= 4 ~ rdrand
As. = Accumulation per l~nitvolume on the particle surfa~e::: dO/at

Substitytin9 all these .factors into, equation 5.1 gives
-i)

o (~

/"-'i
Ii . :. ,)(-~:.. -\

-{t1E (r+dx) aD~~)r+di' - 4*I21J~ ~~t-T'Q4~r2d~ ~~)

,"

This is I~quivalentto /j

"

if
II

Such that, 0
.:)

The limitas dr -; 0, equation 5.3 becomes,
f!

_ ..E..(n,;: '2 80, ). "" I:! eoor ax at;

Solution of this equation is discussed below.
a.

Mass balan(;e over the exterM particle surface
The mass balanCE! of Q over the external particle phase is give;:o;as

ks(C - Cs) "" If,!sP( ~~).
! Roo):
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5.6 '

,

'i . .~ _._ _ ... " '. .._ {;.i}",g .. : (j
Equation 5.S acts a'O'oundary condition Toy'the soluDon of equationi5;5.

S.j.1.·TransfQrm~Uc~n @f'th® fil~a©tijDWlas$lelllll~BlooUAslng th@. Meth@~ @jChara©t®wl$t~t$.
!/

Ihereactor m~~balf¥1~e.wrifteirfor the column is a hyperoolic partia~'~ifferentialequ~!on. This
can be sol~~;'Jsjng b1Smethod of characteristics as described by previous investig{~3B,39.40.41.
The detailed description'of the transformation is given below., ( )

Since we have a.desorption reaction as indicated from,tha mass balancedetivati()n~'the decrease
CcC.- .... ' . " ..' .l .

- (1

in the concentration of golcHrom the carbon"particle surface can be simfJly written as the amount
, "'. \~

of gold thal is being diffused out of it and th~ is giv~n as:

_ks (C-O )P . sr .

0.)-

Substituting lhis into the mass balance equation 5.1 derived from the previous section give~

, 5.7

The bot.lndary condipons for t~is equationare:

C (0,0 ;::Co and C (h,O) "". O.

C'

Let the COncentration of gold?in the Solution be express~ as a function of time, t, and height, h,

on a curve parameterised as h=h(s) and{t:=t(s) with· s baing the paran;teter along the curve •.It can
therefore be defined mat,.

r(~) ... C(h (s) r t ($),')
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II \c. I .~, . Iff
F"l Ii ) li,t

Differen!ating Wllh re;;pect ,~,.'s~,'eI&.iI .. ., .'. (. i
dres) ..t (j~) .,.ac . d,h (s>_JLac 0 51t (,s)---as !"il1i. de; ~:;Jt i af '

/'

t
f

I
f

!
,\ ! :

I . {~~..~[~;~t;M.k'~I{j(~~C)],I
f' f

dC ... f'(s) _ ~d 1i
""iff --r "/:'~t

fCOmbining the two 9quatiQns ,above and IO"BrraJ1Qing 9i~U .j,

'" i1C~.6_ F&Ht"'J •• 1"(s) + "J,',".IA.t (C~C ) ,c'";r.[i . Ms , l!ll~~)Pi'is .' , $
/,.'
jj'
}f

/1'
i{

If
il
ii
"

o

I I'
Wherell=dh(s,Vds and t~(s)lds.

\)

From equation 5.7

Alk> from equatio~5.8

Assuming that

Then equation 5.9 becomes'
o

70
()

5.8

I)



0 /1 c
II
I'
I!

0Ii'
'I

;,!!

:Ii
IiI!

dhldttherefo.re bscomes the s,rl~~eof the characteristic such.that
c. ::11 ,," ~: '.

..•." M h ~I

. II t: ... t: II .'\ s -> I
o \~ to"' H I

"1 f~,.ce.. It
'II (/: r

, .' {
i1.t h = Ls for iriipjioity, what!! L is the length of the carbonL,

/1
MLJIr: aI t(J.;I- ;e~!

iii"
1·. !I
}'/l
ill

If fif
'; II

c}

Therefore

5.11

I II,,/; o, "" AoE:XP (':'AHIRI,IT) cZ
llr!
lUI
h1/
h 0: Ii

appearshl1! Appendij( 4. Detail of the Numeril4!J procedure are given below. The model is a single
solute rrt'1del despite the fact that a multi-solute SQUilibriUT model was developed in Chapter 4. A
multi-s()I,~te elution model would take the work out of the~~g~ntscope.

l/

()
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Figure 5.2 shows a schematic diagram ofthe transformation. Significantly the main variable affected# .. 0

by the transformation is the time variable, t. '

t.t.;,+ t.on

h '"L

c = Co
C t"V c.e,

t

Figure 5.2: Transformed b6undary conditions.

( seen in the dlagralll is obtained fror( i ,;,:~uation5.10 and it is defined as

MsLS
FeR

'5.~'.1UMER!CJ.U.PRCICEDURE FOR TH~ SOlUTfON (;)F TI~E MODEL

The surfaco of the elution column is divided into a fine grid' of' Ah. The surface diffusion model in
equation 5.5 is then SI.)lved at h:::O(C :::Co) at the various grid .times for as. This is dOn€l using the

NAG fortran software library routine D03PGF. The routine integrates a system 01 nonlinear
parabolic partial difflsrential equations in one space variable, uSing the method of lines ~lnd'Gear's

method. The routine provides the facility for the Integration to iba done within time and over space
interval. The o')ordinate system in space could either be Cartlooian coordinates, cylindrical palats

or spherical polars. The routine approximates parabolic 'equations by a system of ordinaty

72
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1.1

Ij

differential equations in the ti~e vatia6le. The equations arc :~btalned by a.pprmdQ1atingthe space
o . ,

derivatives by firlite differences and the result is a set of coupled differential equations at the. mesh-
points. The intalval in ~he time direction is chosen by the routine,,~fo maintain local accuracy

>i, I: ,~~
specified. 1118principal disadl!anta~le oUhe routine is that it does not chec~ the accuracy of the

i'

finite-clifference apprmcimaijon in s~~ce.This may be of a considerable impottanGe~YlI(len a high.
accuracy is demanded; The quad~~tlcapproximation methodl

8,19 is notapp!led. be~use. of th~

numerous a.ssumptions involved. II
n .It

Iid
Afterthi$cproc~ss Ca. is detetl,1,inedl!uslnpthe Modm~' Fre~ndlich Isotherm specified above.,;The
transformsd plug-flow model (equaj~on 5.11) is then SOhfsd from h=(.tto h==&husing ell to obtain

I';1

C for the grid times (sae Figure 5'~i~lThis Is done assuming that Os is constant aver the integral
, I, ,. ,

step, I WhiCh. is a gooo., f;lssum, ptio,.n iI,,! the step len,.gth is.small. This prdcedure is repeated until th~
....... '.. . ... ., .....• ~.. ..' ..... ~ ..~

parameteri~,edvBlriable, s, is equall~O 1, that Is when h=l. , "" ()
'c,_ (I Ii

H

5.4 SENS~inVITV ANALYSIS OF l'HE MODEL
"Figure 5.3 ishows a sensitivity anall,sis produced as a result of varying tha diffusiol1 coefficient. ,."

q . .... .', '. '. . ji" - ',' : - - " -- - - - y ,'.: - - ,'- - - --- • -- - - - , - - :;.~

1[ '; -

Ds ~;ensitivit!:-J Anal~Sis
1 ~

Ii
Ii

II
IIII
II
'II:
II,IIrs-"·~'~''''''~u6
1\

~ • !!Ii .1,. .,
w' ir

Iir

--
Figure 5.3: !Diffusion param~~tereffect.
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Ds Sensilivi'lg Anal~sis (2)
\\

~l!S

~MlSxDG
-I -+O.iS~O!3

,ks :; 2••25~1(r'l- ,
o

'{I

c,

,'j

~

~~~~>="i!I!,"t---~~ •..-," "'==-fiIi

:\~_~ __ ~'j_mn=~'~"=-'~I ~~~~
230(3 () ;soo

Tune I Sees
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From the diagram it can be .concluded tHat model is ne:;sensitive to the diffusion coefficient On' To
'<", . . . . '. . . .' ..... , . '... .'. (;, \\

test the adequacy of the\ above conclusfon Jh,e sensitivity of the model was tested "again with
respect to Oilwith larger valussof l~. Figures 5.4 and 5.5 show the results obtained. From the two

o "
figur@sit can be concluded that the' earlier conclusion drawn is sustained~ Ths'ObserVation that the

I)

"
model is not sensitive to Do. suggested that surface diffusion could be playing a fairly small role In
the rata of-desorption making film"transfer themain rate detlSrmi~Jng faotor,~1emptwas made to

-s. I.)

eliminate sur-aca diffilsicln as a rate determining factor. This was done by setting 0» as high as,
G 3~1 Q-4m2S·1. This figure ooing 1o~ times surface diffUsion coefficients reported in cih~ Iiterature4$~Tf,s

film transfer coeffic!sntwas then estimated by minimizing the sum of squaro~ ottheresidiJedsnona

'",lirlearly using the Nag Fortran Routine E04FCF. The medel, as result 9~ml~"rn~t1t¢~tiofl"becomes
predominanfly film transfer controlfed. o. . '".•'(' ,/' 1'"'1 "1~~~.;:j~\,(.,-.fl'O

o ',) .)'~1 I"... ~~:::" ()
~~ ';,", / ',\, '''(~f\

(I . '~L 'v j
f) ,__() , J;"", .: \r, r' (~~:t~~D')- ,

Sensitivity Of ks to the film tranSf~~~:controUedmoO~1 is sil(;wri r~~T~u~et':'s.~~rf~ijseen
that the model'ii very S&nsiti~a t()~ll;;~lmtransfer coefficlen(Th~~ff~t isdomin~Y(~atth~ initial
stages as expected, As the Wm'tmnsfer coefficientlnc~eases tl;)~'ral'~i~o,•.f "de~6rptlon increases ae, F /' .r-: '
woll. J/ ':~":.

n

t~\

Figure 5.7 show~;sen$ltivity altha film transfer conb'olled model to temperarurcl\lt can be seen here
:.. . ... \f

also that the rnode(i$very sensitiv"e to temperature and the effect is domln~~{ ~tthe Initial stages. .
This.obSel1lation has ,~ubstantiatad the significant change that Can oeeur as a result of increase or
decrease in tempSr~r9. The eff~ibt has dem()nGtrat~a lhat inorease in te,~parature ofOllly 10l1C
can causa a 'mendOuslncreasGI in the kinetics o::"lution.

\,\

\\
\\
Ii
I:
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Figure 0;,6: Film transfer parameter effect.
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Temperq,ture Ser1sitivit~ Anal~sis

Figure 5.1: Temperature effect.
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5.5 CONCLUSION

Ii
.iJ

1/
if
ii
"

This Chapter discussed the derivation of the elution m"bdel. It has been shown that the methtX! of
Q U

characteristios'is a powerful numerical procedure Jo~transform the hyperbolic plug flow model.
d.

Simulation of the model has revealed that the mOJ3el is less s~nsitive to thi'surface diffusion
parameter suggesting the surface diffusion is not~ rate determining factor. The model was then

if t ;

modified ,to be film transfer controlled. The film \¥iansfer controlled ~rodelwas found to bs, very
sensitive to the film ,transfer parameter and tempf~raiure. II

f -,~ - -- - ;i
-v-,__ i

Application of the film transfer contrOlled mod~,l to experimental data Is presented in the :next
Chapter,

II
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CH4\PTER6
MODELLING OF K!NETICS OF ELUT!ON
Ttlis chapter presents the generation and modelling of the kinetic data. As mentionoo in Chapter
2 increase in temperature results in decrease htthSi adsorptive power of carbon thus favouring

elution. Desorption is also favoured by low lonlc strength, while increase in cyanide and hydroxide

ion concentrations enhance desorption. All these faators were therefore taken int(M:onsideration

for the kinetic data generation. To reduce cost industrially l!jaded carbon from Knights Re~}urees

in Germiston was used.

The Chapter describes how the carbon wa(\' prepatedfor the experimental work. It also discusses

the appr?aCh adopted to generate a good experimental data using the experimental equipment
described in Chapter 3. Modelling of the kinetic expel rim ental data is also discLlssed. Correlations

9bt£s\ned batween the film 'transfer coefficienro.and tl1e conditions'of elution are also presented.

6.1 CARBON PREPARATION AND EXPERIMENTAL DESCRIPTION

The carbon obtained from the plant contained wood chips and was therefore washed with tap water
until the bulk of the wood chip was removed, After this, the carbon was acid washed t"ith 3% Hei
solution at the ,temRerature of 90°C for 30 minutes. The'acid washing step is necessary to remove
elements ~llGhasNi, Cu, Ca, at al which are adsorbed at the adsorption stage of the CIP process

'i-· ,-;-. - . ','

since'theifpresence may interfere with the kinetics, of gold .elution. From a gold elution point of

view, the effect of acid washing is the partial modification of the Au(CN)'2 ion pair to AuCN which
/l ",',',

is very strongly aqsorbed onto the carbon and hence very difficult to elutea,

The acid washed carbon was washed with distilled water to a pH of 7 before being dried at 70°0

for 72 hours. The dried carbon was then sized into several size ranges as will be discussed later..
Before every experiment a specific weight of the dried and sited carbon was presoaked in cold 2%

NaCN and 2% NaOH (ie' 20g/1 NaCN and 20g/1 NaOH) solution for a specific period of time.

:::~~~~);h:o:::;:h:hL$~tiGa=:ec~nv;:o~:::~t:::!~o:.d;::::
otherwise si~l~edtafter presoaking the carbon 1f1:aswashed With(~iStilled water to a pH of 7 bafore
the elution. ' . ::" \)
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The elution e~periments were conducted with the experimental equipment described in Chapter 3

(see Figure $,1,1). Since the. investigation focused on the cyanide-free MRl elution, the'eluantwl:ls

not recirculated, Flow rate of the eluant was kept at 4 bed-volumes/hour in all the experiments as

in the case of the equilibrium experiment. Samples were taken at specific tim~ intervals for 5 or 6

hours during the elution as indicated by the experimental data in Appendix 3. Analysis for gold was

don~ by the MS. When~ required? samples were taken immediately after the main sample for
cY~~ide titration. The cyanide titration was performed With 0.1M silver, nitrate Solution. Iodide ion

,. "

hlhe.form of KI solution was used as the indicator and aqueous ammonia 'was used to solubilize

silver cyanide formed. The end point of the reaction was indicated by a golden-yellow turbid,~ty.
ensure sharpness at the end point, the soluti~'n was. continuously stirred with a magnetic stiri~r

o "during the titration. Because the workJs focused on cyanide-free elution the carbon was washed\
to a pH of 7 99for9 each test; This therefore eliminated any influence of cations such a$ Na+, Ca2+\

'II·
at al. Because of the w8f3hing no hydroxide test was performed. \\

il
IiII
\\6.2. RESUI.TS AND DISCUS,SION

6.2.1 Effect of Presoaking Periodo

This experiment was designed to examine the effect of varying presoaking period on elution. Five

pOllions of about 20g of loaded ,parbon in the size range +1.70 to "'2.36mm were presoaked in
"

200ml of the presoaking saMion for different periods .01time at 20°0. After the presoaking period

the carbon was wailhed to neutrality before being subjected to elution at the temperature of 125°0
for 6. hours. FigurE) 6.1 shows the result obtained. The graph has ihdicateq effectively' the,

reproducibility of th!~elution profile at constant temperature using th(~ experimental eqUipment

described earlier. Ii /,
, 1\

Ii
The delta was fitted t!~thtJ film transfer contl'OlIed model and Figure 6.2 shows the fitted fUm transfer

coeffiCients as a· fU\~Ption of the presoaking time. It could be seen 'that there is a very little
,I .

relationship between the film transfer coefficient and tM presoaking time. The plot is obviously a

straight line parallel {~ the presoaking period axis. A constant l<scan therefore be assumed for aU
\'

the presoaking periol's, Consequently it, could be concluded that the presoaking' time has no t3ffect

on. the film t~an$fer i\oeffiCient as long ,as the temperature of elution· remains constant. Graphs
comparing the predi\ftions from tre model and the experimental data are presented with the
experimental data In ;Appendix 3.

II
\I
I',
H

II
I'
II
\"i
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Erf eC~,,!~h~)fVartJ'lns ·P;f\:esoakin9
.. . EJut.lon. Ternper<;.'ltv~e: 125°C· ..

~ * \-----~~~' --"'"l~'7"~~""~~rs~sl-'··
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lHr
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IJ.
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V 450
,\,,~ "

Figure 6.1 : Point plots of the elution done at different ~re$oaking periods.

k as a functIon of Presoaking Per-rod
SC~O '" 1.02mm. Elution TemplIll"o!'Itu,. ... 125°0 & Ds '" ·3xIO·4m~/.)

()

...•c. 3.00
E

CD.
52

\)1.00

L . ..........._==--_~"""'_~_~""" __ """"_~ """,=_..-.I!

Figure 6.2: Dapendenr:e of ku on Presoaking period.
.::
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As indicated irrthe literature revi$w temperature seems to be the most important factor affecting
,_.Jhe elution process. It is th$f{~fore expecled that high temperatures should enhance the rate of
.-...~."". .~>,

~;:

elution. )r~';1
o Q n

." .. . . " . \\
Two sets of experiments were performed. The ~iffElrencebe\\veen the t\'Voset of experiments was
the mass of carbon that was subjected tel/elution. In ..the first. set about 209 of carbon was used
while 50g of carbon was used for the other set (size range of caroonused was +1;70 to a2.3S).
However in bOth cases the carbon \'J£lS presoaked in' 100ml oUhe presookif'ig solution for 4 hours.

Each set,of presoaked carbon was washed to neutrality before elution at. the variouitelr!peratures.

I.)

The. data was subjected.to the tilm transfer controll~ model .and the result from the tVlO

experiments is summarised in ,figures 6.3.

k ass
CRo ... I.02mm

'* Me:: 5
o Me:: 209

o
o o

" 0.00 '* o

Figura 6.3: Dependence of ku on Temperature.
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From Figure 6.:3 it ca(i,~~~seen that there is"virtually n~\ correlation between the filnJ tran$fer

coeffioient and temperat~refo.r each set of data. Within' limits of the experimental errors associated
with'ths qata the film transfer coeffiCients obtained at the various temperatures can tf~·said tg.be
constant. c

" This experiment was performed to examine the effect of particle sIze on the rate of elu.tion. About
{I <.,

20g··of carbon from three different particle size ranges respectively was presoaked il11 OOml of the

c presoaldng solution at 20°0 for 4 hours. Aft~r presoaking the carbon was ,washed to a pH of 7

before elution.

th.e data was subjected to .the film transfer controlled model. The effect of particle site @nks. is

\~shown in Figure 6.4.

o

k s as a. fun c t, i0 h 0 f ;;,p a r t.i tie, S Iz.e
t=;lu\..Uln .Tcmperet.ure '" 90O:C.Mc,u of"; Carbo., ., 20.0419 & Os = 3xln-4m2/s )

()

~.oo

'i.:-•
(I) 3.00
e "

.... 2.00

1.00

0.00 bem .........""""""'_,~ ....,mfo)o.--....jll--., """""'''''',...._.......f===.=. =-""",," ·-'fo.t:="_"'~I·"'""""""-~
0.70 O.IH 11)01)1 1.0'1 1.12 1.23 1.33 1•.{4

Par~lcle Size / rnrn

figure §.4: Dependence ot ks on Particle size.
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It could be seen from the. Figure that there is aslight trand betws$n the film transfer coefficient and
parti9!a size. Film' transfer co~fficient is s6.en to inoreas; with inorease in particle sl;te. Similar
obser,(atlons have been made tr,:,:l~fgWU3Sand Young42, It is suggested that film transfer depends

" )

on the surface roughness of the particle a;nd the Id~rtic:le shape. TherJi'orsf'" film transf9r
enhancem~nt by surfaca roughness will be greater for the larger parflclss than for the smaller

particles ~q_ause of their larger surface area. In fact correlafions such as~'Sherwood and Reynolds
numbers for' paeRed columns predid~\higher film transfer coefficients'for larger particles than for

Ii

smaller particles. Though the,result obtained in this work Seems to have confirmed the works done

earlier the film transfer coefficients obtained can be said to be relatively constant within the errors

associated with the~data~

6.2.4 ,Effect ¢)~q,hangfng Chemical ~ttVirooment.
J\n experiment was conduqted to examj~e th~effect of the presence of some "measurabla clfianide" ,

onthe kinetics pf elution. In this case the c~rbon 5anlple was presoal<ed cold st 2{tC for 4 hours.- . . . ;

. . j\. - _'''' - ,',.-c - - -_Q _ ,',,'," - - - -- __ ,-', _ _, :>
After presoaking the 9(lrhon Was not washed before elution at83°C. Figure 6.5 gives a comPClI'at[ve

illustration between.~I'u~9nof washed and unwashed carbon attha same teg,perature.

" - - 1\

Elution of Unwashed Versus Washed Carbon
ElutIon Tempera.turs • 83?o. Ji

• Unwashed C.e!rbon
..,£; W",s.I"H,d Cal"'bol"\

" /11.·~1\
uco
(..)

Q)

-; 0.80'

..2
I.tJ

~ .•.. ' ~,~.
~ .

,,- - - - - ---..~

45,0 135 , 1 225
Time I i'1lnut.e:s 0

315

o
Figura 6.5: Effect of the presence of cyanide on elution at 83ClC.
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I~could bs seen that, the kineticS of the unwashed carbon was higHer than the washed carbon.
'I. 1/

i~dams~ $uggested t~l~ttile presence of eN" in the elution environrtJe;nt has a modifying effect on
N . Ii . .. ." . < . .. .. ..
ifhe carbon surface. Tj:piS i.~d4~ to reactions between ~heph~nOlic groups on}he carbon surface and
'the cyanide ion. Ihi!~reaction results in malting the carbon less I'eceptive to adsorption thus
d . . (I 1

:tavouring elution. rrl:lm thist it is expected that the carbon that was not washed must have faster

'.Idnetics than the on~'!that !l':~washed because o(the presence of cyanide.
I;)

e" ;'/
. !i
ilt could also be se~)I~that the elution profile of the carbon that was not washed conforms tl) the

it'lpical plant data ob:taned by Stange and l<in92, The peak .of th~gold elution only occurs attar all
" '} ,

!the spectt\tor ions, ~'~Ohas Ns+, W at al, in the presoaking solution is washed away. Washing l~way
':of such ions, resul~J in reduction of ionic strength Of the eluate. At that stage, the adsorption
H... Jf

1/ equilibrium reacti011in equation(12.1 ten~s to shift to the left thus favouring 9Iu11on.
P i l" n

1 f/'
': !
ii The film. transfer coi';ltrolledmodel was fitted to the e)(parirJ1~ntal datel generateq witllout the carbon
,i being washed. Thei(ssul.tobtained is shown below in Figure 6.S.1t can be seen that the fit obtained
i, 11 -". .
\i\ is not goo~; This is!:~ue to the nature of the equilibrium .isotherm used which does not accomt for
'! . ..• \)

i/, significant changes ~n ionic strength.

l Model Fit

'I:" 2.80

------~-.--------~-----
*' * * * *

2t>OO 8600 14600
Time I Secs

206(10

)\~--,~~~~~~~--~--~-~~----------------------~Figun~ 6.6: Model fit for the unwashed carbon.
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Since the cat)oon was not washed after presoaking b~fore elution!, the chemical environrryentwas

,:) contiouousIYL'hanging. The changfi~in factors such as ionic stretlgth, cyanide and hydroxide i.on
n

concentrations. therefore nas an influence on gold ~qlimbrium. The equilibrium isotherm used

however was"a single solute model. Though the influence of CH ion on gold equilibrium was

studied in this work, the influence of the other factors ware ngt. Thus, tha"single solute model could

not efficiently simulate ~Joldelution in \he presence of all these factors~,

~\
\\... .

From Figure 6.6 and 'the figures shown in Appendix 3 it can be seen that there is. a mismatch

between fhe expelim~mtaldata and the model prediction at the initIal stages. This can be explained

to be due to the time lag In taking the initial ~ample in the Idnetie experiment because of the time
taken to flll the ellJticm column. Thl$"effect was not taken into consideration during modelling. But
apa~ fro~ this it can be seen that r{:fit produced by the model is very good.

, \
(,.

I}
S.3 CONClUSIONI
It has been shown in this Chapter that the film transfer controlled model could be used to fit

e,(perimental data. The' period of presoaking has been found to have no influ~nce on the film

traQsfer coefiicie.nt as long as tne temperature of elution remains constant. There is virtually nc
" .". Q C

relationship bebMeen the )ilm "transfer coefficient and temperature. It wa~so found that fitm
i' -. n

transfer increa~,es with increase in carbon Particle size very slightly so that. the ·film transfer

ooefficients obtained can bs said to be constant within the errors associ8tect with the data.

The singls solute film transfer controlled model did not represent gold elution with chaqging
chemical r.invironment well.
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1.'i Ccnclusiic.Ul$
,:. • . ~"'. > .G

The followin!g conclusions can be drawn from the work reported above:

T!t> ~!quilibrium attainment of OH' is a function of the initial concentration ot the OH' in
"solwtn,n such that the higher the initial concentrati0n the faster the establishment of

equiUlprium and vice versa. The equilibrium attainment of gold adsorption onto. carb~"ls
II S\_ " !

independent of the Inffi}j! concentration ,,_)

The J~uilibrium adsorption behaviour of gold and hydroxid~ ion on to carbon has be~n found
!I

to b~i physical in nature and exothermic yielding a AH of -42.63kJlmol and ~14.~pkJ/mol
respj~ctjvely.

I'

The .presence of OH' ion has sigl'lificantly suppressed the adsorption,~f gold on to carbpn
hen~r producing a wide deviation with respect !otemperature on the gold adsorptionRi~li1es.

\. . .. ... . .. '<

This ~:ffect has been suggested to be due to the modifying effect OH" ioq has on the surfac~;
i:? \\ : -:.':'~ 'il

ofthe \~ctivated carbon. '
10

1, II Q

. 'Itwas shown that statistical analysis can be used to make a choice for the best model which

ha() fitted experimental dat'&iespecially when the data has been subjected to severa! models

with different !})Jmber of paramete~~ to be. estimated. From such.an analysis it was shown

that the Modjllied Freun~lich isotherm is the best model for the single solute equilibrium
Ii. _ _ __ _ _ _ iI _ __ _- _,

adsorption of 'gold Clnd OH; ion respectively. For multi salute equilibrium adsorption. it was
found that the:\. General empirical model is better than the Freundlich-type muiti·-component

.' . ,'" 11

,- ~
C An aluti()n mo.~eldepending on surface diffusion and filmtra,nSfer(~aS been devef~. The ((

:::;nn,~::n;S:~:d ::1:!l:::~O:h;:e~:~lmdifferentialeq~tiQ~~p
~i

The model (whic~lis surface diffusion and. film transfer controlled) was found:Jnot to be
o

86



,[L

sensitive to, the surface diffusion coefficient. This ;~~est~9 that· 'surface diffusion· was
,>_/7 "

playing a fairly small role as a rate determining factor during the elution process. The model
o

was then modified to be film transfer controlled.

The film transfer controlled model Was found to be very sensitive to the fjlm transfer

parameter and temperature. In both cases the effl9ct wasl"'~nd to be dominant at the initial
stages of the process. The effect of temperature 19specialiy ~trengthens the conclusion that

temperature is the most important factor in the elution process.

Data for the kinetics of elution was generated and subjected to the film transfer controlled

model. It was found that the film transfer controll'~d(lmodel fitted the experimental data very
well. Predictions of the model have shown that thEIdependence of the filmtransf~r coefficient

on temperature is virtually non existent within the limits of experimental ernJf generated. It

was also founej that there is a slight dependenc~1 of film transfer coefficient Ipn particle size,
This dependence was found to JlS linear with increase in particle sizel resulting in a

corresponding increase in the film transfer coefficient. No .relationship Was found between
the period of presoaking and the film transfer coefficient. '

i)

\ThfJ film transfer controlled model. was found not to fit gold elution data With.,a changing
" \phemical environment. This was the result of the equilibrium model us~d which did not

i,account for the eff,~ct of iQnic strength and cyanide concentration on the :equilibrium
adsorption ot gold. \\

o

7.2 Recommendations

It can be seen that fits obtained with the film transfer controlled model were very good. The model

ho~ever can not be used for industrial simulation purposes yet. This i~becaus~"by washing the

carbon D:sfore rkililn an artificial situation is cre~ted. This situation therefore eliminated the
influence '~hat the presence of cations such as Nat, i<+, Ca2+ et al would have on gold elution.

·,1. .,

Obviously in cyanide-froe elution influence by these ionic species would be rni~imal but worth
~'
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~' .. ....
measuring~ An indU$lHally usefu.! model should. be able ~o predict the influences of temper~tura,
hydrmcide ion concentration and the concentration of any of the cations Inentioned above

simultaneously during the elution process. This is because ti19se factors would have effect on the

equilibrium behaviour of gold and therefore could afiect.the kinetics of gold alution.
o

It is therefore. recommended that the influence of the aoove mentioned cations on tha equilibrium
(/

behaviour of 9pld should also be examined and quantified together9Nith those studied in this work.
(J (~.. . ,. .

By so doing a complete model can be doveloped to simulate cyanide-free AARL.e!ution. A further
, 0

extension can be made.to study the simultaneousdesorptlon of gold and silver. This will strengthen
the usefulness of the model industrially since the ~,lutlQnprocess Is a multi.cQml2~~ntprocess.

\1

"'_. p.?(J
Also sincecY~id~ree AARLelution process ;s very Similar to Zadra elution processthe study can

be further extended to take care of the Zadra process. Modifications can be made in tha mass
'-':.. , ",,0 0," , . '~:~ " '" \j

balance presented iMhiswork so as toJnolude the recirculatIon of the eluant as practised in the
.) '-/' , "',' ,~

Zadra procesfi.
~\

(I
,; ,,' \\, ,i ,', o

Be~efits of such an industrially useful model inol,~de$ easy plant optimization aad cost analysis~Jhis
is (~ec~use eomputer based tech~lqQ~s ~ri,be used and this will ald'the ,examination of many
$c~n~r!O~;during plant design .Md operation. 'By the use ~fcomputer based techniques )Qstead of

\'f .. '
m9nu~1p',ocess analysiS and design.techniquas, optimum utilization of resources can be achieved.

'Ii . "

[i

Finally the elution model developed is still at a preliminary stage and will have to be further worked
/'i

on to be of value\to illdustry.

I.)
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o

OW KINETIC 19lATA(Ste©'nO~ 3.3.1.1)
(J~

(~i

.., •.~' .• ;#\r-~ ~"t::: :zt:E!<:t::::::ll:::at::;;:s:::=:=:;;::~::::::!:i::=~~~~(:;;:;v'~

C/Co,.t~--------------~~-------=------~=-~,~~"'-.,--~----~i.OCO

'0' TIme

0.0 c,

"'..
0.5
to

.,t5
2.0
2.5
,3l0

3.5
4.0

" (\4.5
o c

IJ 5.0
,l:r'

-,

{J

ij

C

0.0992
'>

/J 0.0934 ~f

//
0.0926 JI

if

0.0917

0.0913

0.0905 c.

0.0905
'"
0.0901

0.0880
c

Q

(I

0.942

0.933

0.924

"
0.920

'.

0.912

" 0.912

0.908

0.876

0.876

f}

'.?

0.883

0.883
.I

',)

,)

(""Ij

II



o ·.0 ~

DATA 2: W =50.05g, CO =:O.0990M, V ;:3Iitr6S, T =~~oC.
"

o

u

'fima

0.908
(;_',

~.';:J "C

0.0990

0.0938

.0.0913

0.091 a
Ii .

0.0909
()

O.
0.0888

0

1/

1.000

0.5 0,,947

1.0 0.922
Q

I'
0.922c?

2,,0 ~, 0.918

<) I)

i.)
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~c.
o

()

tl
o

(/

0

. ~- (iiCleG

1.0000

0.941
C)

0,928

0.916
,

\.) Q.•908
("i

0.905

0.903
c ....,

0.895

0.891
,~.)

0.878

0.873

Time

.,.... "''?, 0.0988
> '.)~

!u
";;,,,.:;,,',

0.0930
if ~

OJj917
,~ '~.'

0.0905 "
"

C"

0;0897
'{)

()'O894 .
0..0892

0.OsS4
.

a.casu
\.Q

_m=r m t"~,

0.0867 I'"- "

0.08S3- M'

0.0
c 0.5

1.0

1.5 ,,~

c

",2.0

2.5
(;

3.0
" 3.5 '"

4.0 "
4.5

S]'5.0
,.

c.

o

o

ji

II
ff
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(J

OH' EQUlll~RIU~ DATA (SECTION 3.3.1.1)
i, Figure 3.3

0.2580 l(-
'~~Y_'lli~~_iItJiIICI"l'I!.UIiI~II:lt('="'~~~_~=~ q,- ~ ... q h&l:i###, F'

.,

0.1405

0.52370.0992

1.•1432
-., 0

" 0.1801
..

1.7943· <J

0.2194 2:)4641

0.32596
o

o

c Q~--~----------~-------+---~-------~Ir Ii
(;'0.1006 0.5468

'.
0.14:18 1.1302

0.2588

;;
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o

-
0.5997 --0.1070

0.14'70 (I

0.1965 1.9129

0.2248 2.5965'

3.3461-0.2635

!I

~\

o :'!
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Figure 3.4

DATA 1: T = 80°C, V ;::3litres, Co :: 0.3~ 1M.

,)

70.080 0.3174

65.069 0.3283
',j

c)

60.010 0.3309

55.054
';

0.3350
o

l' 0"',

50.075 0.3389
o

45.021 '0.3406

40.032 \\ 0.3423

35.041 0.3435
"

w,p", &1'iJ&fl;!iW2tGi

w C

0.7285",

0.6599

,0.4959

,0.3115
,',

0.1349

0.0514

,'_

'_7'

fie Q

70.108 0.3071 0.9714 _\';

0.3123 0.8075
_........l'

0.3158 0.6884
" .

0.3189 0.5942ii{;
,

0.3211 0.521.7
i-;;-~

0.3239 0:3932..

0.3270 0.2100
t;·;Y\ " -... ;;:4 .~~-=04 d ::r 1Zi2i_

65.012

61.007

55.034

50.024

.45.012
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o

o

o

e.
nATA 3: T= 115°C, V :::.3litresj Co :::''ij'.'S298M. f,

i)

Q
-~,.

c

60.177 0.3193 0.6235
"

55.021 0.3212'"

0.3246 0,4198
"

0.3457
. .,

40.034 a
r

'.'

0.3266 0,3298
.':

o

c

o



Ott" KINETiC DATA (SECtiON 3.3.1.3) •
.E'kwre8'3.5 &. 3.6

,'.
DATA 1.;.W' == 15.005g, V ==1.5litres, Co = 0.3738M.

...•.. 0.0
-,

0.920 I'> ~;..9898
1\

0.915 2:~405 ()

II

0.910 2.~~25
~l)" ~

'.!

0.906 2.83$5 ,:1 ~n ~

0.906 2.6098

Time

(') o

DATA 2: w== 14.9729, V== i.SHtres, Co = 0.3193M.

C! Time C Cleo
Q . .

;

"0.0 0.3193 1.000 0.0
'- .. ,

2.0 0.2983 0.934 2.1039
\,

.:

4.0 0.2930
" 0.91S(\ 2.4294

6.0 '0.2895 0.907 r. 0 2.5839
.:

',. ,8.0 O..28n 0.901 2.5709
;,\

10.0 ':,,:. p 0,2877 0.901 2.792
t::= \,

101



Ii

pArA 3: W = i4.994g, V:= t6litres, Co = O.2070M.

Time C CICo Q o
" \~

0.0
,;

0.2010 1.000 O.OOCO"

2.0, 0.1965 0.949 1,0504 L"

" ,I'

"
..P4.0' 0.1908 0.922 1.4884

6.0 0.1895
()

0.915 1.491,,2
,

6J) 0.1886 0.911 " 1.4550

"
,:::;

;/"
(/

10.0 °0.1886 0.911 1.5889
,

"

(.\

>'D

DATA 4: W:: 15.075g, V::: 1.5litres, Co = O.1105M.'
I

\\ ~Time 0 (}fCo .0
\, --IJ

0,0 0.1105 1.000 0.0000

2.0 0.1035 0.937 0.6865

4.0 0.1018 0.921 0.7948

6;0 0.0983 0.890 1.0744
.. Q

n
, :j

a.o 0.0974 0.881 1.0983
"

10.0 0.0947 " 0.857 1.2947
"
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o

_b

C

39.36

0 32.49

25.53 r;i

19.66

13.82

11.02

9.67

8.57
0

".-.:~

7~79 (!

"

7.12
0

6.74 .. ,!

!."

'"
(';

0.0
0.5
1.0

1.5

o 2.0
'\

2.5
~.O
3.5
4.0 ..

4~5

5.0"'"

0.8255

0.4994

0.3510

0.2800

.

()
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))

"

DATA2: W =50.06g1 V =3Iitres. Co=40.41ppm, T;:: 100°0,

Time,9
.c~

c

c

o 0.0 G

0.5
1.0
v-,

1.5 V

2.0
2.5
3.0

3.5
4.0
4.5
5.Q

40.41
1\

33.3~

1.0000

0.8255

26.53 0.7060

25.44 Q.62SS

23.55
,

0.5628

20.48 0.5068

17.84

I

0.4415

15.38

t4.S0

0.3806
I.)

0.3662

I~------------~-~---#-~--~---~~--~\~,~--.--~
~14.17 1\ 0.3501

0.3573

,II



(I

,

DATA a:w =50.029, V ... SUrres, Co,::::33,84PPrifiJ =115"01.
,;:," ':

TIme c c/o",0
1.0GOO

__,.,..
0.8829

c.

u (J.~191

0.7666
,

,

0.7199"
r:;./

"0.6933
,

0 c3.6454 --
0.6223

0.5957
.:

0.5798

0.5559
:.:)

IF----=-- --+-------.~,--------F_------u~~--~
'~§,,840.0

0.5 29.72

': 1.0 27.72

2.0

3.0
" ..1

"3.5
I)

4.5

24.36
')

23:46

21.84

2'1.08

20.16,

19:62
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c

'DJ\:rA fOR, AU EQUiLIBRIUM EXPR:R!MENi (SECTION 3.3.2.1) 'J

figure 3.8

DAk.ill';:; 80°C, Co:; 46.2()ppm, V = SHtres.
)r .

I Q
']

8.66 1.892 i.\~49.964
~----·'-4~(-02-6-!~_·M_'--~_~\~'~'r--8~.a4--.-,~Ci)~~------2.~09-0-----4J

!l

" .

50.096 11.93

" 45.031 12.09

40.001 12.18
l

35.014
,

12.63 .,,:,

30.003 12',97
if

25.078 13.50
(";

'.)

(i
1.1384,,/:"

\,/

1.82$

2.045

2.298

2.648
.!l
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DATA 3: T:: 115°0, Co::: 36.95ppm, V;;: 3litres.
u o

w
15.36 '0' 1.295 "

c . "

16.18 1.384

1'l.18 1.482

17.26 1.687

17.56 1.939
"

17.84 2.292I.i f-'

c Q

50.Qi8

45.014

40.033

30.00,1

25.010

;'.1
, (\

\L
I)~

()
107
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DATA FOR GOL[} h~NETiC .EXPERIMENT (SECTiON 3.3.2.2).
Fig_ures3.9 & 3.10.

i)

Q8.IA..~:.W = 15.019g, V;: 1.51, Co = 36.80ppm

"
'~

Time C Q

0 36.80 0

2 6.89 2.987
\)

.~
/)

4 3.06 3.365

G 2.21 3.448
"

S 1.77 3.493
,

,)

10 '1.55 3.514

)\
..J

1.000
i

0.187 .J~
0.083

0.060

0.48

0.042

DATA2: W :: 15.0099, \! == 1.51, Co ;: 32.68ppm .

,.?
...".. "Time C '0 C/Go

0 32.68 0 1.000 :

2 10.14 2.253 0.307

4 2.63 2.996 0.80

6 1.10 3.148 '0.033
.....~- .;-:c-S:::::-·

8 0.65 3.192 0.020

10 0.47 3.209 0.014
,

"
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~,

QA.TA 3: W == 15.0099, V = 1.51, Co = 27.01pp_rn. ()

()

(1

.
.., ...~

Time
~_;~

C Q CIO0
"

0 27.01 0 (j
.' 1.000

'/
c;) ,

2 4.36 2.2e';f 6.161
',\

4 1.14 2.564 0.042

6 0.56 2.64f 0.021
\~-

8 i);a7' , 2.659 O.Q14 a

"10 0.31 '2.665 0.011
,:>

~ W ::.:is.00og, V= 1.51/Co = 184.17ppm.

~\

Ci

Time C

0 184.17

3 75.83

'5.5 59.33

7.5 '48.50

9.5 39.00 14.395

o
0.412

Q

i~)10.834
\1 12.433 0.322

I 1;,. 13.4n O.2~3 '

Ii \\

D
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DATA 5: W ... 14.999g, V == 1.51, CIl = 489.25ppm.
- (/

.
Time c '\ Q"

p CICo

o 489.25 0 1.000
Q

18.476 \2 304.50 0.622
\\

c 4 252.60 23.464 0.516
.

6 24?~OO , 23.855 0.505
f~Q_~
(// 0,. a 2ta.20 24.571 0.487H

.~'I

10 " 230.50 25.182 0.471
.\

, .
n

DATA S:W= 15.006g, V." 1.51,Co = 4~.33ppm.
\"

~<~~:::'~:'7

(/

QTime C
I .

0 491:33
i

(( l) '" I

2 1~J.5a
1;

4 4.65

6
1':'

3.01
,. ..

10 2.02
I ~

o
3.873

4,459

4.620

4.717

NOTE :,1jms == Time of Sampling (Hours)

C.::: Concentration of th~1~mple}~pm)
" :.: . -

W == Weight of carbon used (9)

Co '" Initial cgncentration (Wm)

Q = Loading of gold on the carbon (mglg C)
V = Volume of solution in the system (litres).

I~ 0

110

i\



,.~

Ii

')
,:;..-'

,,0 G

\\
o . \[

APPENDIX 2 .~Equilibrium E~perimentardata. Single
and,multiple solute data (ChtPJpter 4)a

"

(> c~

-»;

(J

o

\\

\\

\)

\'

(l

'! ;::, .\1



CG

0.06,67
,,'

0.1088
,'.::11

.,{ !~.2Q70
ji_ iI

I ' 0.319SU

r 0.3738

0.4974
,

0.5510
',I

Q.6000

o

II

111

>

"

'"
0.5261(" \

1.2033

1.5689

2.3792

2.'6098

3.0667

3.S278

3.8594

o



Q o '\0 ;:_i

'..'

c:
o

c

, . ,. . ,\ nMTAg:, Vo,luma Of Solution ";~1.5'Z51,Temperature :::100cC.
,

"

\)

?/
0.0618

0.0956" 0.8673

a
G

15:052'1:1 0.0569 0.5127 ., I

01.3719
c·

0.1034 15.001

0.1801' ~,0 '

/; 0.2895

0.5123'
z:

0.4878

'. 2.7525

15.001
.

0.5551 0.5315

0;5949 15.014 2.8906 .
"..

1/

8
I)

I)

'.,)

o
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DAtA 3: Volume of Solutiqn :1.51, Tempera~Jre =115°C.

()

0.1035 15.002 r 110947 0.8799
[\

0.2053 0.1930 .1.2274
!~--~~----+~--~--.---+-----------+--.~----.--~

~A011 "0.3158

15.003

.15.027 0.3018

0.4070 15.032 0.3877 1.9258

0.4881!~--~----~~----~----~~---"----'-+----------~
0,5403

0.5103

0.5630

15.002

15.0013 '

2.2100

2.2269

15.011
~--- :: ,#t*:;*a****

0.5691 2.3283

NOTE:bo = Initial concentration of OH" icm (Molar).
W = Weight of Ca~bonused (g).

,i!,' ,"en = Equi!ibr~v;,,/concentration of OH" (Molar).
,l'~J

V = Volume or Solution used.
00 = Equilibriuih loading (mmoleslg of Carbon).

0", ... 3 .1340C~·5614, R .. 0.9928'

!i
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<.-' ,).. ,.

"IllATA 'fOR GOLD SINGLE SOLUTE ~QUILlBFUUM !EXPERIMENT., \)
,';".

DATA 1:"Volume of Solution;: 1.51, Temperature = 80°C.

'"Ii'
23.855

c
z 0

2.641
<,

0:56

3.148

,. 3.448
,

:'

4.620

5.~.a~,\
~~ ~ __ ~~ ~ __ ~ ~ ~ __ ~ c~

:">, rc 124.00
"~~.;

'",,0..

"<, 247.00
'';

I\,

\\,
, ~

\
,\

12.433

18.082
,:

/'" /)

Q(!J ... 2. 98 \1~.3675, R ... 0.99'59

o ,

o
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(j

DATA 2: Volume of Solution =1.51,Temperature ::too°C.

o·
Il "

w
0 Dr,

" 15.020 65.17
)

"

15.026 72.00

15.004 a 128.67
::;~~>

15,pt? 182.50

"15.005 0 236.16
C>

15.Q19 261.50
\, r,

15.002 383.84
~

C'

"~',I 0

II

.20.16 4.495

23.17 ,}':; 4.675
"

,

67.30, 6.135

106.86 7.555

1,55.17 8.096
,.

175.83 B.556
,,,'

0

21~~25 10.458

Ii
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(1 it' c-

DitTA 3:'\,(olume of SolUnon =1.51,Temp9ra~lre,.,115°C.

.,

o

,j

Co 00

,
010.75 2:.431

.- f:'.';;
;~

17.00 3.014

32.83 3.625 c;

s
0

62.33 4.439 )'/!o
,

"
L

109.00 5.187 ~0
o <J

161.75 5.572

266.75 '6.663

1.5,002 47.j4
"-

15.017
c

69.12
" G

15.,Q09 105.75

14),999 160.87
.'

~.47

15.04~ 333.60. "

o, III! 1.2520 cfo·299G? R .. 0.9959

.,
NOTE: Co = Initial concentration of Gold (ppm).

W = Weight of Carbon used (g).

Co = Equilibrium concentration of Gold (ppm),
V = \l!)lume of SoluDon used.

DOa = Equilibrium loadi!19u(mglg of'Carbon).

/1.
If

,)

o

('.t
1)
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e::~EOj=ri~OO~~rE~U'2EA:AT:rl~S:3·C..
15.031 .~ 12.887 I 4.51 I 0.836 i' 0.0650 0.056 I 0.898-- -
15.038 II 53046 23.50 2.988 I 0.1251 0.112 1.307

15.023 131.07 I 79.61 I 5.138 I 0.2267 0.211 1.568

15.004 -189.92 1E~1.90 8.800 0.2859, I 0.269 I 1.690

14.999 265.49 !(46.50 I 11.900 n 0.3527 I 0.334 I 1.870

15.020 ; 405.50 245.19 16.010 0.4164 0.397 1.937

15.032 652.02 427·54 22.400 0.4961 0.475 2.106~

AU DATA
<:::._":::::::.~,:::,,)

Qc "" 0.2?89C~·7290, R ... 0.9931

.9H DATt!

Qe .. 2. 8140C~·38Q\ R ... 0.9930
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DATA 2: Volume of Solution =1.51, Temperature =1OO°C.

~ 16.75 . I t2.50 I 0.425 ~ O~OB5 O.078~ Q149
. -. "-' ~

~ 56,80 I 41.00 I 1.579 ~ 0.125 0.113 0.874 \\, H
120.48 I '.~59.5 I 3.093 Il 0.221 0.209 1.159

W
<~\

\b;"~:'~
15.016--

=. 15.0'12--
15.024

15.028-
15.022-
15.088-
15.033

AU OH

00Co •.... Co 00Co Co

I 344.63 I· 268.40 I / 7.612 0.336 0.322 1.391
512.00 418.75 ,I ~,:~"::O.165 0.361 0.366 1.501 I

~.'

166.20 I 122.85 I 4.327 U 0.261 I 0.248 I 1.270

/ -'6.64.75 I 535.00 I 14.942 H 0.516 I 0.499 I 1.750

AU DATA

o

OH DATA

.9~62c, - O. 0491C~·90'1l-,

e,}

Qe .., 2.372C~·455, R ... 0.'9993
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DATA 3: Volume of Solution =1.51,Temperattiie =115:1C.

- -~~ .

~

W AU OH
I>'

~c, c, Co Co Qe
"

15.005 37.07 34.25 0.282 0.055 CO.048 0.431

15.009 55.n 50.95 0.482 0.095 0.089 0.545 I
"

15.040 111.31 100.01 1.127 , 0.172 0~165 0.740
":':~

15:013 193.34 165.34 '2.798 0.219 0.211 0.842-
15.008 235.12 199.50 3.560 c 0.298 0.286 1.112

15.012 , 345.29 302.25 4.301 0,385 110.372 1.299
I,

II 0

.1:5.002 467.74 416.52 5.121 0.500 'IO.485c,· 1.500
.- . (?

AU DATA

Qe ... O.0040C~·2308, R'2J. 0.9852

OH DATA

Qe ... 2.160C~·5551 R ...0.9913 :':7-
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't). . . ... _ . _ . , ... . .. _ _, _,.. (1. ~_~~!/
D~TA ON THE EFFECTOf VAt~YING i?fiIESOAKINGPERIO~S.

,.,"-.' ,~ I)

The elution of gold from Knight's loaded carbon 'after preatreafment with. 20gJI 'NaCN and 20gJI"
NaOH solution. ,i'

Condition of Presaaki~g: Cold presoaking for the perioc(lndicated aecordiflg to the. experiment 'fJ
followed by washing of ~le carbon with distilled water to a pH of 7 b~fore elution.
Elution Temperature:: 125tC.
Volume of presoaking solution ;::.200ml.
% Avsarge eN" consumed per gram of Ci!rtmn. during presoaking = 0.0254
Pattiels size of Carbon =I +1.70 to ~2.36mm

C)

Experiment 1 .,'Pll'000akmg I'Z-erkld:;: 14 hQUffi. "
Weight of loaded Carbon trtfated ;:: 20.084g

li

Tlme/Minutss ,.
'.

CJppm

22.34

15

30
r=--o-.-

,45

I,' ,60
-=-

"
75

90.

.~ 105
,

120

i56 n

210

0 246

303

370 ..

0.85
.'

0.80

0.74
'.'

0.58 c •

0.50

nae.
0.24

0.19

\.\

120

j) Q

V
.

I)



ExperimGnt 2" preSO~ld!'tPJ~rlod ~ 6 hOf.lfs.
Weight Qt carbon treated ":: 20.060g. ,o· . :':'J.' 't)'~' 0

05
"

10
.,

f)
1/

"tJ 15
Gr,

,,<,. -~~

20
"

( \30
'"40

52

;j
'I

8.64

.0

4.15..~----~-~--------~----+-------------------=---~2.85

I

,.

('j 60

TI,.,CF
,

90 .......

105

0 130

150
.;

180

210
\~

240
rh
"...!

360u

"

1.76

(i

D.T! '" ''\)

" '...,0.64

0.28
,.::,' 0.22 G

Q
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E
Q.
Q.

...... to.O
Co

,,~
t.
..,J
C
II)
I)
co
(.,) 3.QQ

f)

)
({

~OOO 920b 15400

Time I Sees
21600

if

Figure ft3.1.: Experimental··· Data 2.
~.

e
a.a
..... 8.50
C
0
.;3
ru
c..
..,J
c
OJuc
0
(.,) 2.S0

*' it- .* 11- ; ::: '* ;Jr I
301)1) g~OO 1$400 2lGOa

TIme I Sees
FigurG A3.2: Experimental Data 3.
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o

Ex~perinu~ntG..pr~oaklng Perktd :g 4' hours.
Weight of ~n treated ;::20.013g;

\f

Time/Minute

o

2.M"'00
() 05 \\

10

15
1]1

Q 0 20_e- O

300
t.:o::si=

(,'j
mp

I) 40

50
60
75

90

(J

11.00

e'

:/!iL..!~-::__~>....._. __ , __ ...,._ ~J,~C

.,.. "':(' \:
('I

,...".........

5.04

3.52
A - - 4,\\

2.82

2.34

1.S'7 '"
1.33

·1.02

0.96

0.83

0.73

0.66 0
'.~j

0.65 r>

0.64

0.63

0.62

I)

105

\.\

155

210

240
,.-;- 300

123
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I)

..
40

50 "

60
"

t\ 75.\.
'<\:. 90 ,

()

_ "•• -*.. .. 360 0.47
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Figure AS.S: Expermental D~a 4.

Ee,
Q.

..... W-.O
c
,9
..,;
III
~c:uo
01:o
o 3.00

if £ip~Im4fI~.o&ta
--~s1Lt.1G .

"0 '" t.02mm
T~Ml" ::: 12~UC
!till " 2.2$1<10' m/la
,J"Ie ::; 20.0149

.
9200 15400

Time I Secs

\) e!
(' ,.0.:'

Q.

~
.....

3.50
It:
0;;
Ii}
c..
..J
c
QlI
Uc
0
0 2.50

*' *
9200
Time I sees

15400

II

l

Figurra A3.4: Experimental Data 5.
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Exper!waent 5 " Presoaking Perlod::·1 hour.
Weight of Garbon treated;: 20.006g.

,. a

Time/Minute

00
05
10

15

20
G 30

9.66 " /)

5.35 (I~----=---~--------~~~--~--~------==----~--~4.86

8.60

'140, I 3.36o

50
o

c-

2.27

,60

75 " 1'.02

90W~\1:;----------~------~--O-A;~C~iI-'~U---~i
"li' >'. lJiJ fOe • .,...

210 0.20

240 0.18

. 0.16
,

300

360 0.12 ,'i

)
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Elq)®WiM!ni eli.
Weight of Carbon = 20.001g.
Particle size of camor~treatoo;::+1.1 to -2.36mm.
Volume 'Of Presoa!,ing solution:: 1(lOmls.
Period ~fpresoaking:: 4 hours.
Tempsrature of presoaking:: 2o±1°C.
%tage NaCN consumed per gram of Carbon:: O.15P.2.
TemperJaMe of Elution r.: 90(JC~,

.,,_
'I

Jime/Minutes CJppm()

"

00 5.51
o o

05 4.18 (l

10 'I o 1.92
r, i.' ,_, " 'I',

)1 " '-' (!', "15 -, 1.52
~'i

, 20 1.23..
30 1.05

40 0.16

50 0.54
- -60 0.41

-
" ,~75 Ir' 0.27"

9Q :-J 0.21
(~-

H)5 0.16
'i

120 0.13
,)

1$0 ~ 0.08

180 0.05
\i

210 0.05

240 0.05

300 0.02
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'I

*
74-00 1~600

TIMe I sees

Figure A3•.?= Experimental Data 6.

Ea,
Il..

..... 2.50
'ci;'
o
.:i
tiJ
t..~
C
IV
oco
(.) 0.50

Ro =: 1.43mm
TeMpo :: 99s°C
k ... 2.3.1;1<10" m/'11
Me ... 20.0369

**- * '* 1} '* *" .It-

2400 8000 I36CO

TIMe / Secs
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Experlm~nt1.
Weight of C~n = 20.036g. ,
Particle size of carbon treated :::+2.36 to -3.35mm.
Uoll!me of Presoaking solution:::! 100mls.
Period of presoaking ...4 hours.
Temperature of presoaking = 2o±1°C. 0

%tage NaCN consumed per gram of Carbon"" O.i621.
Temperature of Elution ...SOilC.

TimeJMinutes ..

0.02

00° "- ""
-.

'<,
03

08
13

1/18

23

33

43
53
63
83
93

,108

123

153

183

213

243
303

3.63-----001
2.47

o

o .~
~' ~ ~ •__ '~'ZL;,i~._91 ~ ~

0.90

0.62

0.46

0.34

0.19

0.15

(!, 0.11~ ~'_=- ~~ __~b\ . ~
-, 0.09

C)

0.06

0.06

0.04

0.03



( )

Exparl~nt 8.
Weight oj Carbon:: 20,078g.
Particle size of carbon treated ::: {.1.18 to ~1.70mm.
Volome of Presoaking solution::: 10amls.

c:·peiiod 91 prssoaking :: 4 hours.
rampe~turEi'ofpresoaking:: 2o±1°C.
%tage NaCN consumed per gram of Carbon:: 0.0506.
Temperature of Elutiow= 900e.

CJppmTIme/Minutes

00 4.67~ ~~1 ~ ~ ~ __ ~ ~ __ "__ ~1
II I

r., )103 Ii 5.52"
...... ---~, .....j ----i~---~--........--------__I c>

/;' ~~I

J 5~108
13

18

23
i~

33

,43

iS3fi

63'

78

,93
<.J 108

123

153

213

243
" '. fl."_

f't" ,

(~ \,
" -'

3.67

2.63

2.03

1.50~ ~~ ~ +- "~~i '~wm__ ~~ ___

us
:'"

\)

"

0.84

0.63
"i:II::Iiii

\.,"'"

0.35

0.27

0.19

0.15

0.09

0.05

0.05
i/>.
0.05

130
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I""""'--""{r.--~""""-."'"i"""" _ ... ==- 'J
...

_~_ ...... _ ............... ~ B_OO"""""O.,.._ __ ... __ 13...1500_' ... ....I920_. _, ••,) Tsme I Sees __

Figure' A3.7: ExperimentEd Data S.

E
0.
Q,

..... 4.00
Co:;;
Cij
c..
..,J
c
Q)
tJ
Co
o 1.<10

Ro c O.72mm
Temp = g~QC
ks '" I.S7Kt<f IVII~
Me .. 20.070$

11M)

-~LIM'

Ro = .1.02mm
rcmp = If~GQC
~. "~41()l) lIV'o

Me .. 2C1.0Q7g

o

* *'
801)!)

TlI'l'1e I Sees

Figv~ AS.S:Expertm~mtalData 9.

131

'\:::!



n·M#q.55w!··jra.:c.:~,~

00 ;~

02
05

~:,
10

"15

20
30
'40

50

60
75
90
105

123

150

180
(;

210

240
300

II

cx~riment 9~
Weight of Carbon = 20.007g.
Particle size of carbon treated = +1.70 to -2.36mm.
Volume-pf Presoa"ing solution;:: 100mls;

'; t .: ,;

Period of presoaking == 4- hlours.
Temperature of presoaldl'1g == ~O±ioC.
%tage NaCN consumed pEW gram of Carbon:; O.19(}·I.
Temperature 01 Elution = 11SOC.

TImelMinutes

.-;:_,

,

8.87

7.94

7.35

6.43

4.80

2.95

1.90

1.29

0.91

0.61

0.43

0.33

0.26

0.16
-'UI""-Mr

0.12

0.08

/1

" '
0.08

0.05
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(j

e.rlment 10.
Weight of Caroon = 50.0Q1g.
Particle site o~carbon treatGa ::: +1.70 to ·2.36mrri~
Volume of,l'resoaking solution = JOOmls.
Period of P!'e$oa~jl'lg ::: 4 hours.
;t"ampsrature of presoaking::: 20:i:;1Q(j'.
Temperature of Elution:: 100°C.

,

Time/min
~-,

0.00

06
11

16

21

31

41
,

51

61

76
0'

CCJppm

4.67
"

5.70

5,59

5.36
,

;,)

5.26
'0

4,47
\)

°3.74
Ci

3.20 (J

2,58'

1.88

, 1.44

1.11
"

0.86
=z& --

1'0.55 ,'.'

0.38

','

91
.~'106
121

151

181

211

241

"

0.27

~, 0.24
~i--Q' .

0.18
~~""'_"j6f~l '

n
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\i

Ro c 1.02mrn
T~mp\ :: 10QoC
Ito a ~.O(lxto· m/s
Me a SO.OOlS

E
0-
0..

..... 5.S0
Co;;;
~c......,
c
\\)
o ~
co
(.) 1.50,

E
a,
a,

"cc.;:;
lU
t....,:.
Ce
U *'ce
(,) 0.$0

.. **' '* *"
13200 t~GOO

Ii
\\
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o

Ex~rlmentn.
Weight of,Carbon:: 50.008g.
Particle size of carbon treated:: +1.70 to -2.36mm.
Volume of Presoaking solution =100ml$.
Period of presoaking :I 4 hours.
Temperature of presoaking~ 20±1°C.
Temperature of Elution:: S311e.

TimeJmin
0.00 =-="-"MMf =r~\~,·<&g;'<·;>'·"";'J~Mm'M;,,! 'I~.~

Il----..........--.....,_------t!, ........----- //
03 2.'65

O~</~;.7
fI-..----"""";;~,........----;l-.~-----------I

\i 0' 11
c,c

2.46
(f.

2.34

1.94

1.016

1.16

0.82

0.69

i(
0.64

d 0.48

0.38

0.30

16

21 \ ,

31

41

51

61

76

91

106

121 0.24
"

.:

0.17

0.13

0.12
\\:: 0.09

0.07

151

211

241

301

;)135



E)!perilMn~ 12.
Weight of Carfoon = 50.038g.
Particle size of carbon treated = +1.70 to -2.360'10'1.
Volume of PrElsoaking solution ;= iOOmls,
Perioo (Jf presioaking ::: 4 hours.
Tempsreiture I)f presoaking ~ 20±11lC..
Temperature I)f Elution;:; 72°0.

CJppm ,

0.08

TIme/Minutes

a.oo 1.69

05 2.15~----~~----i'~--~.)~'r---------------------~
10 1.99

15 \' 1.62

" 20 ' 1.49

1.1430
40
?O

: 60
75
90
105

120

150

180
210
240

0.85

0.70

0.55 ())

0.45

0.39

0.35

0.25

0.18

0.14

0.11

300
i-;:'



:~ptl'mlml.!l al,ll
-- ~1~lld ll1l11>, "

RO ., t.02mm
Temp.~ 7~oC
trill .. 2.7hl:O""Ws
1"'10 '" 50.OSS0

'1400 12600
Time I sees

''coo22CC

\\

')

o



ElutIon of iJ)fbwash~dCamen .. E!p4~rlment 15.
Weight of Carbon =,,50.003g.
Particle size of carbon treated = +1.7() to -2.36mm.
Volume of Presoaking solution == 10omls.
Period of presoaking =4 hcers,
TemperatUre of presoaking:;: 20±.1°C.
Temperature of Elution:: 88°C. •.
r-~~" \l\WIl!\ib'kiiWiP_'(

Time/Minutes,
l\

CJppm

2,36

3.07

3,50

.... 3.59

3,70
. n

3.65

.3.29

3.12

1\2.84

2.67

2.31

1.95

1.6S

1.41

1.08

0.82 ,.

00.64

0.47

!IO.29
awz :8,

I '.

..

138



()

APPENDIX 4 2l. Co,rnputet'programn.es used.
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SAS PROGRAMME TO ESf,~~~l'ETHE PARAMETERS OF THE MODIFIED
FREUNDLICH ISOTHERM AND THE LINEARIZED FORM BY M!NIMllAIION

\ . - . . . .
. ..-'

qf mE SUMOf SQUARES OFTHEA~~'DUAlS.
(J

GOPTIONS DEVICE ="IBM3279;
I,
i

"GOPTIONS DEVIC~!= A4AB;
FILENAME IN 'ELIi OATA';

DATA EU1;
INFILE IN ~IRSTOBS .'= 1:
·lNPUTTCQ;

R= 8,31441;
(1

PRoe NUN METHOD = .DUDoEFORMAT MAXITER ;: 300;
PARM AO=O.000034 A1=-42500 A2=O,32;

. MODEL O=AO*EXP(-A1/(R*T))*(C"'A2);
I, .,')

OUTPUt,OJ)T=B P=Q2HAT R=Q2RESID;
RUN''1/

j/

PROt PRINT;
SYMBOL1 V:l,'A' C;:RED;

SYMBOL2 V='P' C=GREEN;
SYMBOLS Vi'STAR' C=RED;
PROC GPLOT DATA=B;
TITLE 'AU SINGlE·SOLUTE MODEL';

PhOT Q·C QHAre I OVERLAY;
PLOT QRESID"C=31 VREF=O;

RUN; ..
..' ,1,1

PROe UNIVA81ATE DATA:=B NORMAL PLOT;
VARQRESID;
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CORAEILA1l0NS OBTAINED fROM THE PARAMETERS
Yah!!) M.1: MODEL ..MFI, DATAsOH'

(
\

0.9962 0.0197, 'Ao ,)1

AH 0.9962

n 0.0198 -0.0582 1

Talbl®M,2: l~ODEIAV~fl,DATA"AU
1

Cmr~L:..ATlON Ao n
\1

1\ 0

;7 1
"

t.\H 0.9867

n -0.1734

0.9867 -0.1734

-0.0138 1

labie M.3:'MODEL ..LMFi, DATA..QIf.

CO,RRELATION B'" c

1 0.9872 " -0.2241

0.9872 1 -0.0941

-0.0941

table M.4: MODEl·LMF~,DATA"AU.

Bo 1 ,

81 0.9895

Sa -0.3322
\\

0.9895I~--~~=-~-----~----+----
1

-0.1973



"

SAS PROGRAMME TO ESTIMATE THE PARAMETERS Of THE MULTIPLE ..
if r-.

SOLUTE ISOTHERMS BY MINUVUiLATION Of THE SUM OF SQUARES Of
. 1/

THE RESIDUALS.

GOPTIONS DEVICE = IBM3279;

*GOPTIONS DEV!CE = A4AB;
FILENAME IN 'EU DATA';

.::

DATA ELI;
(.

INFILE IN FIRSTOBS = 3;
INPUT T 01 Q1 02 02;
R:= 8.31441;

BO = 3.530515E-2;
B1 = ..14854.8;
83:: 0.6984184;
RT=R"T;
LF = BO*~P(-B1/RT);

PRoe NUN METHOD:: DUD EFORMAT MAXIT~R :: 300;
PARM A 1=0.34. A5= 100 A6::0.62 A7=O,09 A8=O.07;

MODEL Q2=(LPC2t1lB3)I(A1 +A5*C2**A6+A'?C1.**A8):
OUTPUT OUT=8 P=Q2HAT R=Q2RESID;
RUN;
PRoe PRINT;
SYMBOL 1 V='A' C=RED;

'SYMB012 "'::'P' C=GREEN;
SYMBOL3 V='STAR' C=REO;
PROC GPLOT DATA=8;
TJTLE 'AU s OH SIMULTANEOUS OHi MUl TIPLE~SOL.UTE MODEL';

PLOT Ot'C2 Q2H/(rC21 OVERLAY;
PLOT Q2RESID*C2=u J VREF=O;
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RON;
PAoe UNIVARIATE.OATA'\'B NORMAl"PtOr;::~

VAR Q2RESID;

<7
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PROGRAM ELUTE'
c
C STANDARD FORTRAN tt PROGIrAMME USIf\:3 THE, NAG LIBRARY
C
C INTEGER NAMED CONSTANTS:
C

INTEGER IU, NPD~$, MAXITR, MAXNX, Iwr<
PARAMETER ( IU ::::1, NPDES := 1, MAXITR = 1000, MAXNX ;:
+ 100, IWK:::: 500)

C DOUBLE PRECISION NAMED CONSTANTS:
C
C R - ISOTHI:RM PARAMETER
C

DOUBLE PRECISION Ft, ONE
PARAMETER ( R = 8.314400, ONE:::: 1.000 )

C
C LOCAL INTEGER SCALARS:
C
C NX .. THE NUMBEH OF RADIAl. POINTS IN THE CARBON
C NSF!) '"THE NUMBER OF DESCRITISED COLUMN HEIGHTS
C ITR - 'THE MAX1MU~fNUMBER OF ITERATIONS
C

INTEGER I, L, K, IN!), IFAll, NX, NBED, ITR, INORM, IMON,
"" IBAND, M, IN/DIN, IFIN

C
C LOCAL DOUBLE PFIIi:CISION AnRA VS AND SCALARS:
C
C At • LENGTH OF THE CARBON BED
C (it • LENGTH OF THE COLUMN
C RF ~YFLOWRATE OF SOLUTION THROUGH THE COLUMN
C RO '{ CARBON PARTICLE SIZE
C MS .. MASS OF SOLUTION IN THE COLUMN
C EPS - COLUMN VOIDAGE
C MC - MASS OF CARBON
C H2, SIGMA, TEMP, AO D ISOTHERM PARAMETERS
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Ii
DOUBLE PRECISlqiN )((MAXN)(), Y(IU,MAXNX), eCC(MAXITR),
+ WK(lWX), OS, SO, TO, TEND, AL, YINI!,
+ Hi, Rf;I,RO, MS,. EPS, H2, TEMP, AO,
+ RELE(m, ABSERR, Me, SIGMA, CONSi,
+ CONS2, CONSS, CO~S4, CONS5, DNBED,

\' {(

+ TIMINe, TIME, ccn~I~\ "
c \

e

C LOCAL CHARACTER ARM YS:
C '

CHARACTER*24 Wi (33), CS2~7

C <::'"'

C GLOBAL DOUBLE ,PRECISION ~CALARS:
e

/' .. .. . . - . .c OS • DlFFtJSSiON COEFFICIENT OF THE CARBON
C RHO • PARTICLE. DENSITY
e KS - THE FILM MASS TRANSFER COEFFICIENT
C CC -INLET CONCENTRATION
e

DOUBLE PREClt,ION OS, RHO, KS, CC, A, BETA
COMMON I CMi Y OS,
+ I CM21 AH": KS, CC, A, BETA

C
EXTERNAL D03P(3F, PDEP, BNDV, ,D03PAZ

C
INTRINSIC SIN, E)(P, DBlE

C
DATA W1(1) I '(T:2,uNX :; ",122,/, 'I,
+ W1 (2) I 'T2,"NBED ;: ",122/, I /,

+ Wi (3) I 'T2,"ITR :; ",122.1, 'I,
+ W1(4) / 'T2,"IU ;: ",122/, • l.
+ W1(5) 1,'T2,"NPDES =: ",122/, 'I,
+ W1(S) 1'T2,"INORM = ",122/, 'I,
+ W1(7) 1'T2,"IMON == ",122/, 'I,
+ Wi (8) I'172,"IBAND :: ''.122/, ! I,
+ Wi (9) I 'T2/'IWKMIN ~ '\122,/, 'I,
+ Wi (10) I 'T2/'M =: '\122,/, 'I,
+ W1(11) 1'T2,"INOIN == ",122,/, 'I,
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W1(12) 1'T2,"IFIN ;:: ",122/. '/,
+ W1(13) I 'T8,"H1 = ",t:22.15,/,' I,
1~ Wi (14),,1 1'2/'A.L ::: ",t:22.15,/,' I,
+ W1(15) I 'T2,"RF ::: !I,E22.1511' I,
+ W1(16) I 'T2,uRO ::: ",1:22.15/,' /,
+ W1(17) /I.T2,"MS ::: ",1:22.15,1,'/,
+ W1(t8) 1'T2,"EPS ::: ''.m.t5,1,' I,
+ W1(19) 1'T2,"H2 :::",1:22.15,/,' I
DATA W1(20) / 'T2/'TEMP ;:: ",E22.15,1,.' I,

'+ Wi (21.) I 'T2,"AO ::: ",E22.15,1,' l,
-} \1\[1(22) / 'T2."R ::: ",E22.15,1.",
+/' W1(23) I 'T2tRELERR::: ''rE22.15,1/ "
+ yY1(24)I 'T2,"ABSERR::: ",E22.15j/ /,
-} W1(25) I 'T2/'X(1r·{f ",E22.15,1,' /,
-} W1(26)/ 72,"D8 II ::: ",E22.15// /,
+ W1(27YIJ21"RHO :::",E22.15,/,'1,

j.

"v
if

of, W1(28) I 'T2,"KS :::",1:.22.15//', Ii
i!

+ Wi (29) I 'T2,"SIGMA :::",E22.15,/.' I, \\
t W1(30) I 'T2,"CCINIT::: 1I,E22.15,1,'I, \\

1.1+ W1(S1) ,'T2,"YINIT IF 11,E22.15,1,' I, \\
I 1\

+ W1(32) I 'T21"MC ;~ j',E22.15,1/', \\
+ .Wi (33) I 'T2,"CS2 d(\ "tAl )',/I, \\

C \\ j\

OPEN ( 2, FILE = '/ElUTE!!INDATA A', STATUS;:: 'OLD' ):i
if .." ·11

READ ( 2, 5 ) NX, IN9RM,IIIMON, IBAND, M, INPIN, IFIN.!!
'1 "' I) .. ,'" ,()" , -: ','_ ,!

+ . NBEO, iTR, REhERR, ABSERR, CCINIT, Al, i
II ' i

YIN IT, OS, J(S, i~J1,RF, ROj MS, EPS, H2,
TEMP, AO, S'9~A,X(1), MCf CS2

II
Ii

IWKMIN = N~DESt(3G1BA~~DGNX+12'NX+2GNPbES+~)+4()
RHO =: 900.000

-}

+
c

c
OPEN"{1, filE:: '/ELUTE RES1 A', 8rAnAS ...'OL,D' )
, WRITE ( 1, Wi ) NX, NBEb, ITR, lU, NPbes;' INORM, IMON,

()

+ IBAND, IWKMIN, M, l'ND!N, IFIN, Hi, AL,
+ RFfRO, MS, EPS, H2, TEMP, AO, R, RELERR,
+ ABSERR, X(1), DS" RHO, ~<S,SIGMA, COINIT,
.fi) YINIT, MO, CS2
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c
A = AO~EXP(-H2J(Rl)TEMP))
BETA::: ONE/SIGMA
DNBED ::: DSLE(NBED)
CONS;". RFIIH1
CONSS:k MSIIALJ(CONS1 (IEPS)/(DNBED-ONE)
C0NS4 :::1.57079533D/O/(DB~E{NX)-ONE)
SO::: -(MOl>KSllAL)/((ONE ..EPS)IIRHO(lOONSi1)
CONS5 ;: EXP(SOIl(O'NS'PNBED))
TIMINC:: (18000.0DO ..(Jo~iUDO)/(05.0DOIIDB.lE(ITR))

\1

C
DO 1, 1·= 1,ITR,1
OCC(I) :: CCINIT

i CONTINUE
C

DO 10, I::: 2,NX,1
X(I) :::HOI>SIN(CONS4~(DBLE(I)-ONE))

10 CONTINUE
C

DO 12, L:: 1,NBED,i
CONSa = CONS2*(OBLE(l)-PNE)
TO=CONSS .

c
OO~7, I::: 1,NX,1
Y(IU,I) :::YINIT

17 CONTINUE
C

DO 2, K:;: 1,ITR,1
TEND == CONS3t(DBlE(K)-ONE)*TIMINC H

INO::: INDIN
i'FAIL ;: IflN
CO ;oj. CCC(l<)
CALL 003PGF ( NPDES, M, PDEF, BNDV, Tal, TEND, V, IU,
+ . i.NX, X, RELERR, A8$E~B;' INORM, D03PAZ,
+ I( IMON, IBAND. WK, IWK} IND, IFAlt)
IF ( IrAIL .NE. 0 ) THEN
WRI~E ( 6, '(12,212,3(1X.I:22.15))') IFAIL, INC~,

to TO, TEND, Y(IU,NX)

o
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\\

WRITE (1,4)
OPEN ( 7,' FilE:::: '/ELUTE RES2 A'" STATUS:::: 'OLD' )

c
DO 13, I == 1,IT~.~
TIME:::: OpO.ODO+Dl3b,E(J"1 t05.00000DO'TIMINC
WRITE ( 1, 3 ) TIME, CCC (I)
WAITE ( 7, 3 ) TIME, COO(I)

13 CONtiNuE
C

STOP·
c

"

S FORMAT{T6, F9.1, 12X, 1:22.15)
4 'FORMAT'\\~l, 15 .. 'TIME (SECONDS)" 10)(, 'CONCENTRATION
+ (PPM)'\ /, T5,' 14('*'), lOX, 19('*'), 1/)
5 FORMAT (9(14,1), 18(1:15.8,1), A7)

C
END
SUl?ROUTINE PDEF ( NPDES, ~, T,"UX, DUX, F, G, R )c '() '.

C INTEGER SCALAR ARGUMENTS:
c

INTEGER NPDES,
c II

C DOUBLE PRE.tM·;:ON ARRAY AND SCALAR ARGUMENTS:
C

.DOUBLE PRECISION UX(NPDES), DUX(NPOES), F(NP9ES),
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G(NPDES,NPOeS),C(NPDIES), ){, T
C
C GLOBAL DOUBLE PRECISION SCALARS:
c

DOUBLE PRECISION DS
COMMON/CMi/DS

C
C'

0(1) 7 1;ODO/DS 0

F(1)::: 0.000
G(1,1)::: 1.000

c
RETURN

c·
..SUBROUTINE BNDY ( NPDES, r,oux, IBND, p, 0, R)

C 1;'0

c INTEci\EF\SCALAR ARGUMENTS:
'cr'

C
r)

c
C GLOBAL DOUBLE PRECISION SCALARS:
C

()

DOUBLE PRECISiON DS, RHO, KS, CC, A, BETA
'.' -,COMMON I CMi IDS,

':'+ ICM21 RHO, KS, CO',A,~Elj~
'I' 7
v ~

IF ( IBND .~Q.0 ) THEN /} o
1'(1):;: 0.000
Q(1} == 1.000.,
R(1) 0,,000

ELSE
P(1) ::: I?O,DG
Q(1),= 1.000

o

I)
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n

R(1):= (KS"(CC-(UX(1)IA)**BETA))/(RHO*DS)
END IF

c
RETURN

c
END

() (!
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NX ~

NBED -=
ITR ::

IU .-
NPDES =
INORM =
IMOI\I =:

IBAND =
IWKMIN =
M =
INDIN =
,IFIN =
Hi =
Al~ ':\ =
RF =
RO :;::

MS (,1.

EPS ::
VJi.)

H2 1/ =,'I

i.\

;1

SAMPLE OF mE OUTPUT f~lE.
I;,

11
11
18
1
i
1
2
1
212
2
o
-1
0.485000000000000E+OO

, 0.485000000000000E+OO"
'"~~,833300000000000E~5
O.tOl~!l9,?90000000E~2
O.6860O&Ot'lOOOOOOOE+OO

'\:. " ' , ' ,~

O.850.000000000000E+OO
·OA26270000000COOE+05

"u

o

O.373000000000QOOE+03
0.142390000000000E-04
0.831440000oqgOOOE+01
0.100000000000000S·03
0.1 aaOOOOOOQOOOOOE·03
0.1 OOOOOOOOOOOOOOE-10
0.30vOooOOOOOOOOOE-03
O.90Q,OOOOOOOOOOOOE+03
d.400000000000000e-llS
O.377000000000000Eq.OO

o

()

O,OOOOOOOO~bQpOOO~+Q9
O.i120COOOOOQOOCflE+03

(/ "~"', '.""-",

Q.50vOow" aOOOOOOe-Q1
COMPLEX
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TIME (SECONDS) CONCENTRATION(PPM)
*"'*It*"'*tuH",lI' 'II.... U{l**Mh**'"1'1I<H'

0.0 0.688184833367905E+01
1000.0 0.483982003466645£:+01 II

2000,0 0.3G2184084433375E+01
3000.0 O.284263839153937E+01
4000.0 O.230804603493380E+01
5000.0 o 0.191785506247925E+01
6000.(t O~lS23702n175432E+01
700Q,Q O.139144351245550E+01
8Q~O.9 ,·(j:1211r-4231778s64E+01
9000.(P 0.1067806501127961:+01
10000.0 Q,95004593?909234E+OO
'11000.0 Q,852848566461944E+OO
12000.0 O.76967861797036SE+OO
13000.0 O.699177458703900E+OO

'I 14000.0 O.63a8050S8765399E+OO
15000.0 O.~16387a27997953E+OO
'16000.0 0.540328609051J755E+OO
17000.0 c Jl.50aOS783G848643E+OO

\';

','

(\
U ~_)

I;
o

o

o

o

ri'
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PROGRAM TO SOLVB THE MASS TRANSfER PROBLEM.

C STANDARD FORTRAN 77 PROGRAMME USING THE NAG LIBRARY
C BEGINNING OF MAIN PROGRAMME UNIT ELUTE

PROGRAM ELUTE~
C NON-EXECUTABLE STATEMENTS
C INTEGER NAMED CONSTANTS:
C N - NAG·VARIABLE
C lIW .. NAG VARIABLE
c lW • NAG VARIABLE

INTEGER N, UW, LW
PARAMETER (N::; 1, LlW = 1, lW= 20.0)

C DOUBLE PRECISION NAMED CONSTANTS:·
R - ISOTHERM PARAMETER

DOUBLE PRECISION R
PARAMETER ( R == 8.314400 )

c LOOAL ('INTEGER ARRA¥S AND SCALARS:
C IW 1. NAG VARIABLE
c I - NAG VARIABLE
o IFAll - ·00·
c IBn'PE· -00-
C MAXFCN - -DO-
c NEX? - NO OF EXPERIMENTAL POINTS
C NITER - NAG VARIABLE
o NF - ~pO-
C LWMIN - -00-

INTEGER IW(LiW), I, IFAll, ISTYPE, MAXFCN, NEXP I NITER,
+ NF, LWMIN

C LOOAl DOUBLE PRECISION ARRAYS AND SCALARS:
C Y • NAG CARBON LOADING REPRESENTATION
C XGUESS - GUESS OF KS
C FVEC - NAG VARIABLE
C FJAC - -DO-
C S - -DO..
CW _ ,,00·
c CS - SURFACE SOLUTION CONOENTRATION 0/

C SO - PARAMETRISEOCHARACTERISTIC VARIABLE
o TO ... - CHARACTERISTIC INITIAL TIME

it
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C TEND - CHARACTERISTIC TIME
C Hi G LENGTH OF THE COLUMN
C RF - FLOWRATE OF SOLUTION THROUGH TI'iE COLUMN
C .RD - CARBON PARTICLE SIZE
C MS - MASS OF SOLUTION IN THE COLUMN
C H2 .. ISOTHERM PARAMETER
C TEMP - ISOTHERM PARAMETER
C AO .. ISOTHERM PARAMETER
c SIGr~A .. ISOTHERM PARAMETER
C !=TOL - NAG Vl\RIABLE
C J=VALUE- ·00-
C ETA _. -DO-
C STEPMX.. -00-

DOUBLE PRECISION Y(1,100),XGUESS(N). FVEC(19),
+ FJAC(19,N), S(N), V(N,f'J), W(UN), CS,
+ SO, TO, TEND,. Hi, RF, HO, MS, H2/
+ TEMP, AO, SIGMA, CONS3, CONS4, CONS5,
+ FTOL,FVALUE,E1A,STEPMX

C LOCAL CHARACTER ARM YS:
C '111 .. NAG VARIABLE

CHARACTERtl3S:W1(42)
C GLOBAL INTEGER SCALARS:
C NBED - THE NUMBER OF DESCRITISED COLUMN HEIGHTS
C NX - THE NUMBER OF RADIAL POINTS IN THE CARBON
C IU, - NAG VARIABLE
C INDIN· ..00-
C IFIN .. -DO·
C JBAND.. -DO-
C IMON - -00-
C iNORM· ·00·
C M - -DO·
C NPDES - -00-

INTEGER NBED, NX, IU, INOIN, IFIN, IBAND, IMON, INORM, M,
NPDES ,:;,

COMMON /11 I NBED, NX, IU, INDlN, IFIN, JBAND, IMON,
+ INORM,M,NPDES

C GLOBAL DOUBLE PRECISION ARM YS AND SCALARS:
C Ecce • PREDICTED CONCENTAA TION
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c
ecce .OBSERVED CONCENTRATION
c OS - i~,!FFUSSION COEFFICIENT O.FTHE CARBON
e RHO • PARTICLE DENSITY
C KS ...TrlE FILM Mt\SS TRANSFER COEFFICIENT
C CO • INLET CONCC\TRATION
C EPS • COLUMN VOrdAGE
C Ai- - LENGTH OF THE CARBON BED
C MC ~.MASS OF CARBON

('

C YINIT .. INITiAL lOADING ON CARBON
C COINi! ~ INITIAL SOLUTrON CONCENTRATION
C ABSERR - NAG VARIABLE
C RELERR· ·D~

DOUBLE PRECISION X(1QO), EXDATA(19), ECCC(;t9" 000(19),
+ OS, RHO, KS, CC, A, BerA, CONS11 EPS,
+ ONE, AL, MO, DNBED,. CONS2, YINIT, ccrNIT,
t ABSERR,RELERR
COMMON lDP1 IDS;'

I DP2 t RHO, KS, CC, A, BETA,
I OP3IX, EXQATA,. ECCCv CCC, CONS1~ EPS, ONE, AL,

(/MC, DNBED, CONS2, YIN~T, CCINIT, ABSERR,
'I

+ AJ RELERR
C EXTERNAL PROCEDURES "

\\ . ... ,(!~,

EXTERNAL E04FCF, LSQFUN, J:04FDZ
C INTRINSIC FUNCTIONS

INTRINSIC SiN; EXPiDl6LE
C INITiALIZATION OF VARIABLES

DATA Wi (1) I' (12,) "NX ::; ", 122, I,' I,
+ W1(2) I' T2. "NBED ::; ",122, I,' I,
+ Wi(S) I' T2, "IU ::;)'\ 122, 1, 'I,
t W1(4) /' T2, "NPDES = Ii, 122, I, I I,
+ Wi(5) Ii 12, "INORM :: ",122, I, I I.
t W1(6) I' T2,"IMON ::; ", la2, I, I I,
+ Wi(7) I' T2, "IBAND :::Ii, li~;qi/, 'I,

\

+ W. 1(8\1' .1.2. , "M' " Jill') \i ! 'I'/ ::; , ~,\',., , (J

+ W1(9) I' T2, "INDIN ::; ", 122,' I, I I,
of W1(10) I' T2,·lIfFIN ::: ",122;0 \ I, 'I,
+ W1(i1) I' T2, "NEXP, ::;",122, I, '/,
+ W1(12).I' T2,"IBlYPE ::;",122, /, 'i:

+
<:
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-:
//+ Wi (13) I' "T2, "MAXFCN =", 122, I, <I,

!,\ . .. . ,.:,-)

+ ,,w1(14) /' T2, "N ::: ",122, /, Ii I.
+ W1(15)'1' T2,"LWMIN == ",122, I,' I,
+ Wi (16) /' T2, "UW ~ 'I;' 122'1 ,I, • II
+ W1(17) Ii T2, "LW = '\ i22~' 'r, 'I,
+ W1{1S),t,' T2, "IFAll == ", 122, I, 'I, I

+ W1(19) I' T2, "Hi :::.", E22.15,'Y,' ' /,
+ )W1(20) I' T2, "AI.. ::: ", E22.15,/, 'I
DAlA W1(21) /' T2: "RF ::: ", E22.15J, 'I,
+ W1(22) 1" T2, "RO == ;',1:22.15,/, 'I,

Ii

+ W1(23) I' T2, "MS "= ", E.22.15, /, 'I,
v

+ W1(24) /' T2, "EPS == ':, EZ:!.15,I, 'I,
f oW1(25) I' T2, "H2 == ", E22.15, I, 'I,
+ W1(2S) I' T2, "TEMP == '\ E22.15, I, 'I,
+ W1(27) I , 12,. "AO = ", E22.16, I, 'I,
+ Wl(28) I' T2;,1'R == ", E22.15, I, 'L, 1<

"_., . \ :

+ Wi (29) I' T2,"RElERR ::: If, E22.15, I, 'I,
+ Wi (30)1 , T2, "ABSERR :::", E22.15, I, 'I,
+ Wi(31) I' T2,"X(1) == ", E22.15, I, ' I,
f Wl(32) I' T2, "RHO ::: ", E22.15, I, 'I,
+ W1(33) I' T2, "SiGMA ::: ", E22.15, I. 'I,
+ W1(34} I' T2, "CCINIT == ",1:22.15, I, 'I,
+ Wi (35) I' T2, "YINIT :::", ~.15, I, 'I,
+ c: W1(36)/' 12, "Me == ", E22.15,I, 'I,
+ Wi(3?) I' T2, "ONE :::", E22.15,/, 'I,
+ W1($8) I' T2, lIXGUESS(1) :: ", E22.15, I, '/,
+ W1(39) /' T2, "FTOL ::.:;", E22.15,/, j I,
+ W1(40) I' T2, "ETA ::.:;'" E22,15,1, , I
DATA W1(41) e T2,"STEPMX ::.:;", E22.15, I, '/,

+ W1(42) /' T2, "OS == ". E22.15,/) , /
C FORMAT STATEMENTS

3 FORMAT (17, Fl.1, 13X, E22.15)
4 FORMAT (II, T5, 'TIME (SECONDS)', 10X, 'CONCENTRATION
+ (FPM)',I, T5, 14('·'), 10X, 19('1"), 1/) "
5 FORMAl ( i1(141), 21(Ei5.8,:,~ )
6 FORMA!'( 2E22.iS )

C EXECUTABLE STATEMENTS
OPEN ( 2, FILE::: '/ELUTE1 INDATA A', STATUS:.: lOUV) \
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\\

\\

o

II
\\
Ii ~,
\\
\\
"\\

READ ( 2, 50) N~, INORM, IMOM, IBAND, M, INOIN, (FIN,
c + NBEDI~IBTVPE, MAXFCN, iFAIL, RELERR, ABSERR,
+ G '" CCINI'!,. AL, YINIT; tl1, RF, RC, MS, ~PS, H~i
+ \~EMP,\AO, SIGMA; X(1),.MC, XGUESS(1), F(PL,
+ ~TA, S·tEPMj{,. DS
OPEN ( 3, f:[LE ;:: 'ZELUtE1 INEXP A', STATUS = 'OLD' )
tOOl7, I ::: \1,20,i" ""

REAO'{ 3, 6,~END ;::'8 ) l:XOATA(I), ECCC(I)
7 CONTiNue

8NEXP::: 1~1
ONS:: 1.0DO
RHO;:: 900.000;/
'IU::: 1 "
NRDES::: 1

If
U

LW~~IN:::S~N+NEXP~N+2~NEXP+N~(N-1)/2,
OPEN ( 1, FlLE::: '/ELUT~\1 RES1 .A'; STATUS;:: 'OLD')
WRITE ( 1t W1 ) NX, NBEl1, IU, NPDES, INORM, IMON,
+ IBAND, M, I,NOIN, IFIN, NEXP, IBTYPE,

',\ ... . f\

MAXFCN, Nt LWMIN, LlW, LW, IFAlt, H1,
AL, RF, RO, .~~Sl'EPS, H2, TEM.?, AO, R,

\':-

RELfRA, ABSEflR, )«(1), RHO, SIGMA,
CCINIT, YINIT, MO, ONE, XGUE~~S(1),
FTOLtErA,,~nE~\M)(, os

WRITE (1,4)
0020, 1= 1,NEXP,1 .

;;' \1

WRI1'E (' , J 3 ) EXDATA(I), ECCC(I}
2QCONTINUE

A ti: AO~EXP(~H2/(R1)'TEMP))
BETA;:: ONE/SIGMA li;,1

DNBED ;:: OBLE(NSeDf
CQNS1 = RF>\oH1
CONS2 = MS~ALJ(CONS11)EPS)/{DNBED·QNE)
CONS4 ;:: 1.51079633DO/(DBLE(N)9~ONE)·'

DO 10, I :::'2,NX,1 u

)«(1) =:-ROIlSIN(CONS4fl(DBl.E(I)-ONE))
10 CONTINUE I)

CALL ,~04FCF~;NEXP '(~), LSQFUI~,E04FDZ, IBTYPE, MAXFCN,
t ...." ETA, FTOL, STEPMX, ;)~;GUESS, FVAlLiK:, FVEC,

+
+ (\
+
+

1)
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o

+ FJAC, NE){P, S, N, NITER, NF, IW, LIW,
+ W, LW, IFAIL )
WR,ITE (.1,4)
OPEN ( 7, FILE = '/ELUTE1 RES2 N, STATUS = 'OLD' )

DO 13, I = i,N8{P,i
WRITE ( 1, 3) E)(DAiA(I), CC~~(I)
WAITE (7,3) EXDATA(tJ, CCC(I),"

13 CONTINUE " "
'MRITE ( 1, '( I,T2, ilKS = It, ~?15,
+ I, T2, "SSR :: ", E22.t5,
+ I,T2, "NITER::.:; ''t 122, "'"'
+ It T2, nNF :::", 122, ()
+ ,I, T2, "IFAIL = ", 122)' ) ~~UESS(1),
+ FVAlUe, NITER, NF, If;AIL

STOP (>

C. END OF MAIN PROGRAMME UNiT ELU:fE.
END ,;

C BEGINNING OF SUBROUTI~E PROGRAMME UNIT LSQFUN ,
SUBROUTINE LSQFUN ( IFLAG, NEXP, N, XC, FVECC, IW, LlW, W,
INTEGER IW(lIW), IFLAG, NEXP, N, LlW, LW
DOUBLE PRECISION XC(N), FVECC(NEXll), W(LW)

C INTEGER NAMED CONSTANTS:
I(\J'TEGER IWI<
PARAMETER ( IWK = 500 ) _~

C LOCAL INTEGER SCALARS:
C I ~DO LOOP VARIABLE
C L - i.Do.

LW)

C J( -1/ -DO-
INTEGER I, L, K, INO.I IFAll, IWKMIN

C· LOCAL DOUBLE PRI!CISION SCALAR:
C TIMINC - TIME INTERVAL

DOUBLE:PRECISIONV(1,100), WK(IWK), SOf CON55, CONS3,
+ TO, TEND, CS, TIMINC

C GLOBAL II\ITEuER SCALARS:
INTEGER NBED, NX, IU, INDIN, IFfN, IBAND, IMON, INORM,
+ M, NPDES .
COMMON 111 I NBED, NX, IU, INDIN, IFIN, IB~~Dt IMON,
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+ l~ORM,M,NPDES
C GLOBAL DOUBLE PRECISION ARRAYS AND SCALARS:

co

DOUBLE PRECISION X(100), EXDATA(19), ECCC(19), OCO(19),
f OS, RHO, KS, CC, A, BETA, CONSi, EPS,
+ ONE, AL, MO, DNBED, CONS2, YltilT;
+ CCINIT, ABSERR, RELERR
COMMON [,DPi! OS,
f ! DP2! RHO, KS, CC, A, BETA,
+ I DP31 X, EXDATA, ECCC, CCC, CONSi, EPS, ONE,
+ AL, MO, DNBED, CONS2, YINiT, CCINIT,
+ ABSERR,RElERR

'I 0 EXTERNAL PROCEDURES ,1

EXTERNAL DOaPGF, PDEF, BNDY, D03PAZ
o INTRINSIC FUNCTIONS

INTRINSIC EXP, DBlE
C EXECUTABLE STATEMENTS

c;IWI~MIN = NPDES*(3*IBANO*NX+ 12·NX+2·N~pES+5)+40
KS,= XC(1) " \
SOn= ·(MC*KS<lAL)/((ONEaEPS)*AHO·CONS1) \
C~NS5:::EXP(SO*(ONF:JDN9ED)) \
DO 9,1::: 1,NEXP,1 '\

~. , " ~
CCC(I) :: CCINIT \.

~,

9 CONTINUE ..
TIMINe:: (EXDATA(NEXP)-EXDATA(1))/{1p.OOO*OBLE(NEXP))
DO 12, L:: 1,NBED,1
CONSS ~CONS21>(DBlE(L).ONE)
TO = CONSa
DO 11, i= 1,NX.1
V(IU,I) :: YINIT

17 CONTINUE
DO 2, I(~ 1,NEXP ,1
TEND::: CONS3+(DBtE(I<)-ONE)IrfIMINC
IND::: INDIN
IF.GIL ::: IFIN
CC :::CCC(K)

CAll D03PGF ( NPDES, M, PDEF, BNDY, TO, TEND, Y,
+ IU, Af:LERR, ABSERR, INORM, D03PAZ,
+ IMON, IBAND, WK, lWK, INo, IFAIL )
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IF ( IFAIL .NE. 0 ) THEN
WRITE ( 6, '( 12, 212, 3(1 X,E22.1.5) )' ) IFAIL,
+ " INO, TO, TI::i\JP, Y(IU.NX)
END. IF

CS.: (Y(IU,NX)/AY*BETk '
COO(I<) = CS+{CCC(K)-CS)*CONS5
TO..= TEND

2 CONTINUE
12 CONTINUE

DO 1, I := 1,NEXP,1
FVECC(I) ;::Deem-I:OOC(I)

1 CONTINUE
RETURN It

C END OF SUI3ROUTINE PROGRAMME UNIT LSQ{~UN
END" . ",:0

o
.c;

C BEGINNING OF SU6ROUTINE PROGRAMME UNiT poe

CS~~~_:~~;~~~ ~~:~:~~~~ UX,DUX,PI G,9)
~ .. ~

C INTEGER SCALAR ARGUMENTS:
C N~E'~S ..NAG VARIABLE

'8-\ "
.INTeGER NPDES

c O()uSlE PRECISION ARAAYARGUMENTS:
C F. ii, • NAG VARIABLE
C' G I:. - ~DO..

l\ "

H

CCii· ·00·.'

dOUB~g!!?R~CISION UX(NPpeS), DUX(NPD.eS), F(NPDES),
+ Ii G(NPDES,NPDES), C(NPDES}, x, T

C GLCIBAL DOUBLE PRECISION SCALARS:
DiOUBLE PRECISION' OS
C(?MMON I DP1 I DS

C EXE~~UTABLESTATEMENTS
em = 1.000/OS
F(1.:)~ 0.000
G(1"i) = 1.000
RE1'URN

C END OF SUBROUTINE PROGRAMME UNIT POEF
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'0

o
o

ENO
? {J

C BEGINNINGJ5)F SUBROUTINE PROGRAMME UNIT BNDY
,', '1., • • <'

SUaRQUTINE BNDY ( NPDES, T, ux, IBND, PI'Q, R)
C NON~EXECUTABlE STATEMENTS'

INTEGER SCALAR ARGUMENTS:
'0 NPDES,~ NAGVARIABLE
o IBND .. ~DQ-

INTEGER NPDES, IBND
C DOUBLE PRECISION ARRAY AND SCALAR ARGUMENTS;

:::~
C UX .. NAG VARIABLE

I],

'" C P - ·00-
C Q '~ -eo-
CR· .000

CT. -oo-
DOUBLE PRECIS,ION lJX(NPOES), P(NPDES), Q(NPOES}, R(NPOES);
+ T

'il

C GLOBAL ooeas PRECISION SCALARS;
DOUBtE PRECISION OS, RHO; KS, (C~AI SETA
COMMON I DPl IDS, "
+ . I O,P21 RH01 KS, CC, A, BETA

C EXECUTABLE STATEMENTS
IF ( IBND .EQ. 0) ,THEN

" v

P(1) '" 0.000
0(1) = 1.000
R(t)== 0,000

)~)

ELSIE u

P(1)::: 0.000
0(1) ...1.000 "
R(1) =(KS~(CC..(U)((1 )/A)·*BETA)}/(RHO*DS)

ENPIF
RETURN

C END OF SUBROUTINE PRQGRAMME UNIT aNDY
ENQ" II

=

c
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11
2
2
1
2
o
..1
11
~1

"'\

o

400
-i
0.0001
0.0001
0.0
0.485
712.0 '
0.485
~~~33E~06
0,001015
0.686
0.8~

, -42627.0
356.0
0.14239E"()4
ssn
0.1E·12
0,050003

'\-;)~~)0.506·04
0.0
"0:0
tooooo.O

SAMPLE Of THE !NPUT FILE.

I]

NX not> 100
iNORM
!MON
IBAND
M
INDIN
IFIN
NBED
IBTYPE
MAXFCN
IFAILo
RELERR
AaBERR
COINIT
Al
YINl'r
Hi
RF
RO
MS'
EPS
H2
TEMP
AD
SIGMA
X(1)
Me 'I,

" XGUESS(1)
FrOt.
ETA

O:SE.f)3 os
'STEPMX

o

J61

I)

I'

....,

C!

o

)~'



,·9.,

<~:<

NX =
NBED =
IU ::;

NPQ5S =
iNORM =:'.

IMON =
IBAND =
M L~

::::

!NDIN =
IFIN :.;

NE)(P =
IBTVPE =
MAXFCN =0

N =
LWMI~ r..
'UW ::::

LW ::::

IFAIL =
H1 .. ::::

At =
RF ::::

RO :=

MS =J
C ~S ::

H2 =
Ti:MP ==

NJ =
R =

._ RELERR .;-

ABSEt~R ::::

" X(1) =
RHO ::::

SIGMA =
CCINIT ::::

YINIT ==Me =
ONE =

SAMPLE OF THE OUTPUT FilE
9 0 11

it
1
1

'. 2·

2
1
2

c 0
..1
18'
·1

C)ffOO
1 'il

6()'
1

:1200
..1

" O.485000000000000E+OO
O.485000000000000E.fOO,<';:, . . .. • <~

O.83330000uOOOOOOE-05
0.1 015000000000001:;-02'
O.686000000ooodboE+OO
O.850000000000000E+OO
·O.426270000aOnOO()E+05
O.35600000aOOOQOOE+03
0,142390000000000E-04
O.831'440000000000E+01
0.10000000oooo000e·03
O.iOOOOOOOOOOOOOOE.03 I

0.1 bOOQOOOOOOoaOOE~12
0.900000000000000E+03
O.377000000I?-O00t10E+OO
o.ooooooooooO'OOOOE+OO
O.112000000000000E+03
0.500030000000000E-01
0.1 oooooooooooo&OI~~;'h
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')

XGUESS(1f)=
FTOL ~:
ETA
STEPMX =
os =

O.500000000000000E-04
O.OOOOOOOOOOOOQOOE+gO
O.OOOOOOOOOOOOOOOE+QO
0.1 OOOOOOOO~OOOOOEt06

Q

Q.300000000000000E-03

EXPERIMENTAL
,::,

TIME (SECQNO
o
§) 'CONCENTRATION (PPM)

ihl-1IH1I1IM"''>,1Ill>f<
\\

1'20.0
0420•0

720.0
1020.0
1320,0

t1 1920.0i,
2520.0
3120.0
3120.Q
4620.0·.,

" 5520.0
6420.0

~~
7320.0
9120.0

if

;-:,

11600.0,
12720.0;'
14500.0 \,
19200.0

'.'"O.307000000000Ql)OEt01
II

Ii O.3500000000000~~OE+OJ"
J ,,1,

(l;3590000?OOOOa~rOE+01 7

O.370000000000000E+01
0.365goo00000 E+01
0.326000000000 ,1;+01
0.31200000000 E+01
0.284000000000(100£;+01
O.2610OQOOOOOOQOOE+01
0.2310000000000001:,+01
0.t9500000oo000oo6+01
.;, "Ii . \)

~••168000000000000E+01 " c

0.141 OOOOOOOCOOOOE-I;;01 "
0.1 O~OOOOOooooOOOe+01
o.e2CooooooOOOOOOE+OO
O.6400000000QOOOOE+OO !'

0.47000000f\OOOOOOE+OO,.
\., \ i

p.290000000000000E+OO

o

':,1
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'0

" PREDICTED
TIME ,(SECONDS) CONCENTRATION(PPM)

120.0
420.0
720.0
1020.0 '
1320.0
(1920.0
2520.0
3120.0
3720.0
4620.0
5520.0
6420:0
7320.0
9120.0

O.424425985631235E+01
0.3792486221720541:+01
0.3416106439931721:+01

,:. .. 1

0.309484750918273E+01
O.26172656229280SE+01
O.25790521n20690E+01

c O.2369902S8210117E+01'
G. . .\'j

O.218727832893569E+01
0.202145636269719E+01
o.18849728~603220E+01

'J 0.1756190e6900941 Ef01
0.1640360263914091:+01
O.1531765340602Q5E+01
O.t444'12686734142E+01

11600.0 0.136013646738676E+01
12120.0 ,0.128255484167402E+01
14500,0 O.12,1181730456265E+01
19200.0 0.1 t41s5S03840135E+Oi

c.

/~r

o
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APPENDIX 5 ...Ct~mparisonbetween single and mwltiple
.. $ol'ute isothermso1



Single And Multiple Solute Au Adsorption
1000e

I}:y

3.50

~ SinSI!) SOIU.\.0 Ads.*" -x Mul~plf) Solut.e;,) AdD.

2::10

Ce (ppm)
380 530

Figure A5.1.: Comparison ~tween single and multiple solute isotherms at 1OOOQi/O! Au

Single And Multiple Solut.e OH Adsorption
100°0

""(.)
c... 2.20o

!!!en
E
\oJ

0.70

*-'~ Single $011.11;0 Ads.
Go- -0 Mult-plc, ,Solutoe Adi5.

e.se 4.00 5.&0:MO

Ce (ppm) )( 101

Figure AS.2: CDmparison. between single and multiple solute isotherms at 10(fC for OH·
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Single And Mullple Solute Au Adsorption. .:0

1tSOC

Figure A5.S: Comparison between single and multipl~ ~olute isotherms at 11SOCfor AU

r"\
(.)

I.e. 4.50o
en
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65.0 195
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Sine1e And Multple Solute OH Adsorplron~
l1S0'C

....
(.)

I.e. 1.50
0
en,
00
E d...,
IIIa

0.50

~Sin9!e Solul.o Ad;,
.......... Mult.lple Solulc Ad:J.

r-".._----'-,2-O _~ __ ce_2_·:_:_pm__) _X_1_0=1 ...4._"'0 "."""""0"6.00......~'

Figure AS.4: Comparison betwee~ single and multiple solute .isotherms at 115"0 for OH"
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